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Resumo

O papel tissue esta verdadeiramente enraizado no cotidiano da sociedade moderna
devido a grande variedade de produtos que possibilitam diferentes aplicacoes. Para este
tipo de industria, € um enorme desafio produzir os melhores produtos para fidelizar o
consumidor final. O papel tissue é um papel caracterizado principalmente pela sua
baixa gramagem e resisténcia a tracdo, e pela sua elevada suavidade, absorciao de
liquidos e alongamento. Consoante o segmento de produto a ser produzido, tem de se
ter em conta qual/quais destas caracteristicas sao essenciais, por exemplo, no papel
higiénico o foco é a suavidade e absorcdo, ja nos rolos de cozinha é a absorcao e a
resisténcia a tracdo em humido, nos guardanapos a suavidade, a absorcdo e a
resisténcia a tracdo em humido e nos lencos faciais a suavidade. Essas propriedades
devem ser adaptadas para atender aos requisitos do consumidor final, que variam
muito para os diferentes paises do mundo. O processo de producao do papel tissue usa
a celulose virgem como principal matéria-prima e envolve duas etapas: a formacao da
propria folha de papel tissue (papel base tissue) e sua transformacido em diferentes
tipos de produtos acabados. Este trabalho aborda essencialmente esta segunda etapa,
onde ocorre a transformacdo do papel base tissue em produtos acabados e o seu
impacto nas propriedades dos produtos produzidos. Durante o processo de
transformacao da folha base de papel tissue, também chamado de processo de
conversao (converting), as propriedades adquiridas na etapa anterior sao alteradas,
pois a folha é sujeita a sucessivas operacoes que a vao deformar de forma permanente.
A maquina de conversao é caracterizada por diversas operacoes, sendo as principais:
bobinagem/desenrolamento, embossing/laminacao, perfuracdo, corte, embalagem e
paletizacdo. O processo de conversao manifesta ser muito complexo e com um enorme
impacto nas propriedades do papel tissue acabado. O embossing é a operacao chave do
processo de transformacdo do papel tissue, pois é aquela que mais afeta as
propriedades finais do produto acabado. Esta operacdo consiste na marcacdo de um
padrao na folha base de papel tissue por aplicacao de pressdo, com o propdsito de
produzir papéis esteticamente mais apelativos ao consumidor final e/ou ser um meio
de identificacdo de uma marca. Para além de afetar visualmente o papel, também afeta
as propriedades finais dos produtos acabados, adicionando uma terceira dimensao z
com uma matriz de compressao, aumentando sua capacidade de absorcao de liquidos e

seu volume, mas, por outro lado, reduzindo a sua suavidade e resisténcia a tracao.
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Sendo a embossing a operacao mais impactante da transformacao do papel base tissue
e tendo em conta o sistema de embossing industrial, foi desenvolvido um sistema que
permitisse o estudo a escala laboratorial do impacto desta operacdo nas propriedades
fisico-mecanicas do papel tissue, em funcao dos diferentes parametros de operacao da
maquina de converting, como o acabamento dos pontos e/ou traco que compdéem o
padriao de embossing, dureza da borracha de embossing, pressao, temperatura e
humidade, tanto em folhas laboratoriais (isotrépicas) como em folhas base de papel
tissue industrial (anisotropicas e crepadas). Como este set-up laboratorial permite
controlar todos os parametros de operacao individualmente, foi possivel otimizar o
processo de embossing a nivel laboratorial e foi feita a sua validacao pelo método dos
elementos finitos. Assim, para cada novo padrao exclusivo que a industria de papel
tissue pretenda implementar, podera testa-lo laboratorialmente antes de fazer o seu

scale-up.

Com o sistema de embossing laboratorial primeiramente iniciou-se um estudo para se
perceber como a pressdo afeta as principais propriedades do papel tissue. Foram
usadas folhas de papel base tissue industrial e foi alcancada uma pressao 6tima de 2.8
bar para este sistema de embossing laboratorial. Conseguiram-se distinguir dois efeitos
que ocorrem na folha de papel base tissue durante a operacdo de embossing com a
pressao, a densificacdo da folha e a deformacao permanente da folha com a marcacao
do padrao de relevo. O efeito da pressao ao densificar a folha de papel confere-lhe um
ganho de resisténcia mecanica, mas sem diferencas em termos de absorcao de liquidos.
Os dois padroes de embossing (deco e micro) apresentaram comportamentos
diferentes com o efeito da pressdo, mas ambos evidenciaram perdas tanto nas
propriedades mecanicas como na suavidade. Estas perdas foram menos acentuadas
para a pressdo 2.8 bar, uma vez que a densificacdo € maxima para esta pressdao. Por
outro lado, o método dos elementos finitos (FEM) nao conseguiu mostrar como a

pressao afeta a resisténcia do papel.

Outro parametro de operacao que também tem impacto nas propriedades finais dos
produtos tissue é a da dureza da borracha utilizada no contra-rolo ao rolo de ago de
embossing com padrao gravado. Foram estudadas trés configuragoes diferentes de
empilhamento de placas de borracha com durezas diferentes em folhas de papel base
tissue industrial. Este estudo permitiu concluir que para se obter uma maior suavidade,
a melhor solucao foi onde se usaram duas placas de borracha com durezas diferentes, e
a placa de borracha com maior dureza estava em contacto com a folha de papel de
tissue. Este resultado corrobora a futura tendéncia industrial em que é apontado o uso

de rolos de borracha na operacao de embossing com uma camada interna de baixa
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dureza e uma camada externa de alta dureza. O método de elementos finitos para além
de validar os resultados obtidos, mostrou-se uma ferramenta confiavel para testar
virtualmente outras configuragoes, como, por exemplo, trés ou mais placas de borracha

com durezas diferentes.

O impacto da geometria do acabamento das linhas e pontos dos padrbes a serem
gravados nas propriedades finais do papel tissue foi outro parametro de operacao
objeto de estudo. Este trabalho foi desenvolvido recorrendo a folhas de papel base
tissue industrial e concluiu-se que embora os padroes com geometria de acabamento
reto apresentassem individualmente maior valor de suavidade, quando montado o
prototipo de produto acabado com 2 folhas (deco + micro), a maior suavidade foi
obtida para a geometria de acabamento redondo. Foi confirmado que o valor de
suavidade diminui com o aumento do bulk, sendo mais acentuado para o padrao de
embossing micro. Nao se encontraram diferencas relevantes na cinética de
espalhamento da gota de liquido ao longo do tempo, donde se pode inferir que a
geometria de acabamento das linhas e pontos dos padrdes de embossing nao afeta esta
propriedade neste tipo de produtos. O método de elementos finitos também neste caso,
permitiu entender melhor o efeito da geometria de acabamento do padrao na folha de
papel tissue, e os resultados da simulacdo estdo de acordo com os resultados
experimentais, mostrando a mesma tendéncia onde os padroes com geometria redonda

marcaram mais a folha de papel tissue do que os padroes com formas retas.

O sistema de embossing laboratorial, também foi usado de modo a investigar o efeito
desta operacdo de converting, em folhas base tissue industriais e em folhas
laboratoriais. Para avaliar a influéncia dos padrdes de embossing, a composi¢do das
fibras e o processo de crepagem, foram utilizados como amostras folhas de papel base
tissue industrial, folhas laboratoriais produzidas a partir de uma suspensao fibrosa
obtida da desintegracao da folha industrial (mantendo a mesma composicao fibrosa) e
folhas laboratoriais produzidas a partir de uma pasta kraft industrial de eucalipto
branqueada nunca seca. A folhas laboratoriais foram produzidas com uma gramagem
de 17 g/m? (gramagem similar a da folha de papel base tissue industrial) e nao
prensadas. Os resultados indicaram que o processo de embossing produziu estruturas
mais volumosas e mais porosas, a custa de perdas nas propriedades mecanicas e de
suavidade, mais acentuadas para o padrao micro do que para o padrao deco. O efeito da
composicao fibrosa mostrou que um aumento na resisténcia mecanica impactou
negativamente na suavidade das folhas laboratoriais. As folhas laboratoriais de
composicao 100% eucalipto apresentaram maior suavidade do que as folhas

laboratoriais cuja composicao é uma mistura de fibra curta e longa. Verificou-se que a
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crepagem existente na folha de papel base tissue industrial, confere-lhe uma alta
capacidade de alongamento que é praticamente inexistente nas folhas de papel
laboratorial. Além disso, devido a esta operagdo, as amostras de papel industriais
apresentam uma porosidade aparente maior do que as amostras de papel laboratorial.
A anélise pelo método de elementos finitos (FEM) permitiu validar os resultados
experimentais, comprovando que o padrao micro possui um valor de campo de tensao

maior e, consequentemente, uma resisténcia mecanica menor.

Para além do uso do sistema de embossing laboratorial e de modo a aprofundar o
impacto da embossing nas propriedades de produtos acabados tissue, foram efetuados
outros estudos a partir de produtos acabados industrialmente e comercializados. A
capacidade de absorcdo sendo também uma propriedade fundamental dos papéis
tissue, foi um dos estudos desenvolvidos. Neste trabalho, foram comparadas as
capacidades de absorcao de quatro papéis base tissue industriais diferentes, bem como
os respetivos papéis higiénicos industriais de 2 folhas a que deram origem. Concluiu-se
que a operacio de embossing aumentou notoriamente a espessura e
consequentemente, o bulk do papel higiénico. Além disso, verificou-se também que
entre as varias amostras de papel higiénico nao houve variacao percetivel no tempo de
absorcdo de 4gua, pois as amostras apresentaram morfologia e porosidade
semelhantes. No entanto, verificou-se que onde bulk aumentou mais (cerca de 150%),

resultou num aumento da capacidade de absorcao de agua (cerca de 60%).

Outro estudo importante para aprofundar a operacao de embossing foi o impacto da
sequéncia de empilhamento de um papel higiénico com nimero de folhas impar (neste
caso 5 folhas). As duas configuragdes possiveis, 1 e 2 (padrao deco:micro de 3:2 e 2:3
folhas, respetivamente) foram objeto de estudo. Os produtos produzidos
industrialmente com as duas configuracoes, tiveram origem nas mesmas bobines mae
de papel base tissue. Globalmente, verificou-se que a sequéncia de empilhamento das
folhas influenciou as propriedades do papel higiénico acabado. Para as configuracgoes 1
e 2, ap0Os o processo de embossing, foram registados aumentos de bulk de 46% e 40%,
respetivamente, e aumentos de capacidade de absorcao de agua de 2% e 17%,
respetivamente. Em relacdo as propriedades mecanicas, ambas as configuracoes
apresentaram maior impacto negativo causado pelo padrao de embossing deco. Para
fins comerciais e para atender as preferéncias do consumidor final, o papel higiénico
com a configuragcdo 1 apresentou-se mais adequado para preferéncias de resisténcia
mecanica e o papel higiénico com a configuracao 2 foi o que se apresentou mais
adequado para preferéncias de capacidade de absorcao. Em relacao a suavidade, a

sequéncia de empilhamento também afetou os resultados, onde a configuracdo 2 se
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revelou o produto mais macio e agradéavel ao toque, com um valor global de handfeel de
75.3 HF, e o produto produzido com a configuracao 1 apresentou-se mais aspero e

menos agradavel ao toque, com um valor global de handfeel de 68.0 HF.

Outra operacao que ocorre na maquina de converting e que também tem impacto tanto
nas propriedades deste tipo de produtos, como na operabilidade da propria maquina, é
a operacdo de perfuracdo ou picotagem. Foi também desenvolvido um sistema que
permitisse o estudo a escala laboratorial do impacto desta operacao na eficiéncia de
perfuracdo dos produtos acabados. Este sistema de perfuracdo aplica-se a todos
produtos de papel tissue, tais como papel de cozinha ou papel higiénico, que necessitem
de ser particionados de acordo com as necessidades do consumidor final. As
perfuracoes facilitam esse particionamento, promovendo a separacdo das folhas ou
servicos, pela linha de perfuracao sem os rasgar. Porém, o papel perfurado tem de ser
suficientemente forte para se manter unido sob uma certa tensao, mas por outro lado
tem de ser fraco o suficiente para que a folha ou servigo possa ser destacado do rolo de
modo fAcil, sem rasgar, com pouco esforco e ao longo da linha perfurada horizontal reta
ou padronizada. Este equilibrio é dado pela eficiéncia de perfuracdo. Quanto maior a
eficiéencia de perfuracao, mais facil sera a separacdo do servico. Neste contexto, o
sistema de perfuracdo laboratorial desenvolvido, permite testar novos tipos de
perfuracao a escala laboratorial, permitindo transpor os resultados a escala industrial, e
avaliar problemas associados com a perfuracdo dos produtos, bem como testar novos

padroes de perfuracao.

Como a satisfacdo do consumidor pode depender do desempenho da perfuracdo, foi
utilizado o sistema de perfuracdo laboratorial para perfurar diferentes papéis higiénicos
comerciais (em marcas e namero de folhas) para avaliar sua eficiéncia de perfuracgao.
Com este estudo verificou-se uma estabilizacdo da eficiéncia de perfuracao a partir de
uma distancia de corte de 6 mm e um acréscimo de 15% na distancia de corte para a
lamina de laboratério para corresponder a eficiéncia de perfuracio industrial. Foi
também utilizado o método de elementos finitos (FEM) para simular a curva de
progressao da eficiéncia de perfuracao em funcao da distancia de corte. Desta analise
confirmou-se o comportamento da evoluc¢ao da eficiéncia de perfuracdo com o aumento

da distancia de corte e a sua estabilizacao a partir da distancia de corte de 6 mm.

Outro estudo com interesse para compreender o impacto da perfuracao, foi a avaliacao
da perfuracao de produtos higiénicos comerciais. Neste trabalho, foram estudados os
comportamentos mecanicos de 15 papéis comerciais de diferentes produtores europeus,

com composicoes e numero de folhas igualmente diferentes. Uma anélise qualitativa da



qualidade dos cortes, juntamente com uma analise quantitativa das dimensoes dos
mesmos cortes foi realizada através de um sistema 6tico. Uma analise usando o método
de elementos finitos foi efetuada onde se conseguiu examinar o comportamento da
concentracao de tensoes no furo da perfuracao e a influéncia da distancia de corte. Os
resultados mostraram que uma distancia de corte igual ou inferior a 2.0 mm nao deve
ser utilizada nestes tipos de papéis, e a eficiéncia de perfuracdo aumentou com o
aumento da distancia de corte, independente do ntimero de folhas que compdem o
papel higiénico. O fator de concentracao de tensées também foi determinado e chegou-
se a um valor limite de 0.11. Papéis higiénicos para rasgarem na linha de perfuracao,
conforme desejado, precisam de ter um fator de concentracao de tensoes acima deste

valor limite.

Resumindo, é na maquina de converting onde se acrescenta valor aos produtos de
papel tissue, e por isso estas maquinas estdo em constante evolucao. No inicio da
transformacao do papel tissue, o papel era rebobinado & mao num mandril e quando
apareceu a primeira maquina semiautomatica eram enrolados apenas alguns LOGs por
minuto. Atualmente, o design do produto tem um papel muito importante, pois para
além da aparente sofisticagdo é também a chave para a otimizacdo das suas
propriedades. Por isso, cada vez mais se usa o embossing e a impressao neste tipo de
produtos, e os padroes de design estao em constante mudancga e otimizacao. Devido as
exigéncias de mercado, é imperativo para o produtor a adaptabilidade deste tipo
maquina e a sua rapida atualizacao, pois responder aos requisitos do consumidor final
¢ a sua principal motivacao. O facto de a automacao das maquinas de converting ir até
ao fim da linha (paletizacao), permite ao produtor controlar melhor a qualidade e o
preco do produto que apresenta ao consumidor, que, em ultima analise, tem maior
probabilidade de sucesso o produtor que tiver os produtos certos e que reflitam as
necessidades e desejos dos clientes. A vantagem vai se encontrar nos produtores que
utilizam a tecnologia mais recente, pois com a desaceleracdo da economia, os produtos
vao ter de ser redesenhados de modo a encontrar um preco mais baixo, o que significa
fazer um esforco adicional para produzir os produtos ao menor custo assim como
baixar o custo de transporte pelos canais de distribuicao. Este trabalho permite assim
auxiliar o produtor a otimizar os parametros de operacao ao longo da maquina de
converting, apontando algumas modifica¢oes, como substituir o rolo de borracha de
dureza tnica por um de dureza variavel, ou encontrar a pressao 6tima da maquina em
que a resisténcia mecanica é maximizada, e que ao serem implementadas vao melhorar

a qualidade do produto produzido, agregando-lhe valor.



O digital twining dos varios processos de converting, aqui apresentado pelo método de
elementos finitos, demostrou ser uma ferramenta de modelacao fiavel para testar
alteracOes que se queiram introduzir no processo, virtualmente e com custos reduzidos.
Este procedimento é uma tendéncia num futuro préximo, porque permite a otimizacao
em ambiente digital, sem necessitar de proceder a diversas tentativas erro para

determinar os parametros 6timos dos processos.

Devido a elevada concorréncia e sigilo entre os diferentes produtores e fornecedores de
papel tissue, existem poucas pesquisas e publica¢oes relacionadas com a producao e seu
impacto nas propriedades finais destes tipos de produtos de papel tissue. Esta tese,
mostra alguns avancos que se fez e que se tem feito nesta adrea de pesquisa, pois a
maioria dos estudos aqui referenciados sdo muito recentes o que indica uma ligeira
abertura da industria em criar parcerias para aprofundar estes impactos mecanicos nas

propriedades dos produtos acabados.

Palavras-chave

Absorcao; Comportamento Mecanico; Converting; Embossing; Método Elementos
Finitos; Papel Tissue; Perfuracao; Propriedades; Suavidade.
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Abstract

Tissue paper is truly rooted in the daily life of modern society due to the wide variety of
products that make different applications possible. For this type of industry, it is a huge
challenge to produce the best products to retain the final consumer. Tissue paper is a
paper characterized mainly by its low grammage and tensile strength, and by its high
softness, liquid absorption, and elasticity. Depending on the product segment to be
produced, it is necessary to consider which of these characteristics are essential, for
example, in toilet paper the focus is on softness and absorbency, in kitchen rolls it is on
absorbency and wet strength, softness on napkins, absorption and wet strength and
softness on facial tissues. These properties must be adapted to meet end consumer
requirements, which vary greatly for the different countries in the world. The tissue
paper production process uses virgin cellulose as the main raw material and involves
two steps: the formation of the tissue paper sheet itself (tissue base paper) and its
transformation into different types of finished products. This work essentially
addresses this second stage, where the transformation of tissue base paper into finished
products takes place and its impact on the properties of the products produced. During
the tissue paper base sheet transformation process, also called the conversion process,
the properties acquired in the previous step are altered, as the sheet is subjected to
successive operations that will permanently deform it. The converting machine is
characterized by several operations, the main ones being winding/unwinding,
embossing/laminating, perforating, cutting, packaging, and palletizing. The converting
process proves to be very complex and has a huge impact on the properties of the
finished tissue paper. Embossing is the key operation in the tissue paper
transformation process, as it is the one that most affects the final properties of the
finished product. This operation consists in marking a pattern on the tissue paper base
sheet by applying pressure, with the purpose of producing papers that are more
appealing to the final consumer and/or being a mean to recognize a brand. In addition
to visually affecting the paper, it also affects the final properties of the finished
products, adding a more pronounced third Z dimension with a compression matrix,
increasing its liquid absorption capacity and volume, but, on the other hand, reducing

its softness and tensile strength.

Since embossing is the most impacting operation in the transformation of tissue paper
and taking into account the industrial embossing process, a system was developed that

would allow the study on a laboratory scale of the impact of this operation on the
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physical-mechanical properties of tissue paper, depending on the different operating
parameters of the converting machine, such as the finishing of the dots and/or lines of
the embossing pattern, hardness of the embossing rubber, pressure, temperature and
humidity, both on laboratory sheets (isotropic handsheets) and on industrial base
tissue paper (anisotropic and creped sheets). As this laboratory set-up makes it possible
to control all the operating parameters individually, it was possible to optimize the
embossing process at a laboratory level and its validation was carried out using the
finite element method. Thus, for each new unique standard that the tissue paper
industry intends to implement, they can test it in the laboratory before making the

scale-up.

Using the laboratory embossing system, we started by studying how pressure affects the
main properties of tissue paper. Industrial base tissue paper sheets were used and an
optimum pressure of 2.8 bar was achieved for this system. It was possible to distinguish
two effects that occur in the tissue paper sheet during the embossing operation with
pressure, the densification of the sheet and the permanent deformation of the sheet
with the mark of the pattern. The effect of pressure when densifying the paper sheet
gives it a gain in mechanical strength, but without differences in terms of liquid
absorption. The two embossing patterns (deco and micro) showed different behaviors
with the effect of pressure, but both showed losses in both mechanical properties and
softness. These losses were less pronounced for the pressure 2.8 bar since the
densification is maximum for this pressure. On the other hand, the finite element

method failed to show how pressure affects paper strength.

Another operating parameter that also impacts the final properties of tissue products is
the influence of the hardness of the rubber used in the counter-roller to the embossed
steel roll with an engraved pattern. Three different configurations of stacking rubber
plates with different hardness on sheets of industrial tissue paper were studied. This
study allowed us to conclude that to obtain greater softness, the best solution was
where two rubber plates with different hardness were used, and the rubber plate with
greater hardness was in contact with the tissue paper sheet. This result corroborates the
future industrial trend in which the use of rubber rollers in the embossing operation
with an inner layer of low hardness and an outer layer of high hardness is pointed out.
The finite element method, in addition to validating the results obtained, proved to be a
reliable tool to virtually test other configurations, such as, for example, three or more

rubber plates with different hardness.



The impact of the geometry of the finishing of the lines and dots of the patterns to be
embossed, on the final properties of the tissue paper was another operating parameter
object of study. This work was carried out using industrial base tissue paper sheets and
it was concluded that although the patterns with straight finish geometry individually
presented a higher softness value, when the prototype of a finished product with 2 plies
(deco + micro) was assembled, the greater softness was obtained for the round finish
geometry. It was confirmed that the softness value decreases with increasing bulk,
being more pronounced for the micro embossing pattern. No relevant differences were
found in the kinetics of liquid droplet scattering over time, from which it can be
inferred that the finish geometry of the lines and dots of the embossing patterns does
not affect this property in this type of products. The finite element method also in this
case, allowed a better understanding of the effect of the pattern finishing geometry on
the tissue paper sheet, and the simulation results matches with the experimental
results, showing the same trend where the patterns with round geometry marked more

tissue paper sheet than patterns with straight finishing.

The laboratory embossing system was also used to investigate the effect of this
converting operation on industrial base tissue paper sheets and handsheets. To
evaluate the influence of the embossing patterns, the fiber composition and the creping
process, industrial base tissue paper sheets, handsheets produced from a fibrous
suspension obtained from the disintegration of the industrial sheet were used as
samples (keeping the same fibrous composition) and handsheets produced from a
never-dry bleached eucalyptus industrial kraft pulp. The handsheets were produced
with a grammage of 17 g/m? (grammage similar to the industrial base tissue paper) and
not pressed. The results indicated that the embossing process produced more bulky and
porous structures, at the expense of losses in mechanical and softness properties, which
were more pronounced for the micro pattern than for the deco pattern. The effect of
fibrous composition showed that an increase in mechanical properties negatively
impacted the softness of handsheets. Handsheets composed of 100% eucalyptus
showed greater softness than handsheets whose composition is a mixture of short and
long fiber. It was found that the crepe existing in the sheet of industrial base tissue
paper, gives it a high elongation capacity that is practically non-existent in the
handsheets. Furthermore, due to this operation, industrial paper samples have a higher
apparent porosity than handsheets samples. The analysis by the finite element method
allowed the validation of the experimental results, proving that the micro pattern has a

higher stress field value and, consequently, a lower mechanical strength.
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In addition to the use of the laboratory embossing system and to deepen the impact of
embossing on the properties of finished tissue products, other studies were carried out
on industrially and commercialized finished products. The absorption capacity, also
being a fundamental property of tissue papers, was one of the studies developed. In this
work, the absorption capacities of four different industrial base tissue papers were
compared, as well as the respective 2-ply industrial toilet papers that they originated. It
was concluded that the embossing operation increased the thickness and, consequently,
the bulk of the toilet paper. Furthermore, it was also found that among the various
samples of toilet paper there was no perceptible variation in the water absorption time,
as the samples presented similar morphology and porosity. However, it was found that
where bulk increased the most (about 150%), it resulted in an increase in water

absorption capacity (about 60%).

Another important study to deepen the embossing operation was the impact of the
sequence of stacking a toilet paper with an odd number of plies (in this case 5 plies).
The two possible configurations, 1 and 2 (deco:micro pattern of 3:2 and 2:3 plies,
respectively) were the object of study. The industrially produced products with both
configurations were originated from the same base tissue mother-reels. Overall, the
sheet stacking sequence was found to influence the properties of the finished toilet
paper. For configurations 1 and 2, after the embossing process, bulk increases of 46%
and 40%, respectively, and water absorption capacity increases of 2% and 17%,
respectively, were recorded. Regarding the mechanical properties, both configurations
had a greater negative impact caused by the deco embossing pattern. For commercial
purposes and to meet the preferences of the final consumer, toilet paper with
configuration 1 was more suitable for mechanical strength preferences and toilet paper
with configuration 2 was the most suitable for preferences of absorbency. Regarding
softness, the stacking sequence also affected the results, where configuration 2 proved
to be the smoothest and most pleasant to the touch product, with an overall handfeel
value of 75.3 HF, and the product produced with configuration 1 presented rougher and

less pleasant to the touch, with an overall handfeel value of 68.0 HF.

Another operation that takes place in the converting machine and which also impacts
both the properties of this type of product and the operability of the machine itself is
the perforating operation. A system was then developed that would allow a laboratory-
scale study of the impact of this operation on the perforation efficiency of the finished
products. This perforation system applies to all tissue paper products, such as kitchen
paper or toilet paper, that need to be portioned according to the needs of the end

consumer. The perforations facilitate this portioning, promoting the separation of
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sheets or services, by the perforation line without tearing them. However, the
perforated paper must be strong enough to hold together under a certain tension, but
on the other hand it should be weak enough that the sheet or service can be detached
from the roll easily, without tearing, with little effort along the straight or patterned
horizontal perforated line. This balance is given by the perforation efficiency. The
higher the perforation efficiency, the easier the service separation will be. In this
context, the developed laboratory perforating system allows testing new types of cuts
distances on a laboratory scale, allowing the results to be transposed to an industrial
scale, and allows to evaluate problems associated with the perforation of products, as

well as testing new cutting patterns.

As customer satisfaction can depend on the perforation performance, the laboratory
perforation system was used to perforate different commercial toilet papers (in brands
and number of plies) to evaluate their perforation efficiency. With this study, it was
verified a stabilization of the perforation efficiency from a cut distance of 6 mm and a
15% increase in the cut distance for the laboratory blade to correspond to the industrial
perforation efficiency. The finite element method was also used to simulate the
progression curve of perforation efficiency as a function of cut distance. This analysis
confirmed the behavior of the evolution of the perforation efficiency with the increase

of the cut distance and its stabilization from the cut distance of 6 mm.

Another study with interest to understand the impact of perforation was its evaluation
in commercial toilet products. In this work, the mechanical behavior of 15 commercial
toilet papers from different European producers, with equally different compositions
and number of plies, was studied. A qualitative analysis of the quality of the cuts,
together with a quantitative analysis of the dimensions of the same cuts, was performed
through an optical system. An analysis using the finite element method was carried out
where it was possible to examine the behavior of the stress concentration in the cut hole
and the influence of the cut distance. The results showed that a cut distance equal to or
less than 2.0 mm should not be used in these types of papers, and the perforation
efficiency increased with the increasing of the cut distance, regardless of the number of
plies that make up the toilet paper. The stress concentration factor was also determined
and a limit value of 0.11 was reached. Toilet papers to tear at the perforation line, as

desired, need to have a stress concentration factor above this limit value.

Resuming, it is in the converting machine where value is added to tissue paper
products, which is why these machines are constantly evolving. At the beginning of the

tissue paper transformation, the paper was rewound by hand on a mandrel and when
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the first semi-automatic machine appeared, only a few LOGs were wound per minute.
Currently, product design plays a very important role, as in addition to its apparent
sophistication, it is also the key to optimizing its properties. Therefore, more and more
products are embossed and printed, and design patterns are constantly changing and
optimizing. Due to market demands, the adaptability of this type of machine and its
rapid updating is imperative for the producer, as meeting the requirements of the final
consumer is his main motivation. The fact that the automation of the converting
machines goes all the way to the end of the line (palletization), allows the producer to
better control the quality and price of the product he presents to the consumer, who, in
the last analysis, has a greater probability of success for the producer who have the
right products that reflect the needs and wants of customers. The advantage will be
found in producers who use the latest technology, because with the slowdown in the
economy, products will have to be redesigned to find a lower price, which means
making an additional effort to produce the products at the lowest cost possible as well
as lowering the cost of transportation through distribution channels. This work thus
helps the producer to optimize the operating parameters along the converting machine,
pointing out some modifications, such as replacing the single hardness rubber roller
with one of variable hardness, or finding the optimal pressure of the machine in which
the resistance mechanics is maximized, and that when implemented will improve the

quality of the product produced, adding value.

The digital twining of the various converting processes, presented here by the finite
element method, proved to be a reliable modeling tool to test changes that are intended
to be introduced in the process, virtually and with reduced costs. This procedure is a
trend in the near future, because it allows optimization in a digital environment,
without having to make several attempts and errors to determine the optimal

parameters of the processes.

Due to the high competition and secrecy between different tissue paper producers and
suppliers, there is little research and publications related to the production and its
impact on the final properties of these types of tissue paper products. This thesis shows
some advances that have been made in this area of research, since most of the studies
referenced here are very recent, which indicates a slight opening of the industry to
create partnerships to deepen these mechanical impacts on the properties of finished

products.
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Chapter 1 — Thesis Framework

1. Objectives

The main objective of this study is to investigate the impact of converting operations, namely
embossing and perforation, on the final properties of tissue paper products. By understanding
how the key properties of tissue products behave with the operating conditions, it is possible to
optimize and improve the quality of the produced products. In order to achieve this main

objective, this study was subdivided into 4 different tasks:

1. Develop a laboratory embossing system that would allow evaluating the impact of each
of its operating conditions, namely, pressure, rubber hardness and finishing geometry
of the lines and dots of the embossing patterns, on the key properties of the finished
products;

2. Evaluate the behavior of the properties of finished products, both industrially and
laboratory processed;

3. Develop a laboratory perforation system that would allow evaluating the impact of each
of the cut distance on the perforation efficiency of the finished products;

4. Evaluate the mechanical behavior of the perforation efficiency of finished products,

both industrially and laboratory processed.
2. Thesis organisation

This thesis is composed by 5 chapters, being Chapter 1 the one that presents the objectives and
structure of the document. Chapter 2 highlights the research topic, through an extensive
literature review and which is presented by an invited peer-reviewed review article (submitted)
by the scientific journal BioResources. Chapter 3 addresses the first two tasks of the main
objective, namely the study of the impact of embossing and its operating conditions on the
properties of finished tissue products. This chapter is composed by a patent (in preparation)
referring to the laboratory embossing system developed and 6 peer-reviewed scientific articles,
of which the first 3 refers to the individual evaluation of the embossing operating conditions
(pressure, rubber hardness and finishing geometry of the lines and dots of the embossing
pattern, respectively), the fourth compares the properties in handsheets and industrial base
tissue paper sheets, the fifth presents the impact of the embossing on the absorption capacity
and finally the sixth is related to the impact of the embossing with the stacking sequence in the
embossing patterns in a finished product with an odd number of plies (case study 5 plies).
Chapter 4 focuses on the other two tasks of the main objective, namely the study of the impact of
cut distance on the perforation efficiency of finished tissue products. This chapter is composed

also by a patent (in preparation) alluding to the developed laboratory perforation system and 2



peer-reviewed scientific articles, where the first article makes a comparison between laboratory
and industrial perforation and the second article evaluates the perforation efficiency of
commercial tissue products. Chapter 5 sets out the main conclusions reached with the carried-
out work, what contributions these studies can make to the industry and points out directions
for future investigations in this area of study. In summary, the main body of this thesis
comprises a total of 2 patents and 9 articles. Figure 1 presents the flow diagram of the structure
of this thesis.

Objectives
Thesis organisation

CONVERTING
STATE OF ART

EMBOSSING
STUDY

LABORATORIAL PERFORATION
PERFORATION SYSTEM — STUDY

Main Achievements
Contribution of the Study
Directions of Future Research

Figure 1 — Flow diagram of the thesis

In addition, three other auxiliary studies to this work were developed and published and are
presented in Appendix A. Some results of this work were presented at two renowned

international conferences, whose abstracts can be found in Appendix B.



Chapter 2 — State of Art

1. Article I - Converting Operations Impact on Tissue
Paper Product Properties — A Review

Vieira, J.C., Fiadeiro, P.T., Costa, A.P.
BioResources, 2022 (submitted 16/09/2022)

A review of literature provided in Article I identifies the different mechanical causes that affects
the final tissue paper product properties in the converting machine. This extensive review of
literature also identifies the different components of the converting machine and what happens
and how those affect the paper in each one. Additionally, it delivers an overview of the research
and development that has been made related to this area of study. From this review, a detailed
understanding of the converting machine is achieved and pointed out that the embossing and
perforation sections are the ones that affects more the tissue paper properties. On the other
hand, due to the lack of publications it was challenging to carry out this work, but it was also a
motivation to carry on this investigation.

The overall contribution in Article I of Joana Costa Vieira was 90% to the concept development,
analysis, drafting and revising the final submission; Paulo Torrao Fiadeiro and Ana Paula Costa

contributed in reviewing, editing, and providing important technical inputs by 5%, respectively.
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Converting Operations Impact on Tissue Paper Product
Properties — A Review

Joana C. Viewra*, Paulo T. Fiadeiro, and Ana P. Costa

Tissue paper is deep-rooted in the daily life of modem society due to its different types of products
that allows various applications. The challenge of reaching the best products for the final consumer
is noteworthy. Tissue paper is a low grammage paper that is mainly characterized by its softness,
tensile strength, liquid absorption, and elasticity. These characteristics are essential when
producing products for domestic use such as toilet paper, kitchen rolls, hand towels, napkins, and
facial tissues. The tissue paper production process has virgin cellulose as its main raw material
and involves two stages: the formation of the tissue paper sheet itself and its transformation into
different types of finished products. During the tissue paper sheet transformation process, also
called the converting process, the properties acquired in the previous stage change, as the paper
is subjected to different operations that will permanently deform it. Converting is characterized by
several operations, the main ones are unwinding, winding, embossing, laminating, perforation,
cutting, packaging, and palletizing. Embossing consists of marking a pattern on the paper sheet by
applying pressure, with the intent to produce papers that are more aesthetically pleasing to the final
consumer and/or a mean to identifying a particular brand. Embossing, in addition to visually
affecting the paper, also affects its final properties, increasing the liquid absorption capacity and its
bulk, but on the other hand, reduces its softness and tensile strength. The gluing of the layers
sheets is called lamination and occurs simultaneously with the embossing operation. After the
embossing and lamination operations are completed, the sheet passes through two blades in the
transverse direction where it is perforated and sent to the winder. In the winder, the sheet is rolled
into a cardboard tube, forming the LOG. The LOG'’s are directed to the cutter where the smallest
rolls are obtained with the desired dimensions. These rolls are then packaged and palletized to be
sent to the distributor. The converting process proves to be very complex and has a huge impact
on the finished tissue paper properties. In this review, the authors intend to explore into the different
steps of converting and how they impact the different properties of finished tissue paper products.

Keywords: Converting operations, Embossing; Finishing; Paper properties; Perforation, Tissue paper;
Winding

Contact information: Fiber Materials and Environmental Technologies (FibEnTech-UBI), Universidade da
Beira Interior, R. Marqués D’Avila e Bolama, 6201-001 Covilha, Portugal.
*Corresponding author: joana.costa.vieira@ubi.pt

INTRODUCTION

The tissue paper market has been expanding worldwide, explained by the increase
in the consumption of hygiene products because of the increase in quality-of-life standards.
The main tissue paper products that can be find on the market include paper towels,
napkins, facial tissues, and toilet paper, and they play an important role in modern life.
These tissue paper products contribute to improving hygiene, comfort, and convenience in
our society, helping to reduce the spread of disease. Figure 1 presents the graph of evolution
and forecast of consumption for domestic and sanitary tissue paper products, based on the
data published by Lamberg et al. (2012), in the ten global regions considered.

Author et al. (202#). “Your abbrev. title,” BioResources #(#), ###-##. 1
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From the analysis of Fig. 1, it is relevant to point out that the consumption of tissue
paper products in developed countries is more or less stable, while for developing
countries, there is room for greater growth in this type of products. Figure 2 shows the
growth rates pie chart of the main types of domestic and sanitary tissue paper products,
based on the data published by Lamberg et al. (2012), in the global regions considered.
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Figure 2 confirms the growth trend in consumption of this type of products, apart
from Eastern Asia, where there is an inverse trend. The growth in demand for these
products has led to an increase in the number of producers to satisfy the market and make
it more competitive. For companies to achieve a competitive advantage, they are constantly
looking for continuous improvement, optimization of production processes and reduction
of operating costs, in order to increase product quality levels and satisfy customer
requirements. An important factor in the tissue paper market segment is customer
satisfaction, who look for softness as a main property in certain products or absorbency in
others, depending on their final purpose. Thus, the properties of tissue paper must be in
accordance with consumer requirements (see Fig. 3). Tissue paper can then be defined as
a cellulosic-based product composed of virgin and/or recycled fibers, produced with a low
grammage, high flexibility, high bulk, creped and depending on its application (toilet
paper, paper towels, napkins), embossed (Galli 2022; Vieira et al. 2020). Commercially,
tissue paper products can be classified according to the purpose of use both at home
(referred to as “consumer” or At Home — AtH products) and/or in public places (referred
to as HORECA products - HOtel REstaurants and Coffee, or Away From Home — AFH)
(Galli 2022).

Technical Parameters
Bulk

our Softness
Flushability Performance &

Absorption Funcionality Perception

Strength

Absorption Speed

Quality / Price

Economics
Fig. 3. Factors that affect tissue paper product consumer requirements.

It is through tissue paper conversion technology that, based on the requirements
determined by the consumer, it is possible to produce finished paper products with the
desired special properties and of high quality (Kimari 2000; Spina and Cavalcante 2018).
The tissue paper converting process is characterized by several operations, being the main
ones: unwinding, winding, printing, laminating, perforating, cutting, packaging, and
palletizing (Cigolini and Rossi 2004; Kimari 2000). Products can be divided into two
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groups: rewound products such as kitchen rolls and toilet paper as they are unrolled and
rolled up in the conversion process and folded products such as napkins and handkerchiefs.
The sequence of the converting operations for the rewound products can be seen in Fig. 4
and for the folded products in Fig. 5.

0 81-1@
0| e| |_ 5

Parent Reel LOG
i - Embossing i B Perforation - LOG cut [ ] Packaging Palletizing

Fig. 4. Processes involved in converting the paper reel to the finished rewound products.

>
PS;?;‘ZZ?I | W Embossing i cutting [l M Folding [ J Packaging . (Y Ppalletizing

Fig. 5. Processes involved in converting the paper reel to the finished folded products.

Paper converting technology needs to deal with all these requirements to give paper
products special properties. One of the most important aspects to face during paper
converting is the control of the production process, due to its nature as a continuous
process. In fact, modern paper machines cannot operate efficiently without strict quality
control of products and processes. One way to perform the quality control by analyzing
process problems and automatically recommend effective corrections is the
implementation of a program and the corresponding procedures for the monitoring of paper
converting operations, including the laminating of paper sheets. The paper properties are
monitored by a set of actuator arrays, which act perpendicularly to the direction of
movement of the paper sheet passing through the machine. Controller feedback is tailored
to provide performance, ensuring robust uncertainty modeling. Basically, it is important to
use both offline and online analyzes to define the characteristic product and process
properties to guarantee the high quality of the final product (Spina and Cavalcante 2018).
In order to better understand the converting process and how it impacts on the properties
of the final product, a detail analysis of each the involved operations separately are
addressed in the following sections.

Unwinder
In the tissue paper industries, winders and rewinders are key components in the first

stage of the complex converting process. Winding, unwinding, and then rewinding on a
spool are, in fact, operations that require a precise execution to obtain a final product that,
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once wound, maintains the characteristics and quality resulting from the production
process. This is due to the delicate nature of the material itself and the need to preserve the
creping and density obtained in the production process to maintain the softness and bulk
that distinguish it (D’Olivo 2021; Pejic 2016). The unwinders are responsible for
unwinding the Parent Reel that leaves the tissue paper machine to obtain finished reels with
smaller dimensions, the Mother Reels, if necessary. The reels used in tissue paper
converting are generally very heavy. It is possible to use coils with a length of two to five
meters and a diameter of up to about three meters, with weights that can reach 5 tons
(Paolinelli et al. 2022). The tissue paper converting machine may need up to four
unwinders, as the final product is made up of several sheets. If the number of sheets of the
finished product exceeds the number of unwinders, in rewinders outside the converting
machine, a Mother Reel with multiple sheets will be created. For example, in a converting
machine with two unwinders, to produce a finished product of 3 sheets, you will have to
feed the machine with a Mother Reel of 2 sheets and another with 1 sheet (Paolinelli et al.
2022). For tissue paper reels, the unwinding itself takes place by means of motorized belts,
called peripheral unwinding. Each material has certain properties and characteristics that
will affect the correct winding and/or unwinding process. An incorrect or inaccurate
rewinding/unwinding process can cause permanent damage to the tissue paper sheet, where
excessive elongation of the wound material implies substantial loss of desired
characteristics such as crepe and bulk (A.Celli Group 2022; D’Olivo 2021).

Sheet tension control during the unwind/rewind operation is very complex and
subject to many variables. However, it is important to obtain proper control of the spool
tension to avoid defects and compromise the properties of the sheet of paper. In addition,
high-quality, automated tension control of the sheet is dependent on the traction provided
by the machine's idler rollers. It is important to find out the reasons behind the production
problems in this section of the converting machine. That said and knowing that winding
defects occur less than 5% of the time, Table 1 presents the most common problems and
the respective solutions that may occur (Williams 2019).

Table 1. Problems and respective solutions that may occur in the
unwinding/rewinding operation (Williams 2019).
Troubleshooting lllustration Problem Solution
Core misaligngd w\ith the paper
o
; ‘/ \ A Abrupt shift in The web'should be
| 7 wound uniformly, but
Offset Core location along the
faster at the start of
‘ edge of the roll.
\ the roll.
- Caused by Controlling the
progressive roll edge | hardness of the wind,
Concave or misalignment. Only reducing web

Convex Rolls

Concave

Crushed Core

)

Convex

noticed after the roll
has started to be
unwound.

tension, or reducing
cross-deckle caliper
variation.

The core has been

mishandled or was

incorrectly inserted
into the shaft.

Paper core restorer
(only restore the
ends of the roll).

Author et al. (202#)

. “Your abbrev. title,” BioResources #(#), ##-##.




PEER-REVIEWED REVIEW ARTICLE

bioresources.com

Appearance between
.- the web near the

The web needs to be
tightened before
attaching to the core.
Must use good

defect can cause

Poor Start R /// -—/ csge quality cores and
;ﬁ”/ Appearance of the properly stored or
y B remaining roll Stat ith propel
) tension, nip and/or
torque.
Slitters should be
Edae Cugi Revealing curled or adjusted to a proper
9 shaggy paper edge. depth or reducing
sheet tension.
Web width is not
. They are a result of
/ uniform, loose, and N D S
) tight zones will occur thi
— : ickness and cross-
: across the entire ducl asuns vanation
Baggy or Slack width of the sheet. - ds?to ge Kot toa
Ends This lamination P

minimum. Wind as
smoothly as possible

dneiies:in and adjust the clamp
subsequent :

! accordingly.
operations.

Machine Tension

Defects are related
to fiber separation. In
the case of cross-
machine the defect is
not visible at the

The roll needs to be

wound softer. Partial

breakdown of tension
in the machine
direction can be

A

misalignment.

Burst caused by non-
edge of the roll, : A
uniform variation of
whereas full
. . S the transverse
machine-direction it
i clamp, needs to be
) minimized.
- —
/ Cores hardness does
Rolls that are wound not increase during
Dished Rolls with a forward edge | winding, and have a

good, hard start at
the core.

Trim Wound in
Rolls

When winder trim is
not collected properly
into the trim removal
system, it will follow
the web into the

The air velocity at the
system inlet must be
greater than the
winding velocity, or
make sure that the
displacements are

Starred rolls

winding roll. not greater than the
width of cut.
Rolls have a star
pattern at the ends of | Start wind tight then

the rolls it is due to
the shifting of the
layers of web,
usually beginning at
or near the core and
continuing outward
toward the outer

wraps.

steadily soften roll
hardness as
diameter increases.
Also, make sure the
cross-caliper
variation is at a
minimum.
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In the case of an automatic unwinder in which the spool is unwind through a
combination of a peripheral and a central unwinder, when the finished spool is lifted by
motorized counterpoints of the central unwinder and placed on top of the unwinding
station, to be later removed. Thus, by means of a shuttle it is possible to insert a new spool
into the unwind station. The central unwinder is double and has two pairs of tailstocks, thus
allowing the first pair of tailstocks to be in the upper position when a spool is running low,
while the second pair of tailstocks is available to engage the new spool inserted by the
shuttle. In combination with the peripheral unwinder, it then allows the start of the
unwinding of the sheet (Paolinelli et al. 2022). The tissue paper sheet is then routed to the
embossing section for both types of products and lamination in the case of rewound
products.

Embossing / Lamination

Embossing processed tissue paper products is a sensitive process due to the
presence of different factors such as flexibility, weight, softness, and attractive design of
the paper (DeMaio and Patterson 2008; Pejic 2016). Therefore, several aspects of
processing need to be addressed with control methodologies. Product quality also depends
on various physical parameters such as temperature, humidity, and pressure. The influence
of geometrical and material parameters on the mechanical response of fibers used in
papermaking is also critical (DeMaio and Patterson 2008; Kimari 2000). Embossing is an
example of compressive formation on paper in the converting process. These can be
stamped to increase the properties of the finished product, such as: liquid absorption
capacity, and softness. This process can produce papers with aesthetically pleasing designs,
occasionally for the purpose of product identification distinguishing them from other
competitors. Embossing takes place by layers, on top of one or several layers of a multi-
layer paper, deco recording, and on the bottom, a micro-engraving of one or several layers
of a multi-layer paper. The resulting product with more than one layer, has properties that
cannot be obtained in a paper with a single constituent layer (Digby 2012).

Embossing patterns for tissue papers serve to improve several properties such as
porosity, hygroscopicity, thickness/bulk, flexibility, and absorbency. Embossing creates a
graphic element allowing drawings to be raised or depressed on paper. A metallic cylinder
(embossing roll) with a relief image engraved on its surface is pressed against the sheet(s)
of paper (see Fig. 6).
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Steel Micro Embossing Roll

Toilet Paper LOG

Fig. 6. Example of a steel embossing roll and its toilet paper LOG.

Currently, several types of embossers are used, and the pressure, rubber hardness,
temperature and humidity of the paper can be varied to obtain different products (Biagiotti
2017; DeMaio and Patterson 2008).

During tissue paper production, the greatest bulk loss usually occurs in the pressing
stage. Therefore, in the transformation process, the most common method that is used to
increase bulk is dry embossing, but depending on the pressure used in this step, the bulk
created can be short-lived, and can also be lost when tissue paper is wetted again (Janda
2017). Each tissue paper fibrous composition has a predetermined limit to the embossing
pressure, beyond which the strength properties of the sheet are destroyed and consequently
impair the runnability of the converting machine, and/or the quality requirements of the
finished product. Thus, the tissue paper sheet loses engraving marks if embossing takes
place in its elastic zone. On the other hand, if the embossing is produced close to the
breaking point of the sheet (excessive pressure applied), the paper becomes fragile, which
can cause failures in the converting process (Assis et al. 2018; Giannini 2019). As
embossing is a mechanical compression process in the tissue paper converting, the pressure
used is an operating condition that is essential to control to produce quality toilet paper
(Spina and Cavalcante 2018). From the work developed by Vieira et al. (2022a), it was
shown that the mechanical properties suffer a negative impact with the embossing
operation. In addition, the micro embossing pattern was shown to have a greater impact on
thickness, increase in volume and loss of mechanical properties. From another study
developed by Vieira et al. (2022b), the authors concluded that there is an optimal pressure
for the embossing process, in which the mechanical strength properties are maximized
(through the densification of the tissue paper sheet) without impacting too much on the
softness and absorption value of liquids. This optimum pressure is the limit beyond which
the structural degradation of the tissue paper sheet takes place. This study is in line with
the previously mentioned in which the micro pattern is the one who most affects the
structure of the sheet of paper. On the other hand, from the samples under study, it was
possible to perceive that the greater or lesser loss of mechanical properties or softness
depends on their fibrous composition.

With the evolution of the embossing and lamination process, different solutions
emerged until nowadays, and the most common is the use of an engraved steel roller
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working against a roller with a rubber cover that can vary from 45 to 98 Sh-A. The
evolution was an increasing of the hardness of the rubber covering, until presently where
appear new studies in which the change of the conventional rubber covering is encouraged
to the introduction of a double layer covering: an inner layer with low hardness and an
outer layer with high hardness (in contact with the tissue paper sheet), with the aim of
making the outer layer (surface of the rubber roll) more flexible (Biagiotti 2017). Each type
of rubber has its own characteristics and depending on these they can be chosen as they are
better for temperature resistance, and/or chemical resistance, and/or abrasion resistance
and/or long service life. The rubber of the roll undergoes different stresses with the
embossing process. If the rubber hardness value were determined during the embossing
process, it would be altered due to the stresses caused both in terms of pressure and
temperature. Thus, the performance of the rubber roll will influence the engraving of the
embossing pattern and, consequently, the properties of the tissue paper and directly on the
final product (Huff and Bell 2005). As demonstrated in the study developed by Vieira et
al. (2022c), the highest softness value was found for the double layer solution, with an
inner layer of 48 Sh-A (upper layer) and an outer layer in contact with the paper sheet of
60 Sh-A (bottom layer). The results of this work also point out to an increase in softness
with increasing rubber hardness for the replication of conventional coverage. The loss of
mechanical strength and greater bulk, on the other hand, became more accentuated for the
micro pattern and for lower rubber hardness.

The dimensions and the finishing geometry of the embossing elements (lines or
points) are a limitation of this process. For example, patterns with thin embossing elements
cannot be engraved too deeply as they are prone to tearing the tissue paper sheet. On the
other hand, in order to obtain a high-quality embossing pattern engraving, the tissue paper's
ability to stretch and adapt to the relief is equally important, which is also a physical
limitation. Currently, there are no standardized finishing geometries and/or designs that
objectively define the impact they will have on the final properties of the tissue
papers/products (Pal et al. 2020). Khan (2021) showed that the mechanical properties of
the embossed product were affected both by the density of dots (number of dots/cm?) of
the embossing pattern, as well as by the height of the dots and the angle that the dot makes
with the base. Khan (2021) concluded that there is a greater loss of mechanical properties
for a higher density of dots, and a greater height of the dots which consequently lead to a
greater deformation of the tissue paper sheet. On the other hand, a dot with a higher base
angle (cylindrical dot geometry — 90° angle with the base) leads to a lower loss of
mechanical properties due to less deformation of the tissue paper sheet. In addition to the
work developed by Khan (2021), another study was carried out in this area by Vieira et al.
(2022d). In this study the authors showed that the finishing geometry of the line and dots
(straight or round) of the embossing pattern has an impact on the mechanical properties
and softness of the products. The finishing of the straight embossing elements showed a
higher softness value when evaluated individually. When mounting the 2-ply prototype of
the deco and micro patterns, with the same finishing, the greatest softness was obtained for
the prototype with the round finishing geometry. As the micro pattern is the one that most
impacts the structure of the paper, obtaining greater bulk, it is with this pattern that the
lowest values of softness and mechanical strength are obtained. On the other hand, within
both relief patterns (deco and micro), the straight finishing geometry is the one with the
greatest loss of mechanical strength. With this work, in terms of finishing geometry of the
embossing elements of the two patterns, the round finishing also stands out, as it doubles
the bulk value when compared to tissue paper before embossing.
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A tissue paper sheet laminating process presupposes that at least in an engraving
NIP of one of the patterns, at least two tissue paper sheets are combined and engraved. So,
another factor that can influence the properties of tissue products in this section of
converting is the stacking sequence of sheets in a finished multilayer product with an odd
number of sheets. In the study developed by Vieira et al. (2020a), two different stacking
sequences of a 5-ply toilet paper were analyzed (see Fig. 7), and their impact on their final
properties. of the final consumer.

Configuration 1 Configuration 2
o 2-Ply DECO
Ny P -
AR - 3-Ply DECO
B N >
B 4 L o~
=
~
3-Ply MICRO
2-Ply MICRO

Fig. 7. The 5-ply toilet paper with the two stacking sequence configurations (Vieira et al. 2020a).

Configuration 1 is composed of 3 sheets with deco embossing and 2 sheets with
micro embossing, and configuration 2 is composed in reverse. It was found that in
configuration 1 the bulk and water absorption capacity increased by 46% and 2%,
respectively. While for configuration 2, bulk and water absorption capacity increased by
40% and 17%, respectively. The mechanical properties decreased considerably due to the
embossing process. However, configuration 1 showed to be the one with the lowest losses.
Regarding softness, the stacking sequence also affected the results, where configuration 2
proved to be the softest and most pleasant to the touch product, with an overall handfeel
value of 75.3 HF, and the product produced with configuration 1 presented rougher and
less pleasant to the touch, with an overall handfeel value of 68.0 HF (Mendes et al. 2020).
Thus, it can be concluded that the number of sheets that enter each embosser in the stacking
sequence influences the final properties of the paper and can be adapted to the
requirements.

Liquid absorption is a very important property for many tissue products, its main
purpose being to clean/absorb liquids. Liquid absorption is generally divided into
absorption capacity and absorption rate. The absorbency reflects the maximum amount of
water that the paper can absorb, and is expressed in g water/g fiber, while the absorption
rate measures how quickly the product absorbs this amount of water (Kullander 2012). In
European and International trade, both water absorption time and water absorption capacity
represent important parameters in the field of tissue paper product comparison (Tutus et al.
2016). In the work developed by Vieira et al. (2020b), it was shown that the embossing
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operation significantly increases the thickness and bulk of tissue paper. On the other hand,
the embossing operation has no impact on the water absorption time when comparing
papers with and without any embossing pattern. Regarding the water absorption capacity,
the embossing operation proved to have a great impact. It was found that the greater the
increase in bulk achieved with the embossing operation, the greater is the water absorption
capacity. Currently, the embossing operation is a common step in the tissue paper
converting because it creates empty spaces between the sheets of paper and the absorption
capacity of the paper increases. Thus, the absorption performance of a multilayer paper is
far superior to that of a single-layer (Zhipeng et al. 2022).

The finite element simulation (FEM) was also used by the authors Khan (2021)
and Vieira et al. (2022a,b,c,d) whose results validated and corroborated the results obtained
experimentally. This tool proved to be useful, as it can allow simulating other studies with
different parameters variations, providing approximate results to the real ones.

Within this section, tissue paper decoration also takes place. This decoration can be
done by colored glue or by printing. Any of these techniques are coupled to the converting
machine as an additional process to embossing/laminating and the result is shown in Fig.
8 (Galli 2022; Star Label 2018).

a) Flexographic Printing b) Color Glue lamination

Fig. 8. Decorated tissue products: a) tissue napkin printing with aqueous flexographic ink, and b)
tissue kitchen towel lamination with blue color glue

The most used printing process is flexography, which allows printing at high speed, being
suitable for this type of products. In addition, it allows cost-effective, high-quality printing
of mass-produced products (Star Label 2018). Ink is transferred to tissue paper from the
Anilox roll and through cells etched onto the printing plate (Johnson 2008). To print a
porous paper such as tissue paper, it will be necessary to spend more ink, as it penetrates
the structure of the paper instead of staying on the surface. Consequently, it will affect
negatively absorption, softness, and mechanical properties (Theohari et al. 2014). In
lamination with the glue decoration technique, this is replaced by a colored glue that will
glue the sheets that make up the final product by the joining dots/lines (Galli 2022). This
methodology has a lower impact on the properties of tissue papers than the printing
technique. The greater or lesser impact of these decoration techniques on the tissue paper
properties are related to the greater or lesser decorated area, for example, a larger decorated
area implies a greater impact on the final properties.
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Perforation

Perforation in tissue paper products is used for the purpose of facilitating the
portioning of paper sheets. The main products in which this process is used are toilet paper,
kitchen towels, and facial tissues (Baggot et al. 2006; Ogg and Habel 1992; Pejic 2016;
Schulz and Gracyalny 1998).

In the converting machine, perforation takes place at high speed. A roll with several
diagonally arranged blades, which will be pressed against the tissue paper sheet, cutting it
at the points of contact (Perini et al. 2021). Then, it is created the called perforation line, in
which there are bonding areas, uncut areas that prevent the sheet from separating
prematurely, and holes with a predetermined cut distance. The distance between two
perforation lines determines the length of the “sheet” to be detached by the end consumer
(Baggot et al. 2006; Chih 2018; Ogg and Habel 1992). Figures 9 and 10 schematically
present these concepts.

A — Cut distance
B B — Blank distance

Perforating Blade

EEEEEEREREERRECRERERNE
g Z';“‘:LL'JE:—‘] I e e =

L T i 75 M O

[1

Perforated Tissue Paper

Fig. 9. Perforation scheme with identification of the cut and the connection areas (Vieira et al.
2021).

Perforation Line

C - \ CutDistancel Blank Distance
-
|
|
|
|
|
|
|

S

| Sheet

Fig. 10. Schematic of a roll with identification of the perforation lines (Vieira et al. 2022e).
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product) (Brown 1991; Guarini et al. 2022; Kimari 2000; Pejic 2016). Both types of saws
are always placed perpendicular to the LOG (Brown 1991; Guarini et al. 2022).

This section of the converting machine includes at least one sharpening unit placed
on the opposite side of the cut where an abrasive is in contact with the cutting blade. The
sharpening units come into operation as soon as the sensors detect the wear of the saw.
Periodically the blades must be replaced as the wear and sharpening of the blade
progressively decreases both the diameter of the blade and its cutting capacity (Guarini et
al. 2022).

The most common problems that can be found due to LOG cutting blades are
crushed core caused by increased axial eccentricity and blade distortion due to cutting
speed limitation, ragged edges caused by an unadjusted blade life and consequently
stoppages for successive blade changes, bias cut caused by poor blade orientation in
relation to the LOG (Ahuja et al. 2009), and dirty rolls of dust caused by the maintenance
of LOG’s saws (Pejic 2016).

In the case of cutting tissue paper for folding, the saws are presented as those of
continuous movement for the LOG’s, in which they are arranged side by side separated by
the distance defined for the dimension of the finished product, as schematically represented
mn Fig. 4.

Folding

Folding is a typical converting operation for hand towels, facial tissues, napkins,
and folded toilet paper. There are two types of converting machines that produce folded
tissue paper products: those that fold the paper sheets with vacuum, and those that fold the
paper sheets through a folding head composed by a pair of rotating steel cylinders with
folding clamps, called the inter-folders. To produce premium products, it is necessary to
guarantee a good bending quality as well as a good alignment of the sheets (Yasui 2017).

Regarding the folding itself, there are several types. The most common types of
folds are represented in Fig. 11.

V - Fold C-Fold Z-Fold Quarter Fold

Fig. 11. Schematic representation of the main types of tissue paper folds.

The most traditional form of folding is the C-fold. This type of folding is used in
low quality products, but it creates an additional difficulty in its usage making the end
consumer to take several sheets at the same time, which is more than essential. Then, there
1s the V-fold, also known as the Zig Zag fold, which is also used in low quality products.
With this style of folding, the user can already have a greater control over its use, as it
dispenses one sheet at a time. The V-fold type of folding is commonly used in facial tissue
products. The most used fold for premium products is the Z-fold. This type of fold provides
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controlled use by the user, one sheet at a time being dispensed. The sheets feature a clean
cut and open automatically. Finally, the quarter fold (or % Fold) which is the main fold
used in napkins. This type of fold does not require a dispenser for its use (Galli 2022;
Pearroc Ltd 2022).

Regarding the product marketing, the type of folding can also be used as a way for
the producer and the consumer to distinguish the quality of the product and perceive its
respective final properties.

Packaging / Boxing

Generally, in converting machines, the packaging section is closed, and production
is carried out at high speed, so it is important to have means of detecting the problems that
occur in the packaging sequence to solve them as quickly as possible, to guarantee
improved quality of the products (Rempel 2022). It is very rare that the packaging process
damages the integrity of rolls/stacks of tissue paper, affecting their properties, but
sometimes deformation can occur during bagging (Pejic 2016).

Generally, rolled products are stacked with the core vertically, while folded
products (without core) are placed inside cardboard boxes. This is due to the fact that during
the storage of the pallets, they are often superimposed, so the lower pallet needs resistance
to support the upper pallet, thus jeopardizing the integrity of the products. Thus, in the case
of products with a core, the resistance is given by the core itself, in the case of products
without a core, the resistance is given by the cardboard box in which the products are
packed (Galli 2022).

Rewound Products

The tissue paper rolls then arrive at the packaging section. Due to the high number
of packaging configurations used for roll tissue products (from single roll packages to
multi-packs up to 90 rolls), it is challenging for converting machines to comply with these
configuration changes smoothly. On the other hand, it is equally challenging for this type
of machine to be adaptable to the material used for packaging, as it is increasingly
necessary to consider the sustainability of the materials used (Alberti 2020).

In this section, the rolls are grouped according to the amount predetermined by the
machine operator, and then wrapped in a paper sheet for packaging (which can be closed
with glue) or in a plastic, which is usually done with polyethylene or bioriented
polypropylene (whose packaging is closed using hot air) (Brown 1991; Pejic 2016).
Depending on the model of the converting machine, the rolls can be packed in several
layers. Each set of rolls that form a layer is lifted and placed on the bottom layer, and so
on, until achieve the number of layers predetermined. Then, they are all packed together or
bagged (Michelini 2022). Next, these packages can be placed directly stacked on pallets or
first in cardboard boxes, and then on pallets to be stored in the finished product warehouse
(Brown 1991; Pejic 2016).

Folded Products

After the embossing, cutting and folding process, the stacks of folded paper are sent
to the packaging section. These tissue paper stacks, depending on their final application,
can undergo various types of packaging. For example, the napkins are packed in a plastic
film in predetermined amounts, and then the napkin packs are packed in a cardboard box.
Hand towels, on the other hand, are wrapped in a paper or plastic film and then stacked
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inside a cardboard box. The packs of facial tissues, with about 8-10 tissues per pack, are
packed in a plastic film, which will be perforated, and a self-adhesive label will be glued
(creating the opening and closing of the pack), then a predefined group of these packs is
placed in a bag and later in a cardboard box for later dispatch (Michelini 2022).

Palletizing

Now that the products are packed, they go to the palletizing section. The main
problem that can exist in this section is the fact that the suction cups/robot arms can deform
the packages, damaging the product contained therein. In addition to the bad appearance
caused in the packaging, this results in a problem for the palletization itself, as deformed
packaging takes up more space, reducing the efficiency of packaging stacking. It can also
increase the amount of plastic wrap used to close the pallet (Reynolds 2015).

On the other hand, there are deformations that can be purposeful. In Brazil, most of
the population goes to the supermarket by public transport or on foot, traveling long
distances, and therefore transporting toilet paper is challenging. Also, the apartments are
very small, and the toilet paper took up a lot of space. Thus, by packing a set of rolls and
then compressing them with the packaging film, this significantly reduces their size,
solving the population problem. This packaging method of reducing the size of roll
packaging by compression was called Just One Hug (Kim and Mauborgne 2021). With the
reduction in packaging, the efficiency of palletization was also improved, as a greater
number of rolls per pallet could be transported, as shown in Figure 12.

© 0 0 0 0,

Toilet Paper Rolls

Compression

©,0,0,0,0)
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Fig. 12. Schematic representation of rolls packages palletization with and without compression.

In Brazil, cargo is transported mainly by road, and thus, being able to transport
more rolls per pallet, caused a decrease in transport costs. With the Just One Hug packaging
method, there was a drop of around 15% in transport costs and 19% in the amount of
packaging material used, reducing the price for the consumer, in addition to satisfying the
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packaging dimensions reduction requirements, without reducing the amount of product. As
this compression impacts the properties of the finished product, such as bulk and softness,
this packaging method was combined with products composed by recycled fibers (lower
quality products) (Kim and Mauborgne 2021).

FINAL CONSIDERATIONS

It is in the converting machine where value is added to tissue paper products, which
1s why these machines are constantly evolving. At the beginning of the tissue paper
transformation, the paper was rewound by hand on a mandrel, and when the first semi-
automatic machine appeared, it was wound at a few LOG’s per minute. Currently, product
design plays a very important role, as in addition to its apparent sophistication, it is the key
to optimizing its properties. Therefore, more and more products are engraved and printed,
and design patterns are constantly changing and optimizing. These machines have become
very sophisticated and uninterrupted, being able to be computer controlled and quickly
programmed to produce the desired product. The fact that the automation of the converting
machines goes all the way to the end of the line (palletization), allows the producer to have
a better control of the quality and price of the product he presents to the consumer, who, in
the final analysis, has an improved chance of success for the producer who have the right
products that reflects the needs and desires of customers. The advantage will be found in
producers who use the latest technology, because with the slowdown in the economy,
products will have to be redesigned to find a lower price, which means making an
additional effort to produce the products at the lowest possible price cost as well as
lowering the cost of transportation through distribution channels. Thus, the digital twining
of the several converting processes is a modeling tool, because it allows optimization in a
digital environment, without having to make several attempts and errors to determine the
optimal parameters of the processes (Spirent 2020).

Due to the high competition and secrecy between different tissue paper producers
and suppliers, there are few studies and publications related to the production, and its
impact on the final properties of these types of tissue paper products, as already observed
by other authors (Assis et al. 2018). This review article shows that some progress has been
made and that most of the findings referenced here are very recent, which indicates a slight
opening of the industry in creating partnerships to deepen these mechanical impacts on the
properties of the finished products.

FUTURE DIRECTIONS

1. Within the converting operations, the embossing is the one that have a major impact
on the quality of tissue products. For that reason, in a near future, it deserves a
special attention in new and innovative research and development methodologies
to follow-up the digital transition and fulfill the exigent consumer requirements.

2. The natural evolution of the embossing process tends to go in the direction of
change the conventional rubber covering by the introduction of a double layer
covering with an inner layer with low hardness and an outer layer with high
hardness rubbers.
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3. The final quality of the tissue products is mostly related with the patterns and the
corresponding finishing geometries of the embossing. It is a challenge to be able to
integrate the design of the embossing patterns, the respective type of finish
geometry, and the density of the marked area in an automatic procedure that allows
to predict the final properties and quality of the final tissue product.

4. Due to market demands, the adaptability of converting machines and their rapid
updating is imperative for the producer, because responding to consumer
requirements is their main motivation.

5. The digital twining of the several converting processes is an emerging simulation
tool that will be a trend in a near future because it will permit an optimization in a
digital environment transition.
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Chapter 3 — Embossing Study

1. National Patent I Draft — Laboratorial Embossing

System (Sistema Laboratorial de Embossing)

Vieira, J.C., Vieira, A.C., Mendes, A.O., Carta, A.M., Fiadeiro, P.T.,
Costa, A.P. (in preparation)

A detailed description of the embossing system developed is provided in the draft of the national
Patent I. Each component that composes this laboratory system is identified and its main
advantages and disadvantages are also pointed out. Additionally, it delivers the main results that
validate the use of the laboratory embossing system developed. The developed laboratory
embossing system presented by Patent I draft, proved to be a useful tool for small scale studies,

with a lower cost before moving on to pilot scale studies.

The overall contribution in the development of Patent I of Joana Costa Vieira was 70% to the
concept development, analysis, drafting and revising the final submission; André Costa Vieira
contributed 10% in the concept development, drafting and revising the final submission;
Antoénio de Oliveira Mendes, Ana Margarida Carta, Paulo Torrdo Fiadeiro and Ana Paula Costa

contributed in reviewing, editing, and providing important technical inputs by 5%, respectively.

2, Article II - Embossing Pressure Effect on
Mechanical and Softness Properties of Industrial
Base Tissue Papers with Finite Element Method
Validation

Vieira, J.C., Mendes, A.O., Ribeiro, M.L., Vieira, A.C., Carta, A.M.,
Fiadeiro, P.T., Costa, A.P.

Materials, 2022, 15(12), 4324

https://doi.org/10.3390/ma15124324

With Article II, it was intended to understand how the embossing operation acted on the tissue
paper sheet and to achieve an optimal pressure for the developed system. This study made it
possible to verify that two effects occurred with the embossing pressure, the densification of the
sheet and the marking of the embossing pattern, and that both effects acted in opposite
directions, balancing the results of the final properties. The developed laboratory embossing
system, proved to be a useful tool for this study, allowing pressure variation and keeping the
remaining operating conditions constant and controlled. On the other hand, both the optical
system and the FEM simulation proved to be very useful auxiliary tools for a better

understanding of the effects that occurred in this study.
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The overall contribution in Article II of Joana Costa Vieira was 70% to the concept development,
analysis, drafting and revising the final submission; Antonio de Oliveira Mendes contributed 7%
with the optical system data, drafting and revising the final submission; Marcelo Leite Ribeiro
contributed 7% with the FEM analysis, drafting and revising the final submission; André Costa
Vieira, Ana Margarida Carta, Paulo Torrdo Fiadeiro and Ana Paula Costa contributed in

reviewing, editing, and providing important technical inputs by 4%, respectively.

3. Article IIT — FEM Analysis Validation of Rubber
Hardness Impact on Mechanical and Softness
Properties of Embossed Industrial Base Tissue
Papers

Vieira, J.C., Mendes, A.O., Ribeiro, M.L., Vieira, A.C., Carta, A.M.,
Fiadeiro, P.T., Costa, A.P.

Polymers, 2022, 14(12), 2485
https://doi.org/10.3390/polym14122485

Was intended with Article ITI, to understand how the rubber hardness as one of the components
embossing operation acted on the tissue paper sheet, to achieve an optimal rubber hardness for
the developed system. This study made it possible to verify that the use of variable rubber
hardness in the embossing operation would improve the key softness property of tissue
products. The developed laboratory embossing system, proved to be a useful tool for this study,
allowing rubber hardness variation and keeping the remaining operating conditions constant
and controlled. On the other hand, both the optical system and the FEM simulation proved to be

very useful auxiliary tools for a better understanding of the effects that occurred in this study.

The overall contribution in Article III of Joana Costa Vieira was 70% to the concept
development, analysis, drafting and revising the final submission; Anténio de Oliveira Mendes
contributed 7% with the optical system data, drafting and revising the final submission; Marcelo
Leite Ribeiro contributed 7% with the FEM analysis, drafting and revising the final submission;
André Costa Vieira, Ana Margarida Carta, Paulo Torrdo Fiadeiro and Ana Paula Costa

contributed in reviewing, editing, and providing important technical inputs by 4%, respectively.

4. Article IV — Embossing Lines and Dots Geometry
Effect on the Key Tissue Paper Properties with
Finite Element Method Analysis

Vieira, J.C., Mendes, A.O., Ribeiro, M.L., Vieira, A.C., Carta, A.M.,
Fiadeiro, P.T., Costa, A.P.

Polymers 2022, 14(17), 3448
https://doi.org/10.3390/polym14173448
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To understand better how the finishing geometry of lines and dots of the engraved steel patterns
acted on the tissue paper sheet and its final properties, the Article IV was designed. This study
made it possible to verify that the finishing geometry of lines and dots have a great impact in the
embossing operation and the round finishing should be the choice that will improve the key
softness property of tissue products. The developed laboratory embossing system, proved to be a
useful tool for this study, allowing changing the finishing geometry of the patterns and keeping
the remaining operating conditions constant and controlled. On the other hand, both the optical
system and the FEM simulation proved to be very useful auxiliary tools for a better

understanding of the effects that occurred in this study.

The overall contribution in Article IV of Joana Costa Vieira was 70% to the concept
development, analysis, drafting and revising the final submission; Anténio de Oliveira Mendes
contributed 7% with the optical system data, drafting and revising the final submission; Marcelo
Leite Ribeiro contributed 7% with the FEM analysis, drafting and revising the final submission;
André Costa Vieira, Ana Margarida Carta, Paulo Torrdo Fiadeiro and Ana Paula Costa

contributed in reviewing, editing, and providing important technical inputs by 4%, respectively.

5. Article V — Mechanical and softness
characterization of “deco” and “micro” embossed
tissue papers using finite element model (FEM)
validation

Vieira, J.C., Morais, F., de Oliveira Mendes, A., Ribeiro, M.L., Carta,
A.M.,, Curto, J.M.R., Amaral, M.E., Fiadeiro, P.T., Costa, A.P.
Cellulose, 2022, 29(10), pp. 5895—5912
https://doi.org/10.1007/510570-022-04618-2

The Article V was created to understand better how the embossing operation acted on different
types of tissue paper sheets (industrial and handsheets) on its final properties. This study made
it possible to verify that the crepe present in industrial sheets gives it elasticity and flexibility,
the presence of long fiber gives the paper mechanical strength, and its absence improves the
softness properties. The developed laboratory embossing system, proved to be a useful tool for
this study, allowing changing the type of tissue paper used (industrial and handsheets) and
keeping the remaining operating conditions constant and controlled. On the other hand, both
the optical system and the FEM simulation proved to be very useful auxiliary tools for a better

understanding of the effects that occurred in this study.

The overall contribution in Article V of Joana Costa Vieira was 50% to the concept development,
analysis, drafting and revising the final submission; Flavia Morais contributed 21% analysis,
drafting and revising the final submission; Ant6énio de Oliveira Mendes contributed 7% with the
optical system data, drafting and revising the final submission; Marcelo Leite Ribeiro

contributed 7% with the FEM analysis, drafting and revising the final submission; Ana
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Margarida Carta, Joana Curto, M2 Emilia Amaral, Paulo Torrao Fiadeiro and Ana Paula Costa

contributed in reviewing, editing, and providing important technical inputs by 3%, respectively.

6. Article VI — Impact of embossing on liquid
absorption of toilet tissue papers

Vieira, J.C., de Oliveira Mendes, A., Carta, A.M., Galli, E., Fiadeiro,
P.T., Costa, A.P.

BioResources, 2020, 15(2), pp. 3888-3898
https://doi.org/10.15376/biores.15.2.3888-3898

In order to a deepen the study of the impact of the embossing operation on the absorption of
tissue products, Article VI allowed it from commercial finished products and the respective
industrial base tissue paper from which they were produced. This study made it possible to

verify that bulk and porosity are the structural properties that most affect absorption capacity.

The overall contribution in Article VI of Joana Costa Vieira was 70% to the concept
development, analysis, drafting and revising the final submission; Anténio de Oliveira Mendes
contributed 10% with the optical system data, drafting and revising the final submission; Ana
Margarida Carta, Enrico Galli, Paulo Torrdo Fiadeiro and Ana Paula Costa contributed in

reviewing, editing, and providing important technical inputs by 5%, respectively.

7. Article VII — Impact of 5-Ply Toilet Paper
Configuration on Its Mechanical and Absorption
Properties

Vieira, J.C., Mendes, A.D.O., Carta, A.M., Fiadeiro, P.T., Costa, A.P.
BioResources, 2020, 15(4), pp. 7475—7486
https://doi.org/10.15376/biores.15.4.7475-7486

Another important study related to the embossing operation is presented in Article VII and
reports the impact on the final properties of the stacking sequence in a tissue finished product
with an odd number of plies. This study made it possible to verify that in a 5-ply toilet paper,
having 2 or 3 sheets in the deco embossing and the rest in the micro embossing, had a different
impact on the final properties of the product, so it is another factor to consider when producing

these types of products.

The overall contribution in Article VII of Joana Costa Vieira was 75% to the concept
development, analysis, drafting and revising the final submission; Anténio de Oliveira Mendes
contributed 10% with the optical system data, drafting and revising the final submission; Ana
Margarida Carta, Paulo Torrao Fiadeiro and Ana Paula Costa contributed in reviewing, editing,

and providing important technical inputs by 5%, respectively.
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DESCRICAO

“SISTEMA DE GOFRAGEM LABORATORIAL PARA PRODUTOS PAPELEIROS”

A gofragem é a operacgdo principal do processo de
transformacédo de produtos papeleiros, assim como a que mais
afeta as propriedades finais do produto acabado. A presente
invencdo diz respeito a um sistema de gofragem laboratorial
para produtos papeleiros que compreende uma prensa (1) que
compreende um prato plano superior (2), um prato plano
inferior (3), ambos posicionados paralelamente entre si,
entre os quais é colocado um conjunto de gofragem (10), e em
que os pratos planos se movem, simultaneamente, ou um em
relacdo ao outro, verticalmente, através de meios de
acionamento de movimento, e de forma a exercer pressdo sobre
o conjunto de gofragem. O conjunto de gofragem compreende
pelo menos uma placa superior de elastdémero (11,12), pelo
menos uma folha intermédia de um produto papeleiro (13) e
uma placa inferior com uma face com um padrdo de gofragem
gravado (14) e em que esta face fica virada para a folha do
produto papeleiro (13).

A invengdo diz ainda respeito a um processo de gofragem de
produtos papeleiros através do sistema descrito.

Esta invencdo permite o estudo a escala laboratorial do
impacto de um determinado padrédo de gofragem nas propriedades
fisico-mecénicas de materiais papeleiros.
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DESCRICAO

“SISTEMA DE GOFRAGEM LABORATORIAL PARA PRODUTOS PAPELEIROS”

Area da Invencédo

A presente invengdo diz respeito a um sistema de gofragem
laboratorial para produtos papeleiros, mais particularmente
um sistema que compreende uma prensa de dois pratos que
compreende um conjunto de gofragem de pelo menos uma placa
superior de elastdémero e uma placa inferior com uma face com
um padrdo de gofragem gravado.

Estado da arte
Desde que se iniciou a transformacdo do produto papeleiro

(converting), tal como o produto tissue, a gofragem era ja
uma importante operagdo do converting, sendo um processo em
que o Unico objetivo era aumentar o volume da folha de papel.
Existiam apenas, um ou dois padrdes de gravagdo disponiveis,
ndo havendo grande diferenciagdo para o consumidor final.
Com o avang¢o tecnoldégico na produgdo de papel tissue, ao
longo dos anos, a operacgdo de gofragem passou a ter como sua
principal funcdo a estética, passando o aumento de volume
para segundo plano. Assim, o numero e o tipo de padrdes de
gofragem aumentaram significativamente e os fabricantes de
papel tissue passaram a desenvolver padrdes personalizados
e exclusivos. No entanto, é necessario ter presente que os
padrdes escolhidos pelo produtor podem influenciar
negativamente as propriedades mecénicas do papel tissue,
fazendo com que o papel, mesmo que esteticamente mais
interessante, perca suavidade, capacidade de absorcdo e
resisténcia. Para papéis tissue de qualidade superior
pretende-se gofrados que desenvolvam as propriedades chave
tissue, sem as prejudicar de forma severa, sendo necessario
um compromisso entre a estética do padrdo de gofragem e as
propriedades/qualidade do papel final [1,2].

Existem no mercado méAquinas de converting piloto
autométicas, de producdo continua alimentadas por rolo de
papel tissue base industrial com um modo de operacédo
semelhante a médquinas industriais, e que operam a uma escala
e velocidade menor. Estas usam geralmente rolos de gofragem
gravados a laser e rolos de borracha com uma dureza pré-
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determinada. Adicionalmente, sdo operadas com condig¢des
padrdo industriais, tornando-se mais dificil e dispendioso
a alteracdo de determinados parédmetros de operacdo com este
sistema. Este tipo de mdquina apresenta vantagens quando se
trata de um produto acabado com uma quantidade de amostra
relevante. Por outro lado, torna-se desvantajoso quando
apenas se pretendem realizar testes isolados ou
preliminares, para anadlise das propriedades papeleiras para
um determinado padrdo de gofragem [3,4]. Para além das
médquinas pilotos, existe também um sistema laboratorial que
permite gravar o padrdo de gofragem numa placa em cartdo com
resina depositada e uma calandra com dois rolos de borracha
cuja rotacdo dos mesmos é manual. Depois o padrdo escolhido
é transposto para uma madquina piloto com gravagdo a laser do
rolo de gofragem, como anteriormente apresentado. Os
sistemas piloto acarretam um custo elevado para testar um
novo padrdo associado a gravagdo de um rolo de ac¢o gofrador
e a utilizacdo de papel tissue em bobine, cuja dimensdo tem
de estar adaptada a esse tipo de méquina.

Referéncias
[1] Bredahl, G., Reichling, B., Schnikoreit, W. (2003).
“Embossing Device” USA, Patent N°: US 2003/0110961 Al.

[2] Hilbig, K., Liplijn, M., Reinheimer, H. (2005). “Method
of making a thick and smooth embossed tissue” USA, Patent
N°: US 2005/0230069 Al.

[3] Nakamura, M., Endo, Y. (2007). “Tissue paper product and
method of embossing tissue paper” WO, Patent N°:
WO2008069085A1.

(4] Wilhelm, L. (2005) . “Embossing roll and Embossed
substract” WO, Patent N°: WO2005065928A1.

Sumario da Invencéo

A presente invencdo diz respeito a um sistema de gofragem
laboratorial para produtos papeleiros que compreende uma
prensa (1) que compreende um prato plano superior (2), um
prato plano inferior (3), ambos posicionados paralelamente
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entre si, entre os quais é colocado um conjunto de gofragem
(10), e em que os pratos planos se movem, simultaneamente,
ou um em relagdo ao outro, verticalmente, através de meios
de acionamento de movimento, e de forma a exercer presséo
sobre o conjunto de gofragem.

Numa forma preferencial da invenc¢do, o conjunto de gofragem
compreende pelo menos uma placa superior de elastémero
(11,12), pelo menos uma folha intermédia de um produto
papeleiro (13) e uma placa inferior com uma face com um
padrdo de gofragem gravado (14) e em que esta face fica
virada para a folha do produto papeleiro (13).

Numa forma preferencial da invenc¢do, os pratos planos (2,3)
compreendem resisténcias elétricas embutidas (4,5).

Numa forma preferencial da invenc¢do, os pratos planos (2,3)
compreendem meios de circulacdo de um fluido aquecido a
temperaturas superiores a temperatura ambiente, medido
através de um controlador de temperatura (6).

Numa forma preferencial da invencdo, os meios de acionamento
de movimento sd&o selecionados do grupo gque consiste em
cilindros hidréaulicos, cilindros pneumdticos, alavancas
mecdnicas e parafusos acoplados a um redutor.

Numa forma preferencial da invencdo, o sistema compreende
ainda meios de controlo de pressédo (7) de prensagem dos meios
de acionamento de movimento, meios de controlo de temperatura
(6) dos pratos planos, meios de controlo de tempo de
prensagem (8) e meios de controlo de humidade ambiente (9).

Numa forma preferencial da invengdo, os meios de controlo
sdo selecionados do grupo que consiste em meios analdgicos
e digitais.

Numa forma preferencial da invencdo, os meios de controlo
sdo pré-programéaveis.

Numa forma preferencial da invencdo, os meios de controlo da
humidade ambiente sdo selecionados do grupo que consiste em
cadmara ambiental e exsicador com atmosfera saturada.

Numa forma preferencial da invencdo, o padrdo de gofragem
gravado da placa inferior (14) do conjunto de gofragem (10)
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apresenta um relevo tridimensional que compreende pontos
e/ou tracgos.

Numa forma preferencial da invengdo, o produto papeleiro
apresenta uma gramagem de até 100 g/m2.

A presente invengdo diz ainda respeito a um processo de
gofragem laboratorial de um produto papeleiro através do
sistema descrito, que compreende os seguintes passos:

a) produgdo de um padrdo de gofragem com um relevo
tridimensional de tracos e/ou linhas na placa
inferior (14) do conjunto de gofragem (10);

b) colocagdo do conjunto de gofragem (10) entre os
pratos planos (2,3) da prensa (1);

c) acionamento dos meios de movimento de forma a que os
pratos planos (2,3) exercam pressdo sobre o conjunto
de gofragem (10) durante um periodo de tempo e a uma
pressdo pré-determinados;

d) libertagdo do produto papeleiro gofrado (13) pelo
afastamento dos pratos planos da prensa (2,3).

Numa forma preferencial da invencdo, o padrdo de gofragem é
produzido por meios selecionados do grupo que consiste em
processos de magquinagem que consiste em fresagem, corte a
laser, eletroerosdo e manufatura aditiva.

Numa forma preferencial da invencdo, o processo compreende
ainda antes do passo c) um passo adicional de aquecimento
dos pratos planos da prensa até uma temperatura pré-
determinada.

Breve Descricédo das Figuras

A Figura 1 descreve o sistema laboratorial de gofragem para
produtos papeleiros da presente invencdo, onde é visivel a
prensa (1), o prato plano superior (2), o prato plano
inferior (3), com resisténcias elétricas embutidas (4,5), um
meio de controlo de temperatura (6), um meio de controlo de
pressdo (7), um meio de controlo do tempo de prensagem (8)
e um meio de controlo de humidade ambiente (9).
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A Figura 2 representa o conjunto de gofragem (10), que
compreende placas superiores de elastémero (11,12), um
produto papeleiro (13) e uma placa inferior com uma face com
um padrdo de gofragem gravado (14).

A Figura 3 representa duas possiveis geometrias de acabamento
das linhas e pontos dos padrdes de gofragem.

A Figura 4 representa as imagens de papéis tissue gofrados
com dois empilhamentos de borracha de dureza (Sh-2)
diferentes.

A Figura 5 representa imagens de papéis tissue gofrados com
duas geometrias de acabamento (reta (15) e arredondada (16)).

A Figura 6 representa o bulk de papéis tissue gofrados com
dois empilhamentos de borracha de dureza (Sh-A) diferentes.

A Figura 7 representa o bulk de papéis tissue gofrados com
duas geometrias de acabamento (reto e redondo) .

Descricdo da invengdo

A presente invencdo tem como principais vantagens
apresentar-se como um sistema versatil a escala
laboratorial, ©pois permite wutilizar varios tipos de
elastémero de diferentes durezas, permite testar todo o tipo
de padrédo pretendido nas placas gravadas e avaliar as suas
propriedades papeleiras; permite a sua utilizacdo em
diferentes tipos de papéis, cartdo, cartolinas, papéis
revestidos e n&o revestidos, tanto industriais como
laboratoriais, nomeadamente o papel tissue; os resultados
obtidos nédo dependem do operador do equipamento; e permite
controlar os parédmetros do processo tanto isoladamente como
em conjunto.

Assim, tendo em conta o sistema de gofragem industrial, esta
invencdo permite o estudo a escala laboratorial do impacto
de um determinado padrdo de gofragem nas propriedades fisico-
mecdnicas do papel tissue, em funcdo dos diversos parédmetros
de operacdo da maquina de converting, como o acabamento dos
pontos e/ou tragos que compdem o padrdo de gofragem, dureza
da borracha de gofragem, pressdo, temperatura e humidade,
tanto em folhas laboratoriais como em folhas base de papel
tissue industrial. Esta invencdo permite controlar todos os
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pardmetros de operacdo e assim otimizar o processo de
gofragem a nivel laboratorial e a sua validacdo, para cada
novo padrdo exclusivo que a industria de materiais papeleiros
pretenda implementar, antes do seu scale-up.

A presente invencdo diz assim respeito a um sistema de
gofragem laboratorial que compreende uma prensa (1), que
pode ser acionada hidrdulica ou pneumaticamente por
cilindros, ou mecanicamente por meio de uma alavanca ou de
um parafuso acoplado a um redutor, que permita variar a
pressdo de forma calibrada. A prensa (1) compreende um prato
plano superior (2) e um prato plano inferior (3), paralelos
entre si, e em que a pressdo ¢é exercida, havendo a
possibilidade que ambos se movam ou apenas um, estando o
outro fixo. No exemplo representado pode ver-se uma prensa
hidrédulica (1), onde a pressdo do prato superior mével (2)
sobre o prato inferior fixo (3) é aplicada através de um
cilindro hidrédulico com controlo de pressdo dos cilindros
através de um mandémetro (7).

O tempo entre o fecho e a abertura, no exemplo descrito, é
controlado através de um controlador pré-programéavel (8) que
aciona a valvula para a abertura, depois de um determinado
tempo pré-definido apds o fecho acionado por um botéo.

Os pratos da prensa (2,3), no exemplo descrito tém a
temperatura controlada através de um controlador pré-
programavel (6) capaz de automaticamente ligar e desligar as
resisténcias elétricas embutidas nos dois pratos (4,5),
quando o sensor termostatico atinge o limite inferior (para
ligar) ou o limite superior (para desligar). O controlo de
temperatura pode ainda ser obtido por meio de circulacdo de
um fluido aquecido, uma vez que a temperatura no processo de
gofragem no médximo deveréd ser inferior a temperatura méxima
admissivel do papel, que é cerca de 220°C.

Entre os pratos da prensa (2,3), encontra-se e sendo
colocados antes do processo de acionamento, um conjunto de
gofragem (10). Este conjunto (10) que compreende uma ou mais
placas superiores de um elastdémero (11,12), uma ou um nUmero
de folhas de um produto papeleiro (13); e uma placa inferior
com um padrdo de gofragem gravado (14). Esta placa com o
padrdao de gofragem (14) numa das faces em relevo
tridimensional pode ser produzida por fresagem, corte a
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laser, eletroerosdo, manufatura aditiva, permitindo um
acabamento de precisdo elevada. Esta face gravada (14)
deverd, no conjunto de gofragem (10), ficar virada para o
produto papeleiro (13), enquanto a face lisa fica em contato
com o prato da prensa (3).

Este sistema que compde o conjunto de gofragem (10) permite
variar as placas de elastémero (11,12), permitindo assim
variar a rigidez final do conjunto, o que influencia a
qualidade do produto acabado. Por outro lado, a placa gravada
com o padrdo de gofragem (14) pode ter diferentes acabamentos
da terminacédo do pico/trago. Na Figura 3, estéo representados
dois tipos de acabamento da terminacdo do pico: reta (15) e
arredondada (16). Este acabamento varidvel também influencia
a qualidade do produto final.

Nas Figuras 4 e 5 estdo apresentadas imagens de papéis tissue
gofrados com a invencdo apresentada, onde sdo visiveis as
diferencas provocadas pelas variag¢des nas condicdes de
operacdo deste sistema. Na Figura 4 pode-se observar as
diferencas nas marcas de gofrado, para dois diferentes
padrdes (DECO e MICRO), em funcdo da dureza das placas de
borracha usadas no processo (configuracdo de duas placas com
durezas 45 e 70 Sh-A empilhadas com diferente ordem). Na
Figura 5 pode-se observar as diferencas nas marcas de
gofrado, para dois diferentes padrdes (DECO e MICRO), em
funcdo da geometria de acabamento das placas gofradoras de
aco (reto (15) ou redondo (16)). Os graficos apresentados
nas Figuras 6 e 7 evidenciam respetivamente, a profundidade
das marcas observadas nas Figuras 4 e 5.

Finalmente, a este sistema também pode acoplar-se uma cédmara
ambiental ou um exsicador com atmosfera saturada, para
permitir o estudo da influéncia da humidade na operacdo de
gofragem e nas propriedades do produto acabado.

No ambito da presente invencdo, um elastédmero diz respeito
a um qualquer material de borracha composto de polimeros
capazes de recuperar sua forma original apds serem esticados
em grandes extensdes. No ambito da presente invencdo podem
ser usados elastdmeros como, mas ndo limitados a Neoprene,
SBR (borracha de estireno butadieno). Pode ser usada mals do
que uma placa de elastdémero com a mesma ou com durezas
(escala de dureza em Sh-A) diferentes.
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O sistema descrito ¢é wusado num processo de gofragem
laboratorial de um produto papeleiro que consiste num
primeiro passo de producdo de um padrdo de gofragem com um
relevo tridimensional de tragos e/ou linhas na placa inferior
(14) do conjunto de gofragem (10). De seguida, ocorre a
colocacédo do conjunto de gofragem (10) entre os pratos planos
(2,3) da prensa (1).

Os meios de movimento sdo acionados de forma a que os pratos
planos (2,3) exercam pressdo sobre o conjunto de gofragem
(10) durante um periodo de tempo e a uma pressdo pré-
determinados.

O ocorre, por fim, a libertacdo do produto papeleiro gofrado
(13) pelo afastamento dos pratos planos da prensa (2,3).

Existe ainda a possibilidade de aquecimento dos pratos planos
da prensa até uma temperatura pré-determinada.
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Reivindicacgdes

Un sistema de gofragem laboratorial para produtos papeleiros
caracterizado por compreender uma prensa (1) que compreende um
prato plano superior (2), um prato plano inferior (3), ambos
posicionados paralelamente entre si, entre os quais é colocado
um conjunto de gofragem (10), e em que os pratos planos se
movem, simultaneamente, ou um em relacgao ao outro,
verticalmente, através de meios de acionamento de movimento, e
de forma a exercer pressdo sobre o conjunto de gofragem.

Sistema de acordo com a reivindicacdo anterior, caracterizado
por o conjunto de gofragem compreender pelo menos uma placa
superior de elastémero (11,12), pelo menos uma folha intermédia
de um produto papeleiro (13) e uma placa inferior com uma face
com um padrdo de gofragem gravado (14) e em que esta face fica
virada para a folha do produto papeleiro (13).

Sistema de acordo com qualquer uma das reivindicacgdes
anteriores, caracterizado por os pratos planos (2+3)
compreenderem resisténcias elétricas embutidas (4,5).

Sistema de acordo com qualquer uma das reivindicac¢des
anteriores, caracterizado por os pratos planos (2,3)
compreenderem meios de circulagdo de um fluido aquecido a
temperaturas superiores a temperatura ambiente, medido através
de um controlador de temperatura (6).

Sistema de acordo com qualquer uma das reivindicacgdes
anteriores, caracterizado por os meios de acionamento de
movimento serem selecionados do grupo que consiste em cilindros
hidrdulicos, cilindros pneumédticos, alavancas mecédnicas e
parafusos acoplados a um redutor.

Sistema de acordo com qualquer uma das reivindicacgdes
anteriores caracterizado por compreender ainda meios de
controlo de pressdo (7) de prensagem dos meios de acionamento
de movimento, meios de controlo de temperatura (6) dos pratos
planos, meios de controlo de tempo de prensagem (8) e meios de
controlo de humidade ambiente (9).

Sistema de acordo com qualquer uma das reivindicacgdes
anteriores caracterizado por os meios de controlo serem
selecionados do grupo dque consiste em meios analdgicos e
digitais.
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10

11

12

3.

14

. Sistema de acordo com qualquer uma das reivindicacgdes

anteriores caracterizado por os meios de controlo serem pré-
programaveis.

. Sistema de acordo com qualquer uma das reivindicacgdes

anteriores caracterizado por os meios de controlo da humidade
ambiente serem selecionados do grupo que consiste em cémara
ambiental e exsicador com atmosfera saturada.

.Sistema de acordo com qualquer wuma das reivindicacdes

anteriores, caracterizado por o padrdo de gofragem gravado da
placa inferior (14) do conjunto de gofragem (10) apresentar um
relevo tridimensional que compreende pontos e/ou tracos.

.Sistema de acordo com qualquer uma das reivindicacdes

anteriores, caracterizado por o relevo tridimensional que
compreende pontos e/ou tragos, possuir um acabamento do tipo
reto (15), arredondado (16), piramidal ou cénico.

.Sistema de acordo com qualquer wuma das reivindicacdes

anteriores, caracterizado por os elastdémeros das placas
superiores serem selecionados do grupo que consiste em
Neoprene, Borracha de estireno butadieno.

Sistema de acordo com qualquer uma das reivindicacdes
anteriores, caracterizado por o produto papeleiro apresentar
uma gramagem de até 100 g/m2.

.Processo de gofragem laboratorial de um produto papeleiro

através do sistema reivindicado nas reivindicac¢des anteriores,

caracterizado por compreender os seguintes passos:

e) produgcdo de um padrdo de gofragem com um relevo
tridimensional de tragos e/ou linhas na placa inferior (14)
do conjunto de gofragem (10);

f) colocacédo do conjunto de gofragem (10) entre os pratos planos
(2,3) da prensa (1);

g) acionamento dos meios de movimento de forma a que os pratos
planos (2,3) exergam pressdo sobre o conjunto de gofragem
(10) durante um periodo de tempo e a uma pressdo pré-
determinados;

h) libertacgdo do produto papeleiro gofrado (13) pelo afastamento
dos pratos planos da prensa (2,3).
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15.Processo de acordo com a reivindicag¢do anterior, caracterizado
por a placa com o padrédo de gofragem ser produzido por meios
selecionados do grupo de processos de maguinagem que consiste
em fresagem, corte a laser, eletroerosdo e manufatura aditiva.

16.Processo de acordo com as reivindicac¢des 11 e 12, caracterizado
por compreender ainda, antes do passo c) um passo adicional de
aquecimento dos pratos planos da prensa até uma temperatura
pré-determinada.
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Abstract: Embossing is a converting process in which the surface of a tissue paper sheet is changed
under high pressure, allowing different functions. In this work, the authors intend to study how
the embossing pressure affects the main properties of tissue paper, using a laboratory embossing
system. An optimum pressure was achieved at 2.8 bar to this embossing laboratory set-up. The
effect of pressure when densifying the paper sheet gives it a gain in mechanical strength but no
differences in terms of liquid absorbency. The two embossing patterns present different behaviors
but both evidence losses in mechanical and softness properties. On the other hand, the finite element
method (FEM) does not show clear evidence of how the pressure affects the paper strength. For the
deco die, it is possible to observe that the amount of yielding is slightly higher for lower pressure
(2.4 bar), but this plasticity state parameter is very similar for 2.8 bar and 3.2 bar. For the micro die,
FEM simulations of the manufacturing pressure do not show a considerable impact on the amount of
plasticity state of the material; only for 3.2 bar, it shows a change in the pattern of the plasticity state
of the paper during the embossing processes. In the end, to achieve a final product with excellent
quality, it is important to make a compromise between the various properties.

Keywords: embossing prototype; eucalyptus-based fibrous materials; FEM simulation; mechanical
properties; pressure; softness; tissue paper

1. Introduction

Tissue paper production in the last 10 years has increased mainly in Western Europe,
having matched the production in North America, which until then was the leading
producer of this kind of paper [1]. Nowadays, the importance of tissue paper should be
highlighted.

Tissue paper can be defined as a cellulosic-based product (composed with virgin
or recycled fibers) manufactured with low grammage, creped, and depending on the
application, embossed (toilet paper, paper towels, and napkins). The most important
properties of these papers are good flexibility, high surface smoothness, high bulk, and
high capacity for liquid absorption. Tissue paper is creped, which causes a decrease in
tensile strength in machine direction (MD) while increasing the sheet thickness, volume,
and fiber-free ends. The creping process increases the elongation capacity in MD, resulting
in a decrease in the Young modulus [2].
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A roll of toilet paper is obtained at the end of the converting-line machine where one
or more tissue paper mother reels are placed on cylindrical shafts. Different individual
operations constitute the converting line, which includes the unwind, embossing, rewinder,
perforation, LOG saws, and packaging [3].

Embossing is a forming process in which the surface of a substrate is changed under
the influence of high embossing pressure. Embossing creates an image raised above the
line of the paper surface and gives it a third dimension, the z-direction [4]. As a result,
this process gives to the tissue sheet a certain texture. The embossing operation permits us
different purposes. This process can be used to produce a flexibility effect, to exhibit an
aesthetic pattern, or to promote bonding between several overlapping sheets of paper [5].
Embossing is the most prevalent process of all in the converting line, and it allows changing
the paper’s intrinsic properties [6]. Embossers can perform this in a few ways. Embossing
rollers can be steel-steel or rubber-steel. Steel rolls have engraved patterns, and when the
embossed sheets are laminated (glued) they maintain a constant match [3,5].

Tissue paper experts have long recognized that the physical-mechanical properties of
these products, such as grammage, thickness, strength, softness, and liquid absorption, are
very important. Research and development has focused on improving each of these param-
eters without affecting the others simultaneously [7]. Balancing the different properties in
paper converting is the main challenge to this industry. The embossing process contributes
positively to bulk, liquid absorption, and softness (related to volume), and negatively to
strength and surface softness. The lamination process, on the other hand, contributes
positively to bulk (in some cases), absorption and smoothness (related to volume), and
negatively to surface smoothness. The lotionizing process contributes to good softness at
the cost of liquid absorption. Thus, for each process in the converting line, the impaired
properties are available to be exchanged for others according to the requirements of the
final product [6].

Grammage is one of the main properties of tissue paper. This is apparently a simple
measurement but a very important one and gives us an initial indirect estimate of the
amount of fiber present in the sample. Another equally important property is thickness,
which indicates how bulky the base tissue paper is, or final product is. In the converting
process, there is a potential loss of volume that can be compensated by the embossing
process or by the development of a pattern that can compensate for this loss [89]. In
fact, it is in the converting process that tissue paper thickness experiences the greatest
changes, mainly caused by the embossing operation. So, the thickness of the final product
is affected by the embossing pattern, embossing depth, nip pressure, lamination, and
adhesiveness of the interlayer bonding. The embossing process is incorporated into the
converting line to partially compensate for the loss of thickness in the converting process
(web tensions used to control paper from unwinding to the rewinder and narrow nips
along the machine) [9,10]. This is a critical point and the main reason why it is important
to know and understand the thickness behavior during the entire conversion process.
The embossing pattern, the handling of the final toilet paper, and the packaging strongly
determine the final characteristics of this product, seen and felt by the final consumer [9,10].

Conventional tissue paper focuses on reducing the pressing step where the greatest
loss of paper sheet volume occurs. Dry embossing is the most common method to increase
bulk, but the volume created can be short-lived. A tight winding process produces a flatter
sheet. More relevantly, the embossing pattern definition and volume are lost once the dry
tissue paper is wetted again [2].

A paper with high strength or with a suitable elongation allows it to be processed
at high speeds and/or create a high bulk after embossing. In opposition, it becomes
more difficult to process the paper in the converting line (such as loss of sheet control,
reduced speed, and/or lower embossing pressure) if its mechanical performance is not
adequate [9,11].

As tissue paper has very low grammage, it therefore is more sensitive to variations in
strength. In tissue paper, the main source of strength is the bonds between the cellulose
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fibers that compose it. Consequently, the strength of tissue paper is directly proportional to
the number of fibers and their surface area. The type of cellulose fiber used is one of the most
important factors when it comes to the strength of tissue paper. Generally, fiber blends are
used to optimize the strength of the tissue paper sheet. Long fibers (softwood) contribute to
the strength itself, while short fibers (hardwood) contribute to softness. Therefore, density
has a direct influence on strength, as the greater the number of fibers in a given area, the
greater the number of connections to be created [9,12].

Another critical factor regarding the tensile strength of tissue paper is its anisotropy.
The strength of the sheet in MD gives us information about the tension that the sheet will
be able to resist during the entire process without breaking. Specifically, in the embossing
operation, the tensile strength and elongation in both directions determines the runnability
of the sheet in the paper machine, where higher values allow greater prominence in the
z-direction. All paper has a limit for embossing, where higher values generally result in
greater volume, to the point where embossing will destroy the sheet strength properties and
values fall below the minimum required to meet the machine’s production specifications,
the conversion requirements, and /or the quality requirements of the finished product. As a
result, in the embossing operation, it is essential to have the proper elongation and strength
value to create the desired volume for a certain product. If the embossing takes place in
the elastic zone of the paper sheet (minimum embossing), after embossing, it recovers and
returns to its original form, losing the volume that the embossing process had just created.
On the other hand, if embossing occurs near the breaking point (over embossing), the paper
will be destroyed due to excessive pressure applied. In addition, the consequent loss in
tensile strength may cause the failure of the paper sheet in the winding process [9,13].

Quantifying softness is a topic of many articles and controversies, both academically
and industrially. However, all agree on the inverse and relatively linear relationship of
the tensile strength of tissue paper with both mechanical and human panel softness [2,14].
Softness is also dependent on the embossing technology and patterns used to engrave the
base tissue paper [15].

The quality of the final product, in addition to controlling its properties, also depends
on the different physical operating parameters of the converting machine, such as tempera-
ture, humidity, and pressure. Embossing is a type of mechanical compression operation
in the tissue paper manufacturing process, where pressure is a key parameter to produce
a quality toilet paper [16]. From the previous work of Vieira et al. [17], the embossing
operation was shown to have a negative impact on mechanical properties, being more
pronounced for the micro embossing pattern. Additionally, this pattern also has a higher
impact on the thickness and bulk increase. This article investigates the impact on the
key properties of toilet paper of one of the main operational parameters in embossing:
pressure. Using a laboratory embossing system, two different toilet base tissue papers were
embossed at different pressures and after that tested for thickness, mechanical strength,
and TSA smoothness. FEM analysis was also used to provide a better understanding of
how the embossing patterns (deco and micro) affect the mechanical properties.

2. Materials and Methods
2.1. Materials

To perform this work, industrial toilet base tissue paper (only creped) from two
different Portuguese factories was used. Both papers are composed of a mixture of bleached
hardwood (Eucalyptus globulus) and softwood (pinus) kraft pulps, with hardwood being
present in greater quantities. These two papers were selected because they have a very
similar grammage and because the respective paper machines operate differently. The
industrial base tissue paper designated by A was produced on a machine with a double
headbox and steel creping blade, and the industrial base tissue paper designated by B
was produced on a machine with a single headbox and ceramic creping blade. After the
densification operation, these papers have the index d followed by the corresponding
pressure value in their nomenclature, e.g., Ay, and after the embossing operation it is the
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index me (micro embossing) and de (deco embossing), also followed by the corresponding
pressure value, e.g., Ame 28.

2.2. Methods

This work started by determining the grammage of the two industrial base tissue
paper samples, which were measured using the paper tissue standard ISO 12625-6:2005 [18].
Then, the Fiber Tester from Lorentzen & Wettre was used to perform the morphological
characterization analysis. Before executing the test, the samples were properly disinte-
grated, and the equipment calibrated according to the producer’s specifications. This test
allows us to evaluate tissue paper samples in terms of length weighted in length of fibers
(mm), width (um), fines in length (%), and coarseness (mg/100 m).

Analyzing the embossing operation itself, the occurrence of two phenomena can be
verified: the compression of the paper sheet and the engraving of the pattern. As can be
seen in Figure 1, the thickness of the sheet itself decreases with increasing pressure, causing
its densification. On the other hand, the overall thickness of the sheet due to embossing
pattern engraving increases with increasing pressure.

Rubber Plate

. Sheet itself
\\ =]
* Sheet with embossing

1777

Paper f/PRESSURE
Sheet
THICKNESS

Embossing Steel Plate

Figure 1. Scheme of the embossing process with pressure action effects.

Thus, the work continued to study these two effects. First, we proceeded to understand
the densification effect of the sheet by compressing both base tissue paper samples with a
flat steel plate and a rubber plate with a hardness of 60.3 + 1.21 shore A (10 measurements
along the rubber plate with a durometer PCE-DDA equipment), and the pressure was
varied for values from 2.0 to 3.6 bar in 0.4 bar increments. In this procedure, the study of
the liquid interaction with the different densified paper structures to evaluate spreading
dynamics was also considered through an optical system [19], which has been used in
previous studies [20-23]. The system works by ejecting droplets of approximately 0.5 pL of
dyed water toward the surface of the densified paper samples and, simultaneously, a set of
images of the droplets’ interaction was registered during a period of 3.0 s.

Secondly, from the results obtained for densification, deco and micro embossing were
carried out, also for both samples, using the same operating conditions but with steel plates
with the embossing patterns, as shown in Figure 2. In this case, the pressure applied was
2.4, 2.8 and 3.2 bar. All sheets obtained by both methodologies were tested in terms of
thickness /bulk, their mechanical tensile strength in the machine direction (MD), and in the
transverse direction (CD). Tensile tests were conducted in a Thwing-Albert® VantageNX
Universal testing machine according to the tissue standard ISO 12625-4:2005 [24], and
thickness and bulk were measured using a FRANK-TPI® Micrometer according to the
tissue standard ISO 12625-3:2014 [25]. In addition to these tests the apparent porosity
(theoretical porosity) was determined by calculation using Equation (1):

P (%) =100 X [1 = (Psample/ Peellulose)] M
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where peejuiose 1S the cellulose density (assumed 1.6 g/cm?) and Psample is the sample
apparent density (in g/ cm®), which is the inverse of the bulk (cm®/ g) and calculated by the
ratio between the grammage (g/ m?) and the thickness (um) of the sheet [26].

Figure 2. Photographs of steel embossing plates: (a) deco embossing, and (b) micro embossing.

Both samples that were produced with an embossing pattern and the two initial base
tissue papers were subjected to softness tests by the Tissue Softness Analyzer (TSA) from
EMTEC®. The TP II algorithm and the QA I algorithm were used for the computation of
the handfeel (HF), respectively. All the tested samples were prepared to meet the machine
requirements.

2.3. Finite Element Method (FEM)

An FEM was proposed to improve the understanding of pressure on the paper manu-
facturing process. Two different die patterns were used for simulations (deco and micro),
and their effects on the paper stress field and plasticity were analyzed regarding three
different manufacturing pressures (2.4, 2.8 and 3.2 bar). As ABAQUS™ does not have
anisotropic plasticity, to model the paper plasticity an orthotropic elastic-plastic mate-
rial model [27] was implemented as a user material subroutine for explicit simulations
(VUMAT), linked to the commercial finite element software ABAQUS™, to model paper
plasticity. This material model allows considering paper anisotropic behavior, since paper
response is highly dependent of fiber orientation [27]. The model assumes the decomposi-
tion of the strain tensor into elastic strain tensor plus plastic strain tensor (Equation (2)),
and the volume is conserved.

g =g+ 8’,-; 2

where &jj is the total strain, e‘;/- is the elastic strain, and ef; is the plastic strain.

The model uses the concept of an isotropic plasticity equivalent [28], which is a
fictitious material that relates the orthotropic stress state to the isotropic stress state. The
relation between the actual Cauchy stress tensor and the isotropic plasticity equivalent
(IPE) deviatoric tensor is given in Equation (3).

sij = Lijkiok 3

where s;; is the deviatoric IPE stress tensor, 0y is the Cauchy stress, and L; k1 is the fourth-
order transformation tensor shown in Equation (4) for plane stress:

2A C-A-B 0

C—-A-B 28 0
L=lp-c-a a-B-Cc o0 @
0 0 3D
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where the parameters A, B, C, and D are obtained from the experiments using the following
equations (Equations (5)—(12)) [27]:

A=+V1-1222 )

B=3(y—x) (6)
C=3(y+x) )
_ kg

D=="r ®)

2
o \/24(3«2+ﬁ2 g (P Vo3 3) ©)
¥E= % =l (10)
N = K;g/'"+” — Klz'é/l‘”+1; (11)
B= Ko p o 12)

The parameters Kj; and # (in Equations (8), (11) and (12)) relate to the fit curve of the
experimental data applying the Ramberg—-Osgood methodology. For the MD direction
tensile test, the Equation (13) is used:

n
_m (o
= En * ( EU) e
For the CD direction, the Equation (14) is used:

n
skkzﬂ—i-(M) , k=23 (14)
Ejx Eo
Note that for Equation (14) the repeated indices do not mean the usual summation
rule used in the indicial notation. Finally, the parameter Ky, is obtained using Equation

a5).
12 K12(712)”

_ el 15

"nz—Gler( B (15)

The Hooke’s law for plane stress small-strain linear elastic orthotropic material is
defined by Equation (16):
o=C¢ (16)

where ¢ is the Cauchy stress tensor, C is the plane stress linear elastic orthotropic constitu-
tive law, and ¢ is the small-strain elastic tensor.

As plane stress was adopted for these simulations, the effect of the paper densification
comes from the experimental tensile test for each configuration of die model and paper.
The implementation of this model is similar to the well-known ], flow theory for isotropic
materials using the backward-Euler algorithm. As mentioned before, this material model
was implemented as a user material subroutine for explicit simulations linked to the
commercial finite element software ABAQUS™ version 6.14 (Waltham, MA, USA).

The explicit solver was used to overcome convergence issues that are usual when using
the implicit solver. On the other hand, the stable time increment is very small, resulting in
long time simulations. The simulations were performed using a workstation with two intel
Xeon E5-2630 8 cores (16 cores total with 32 threads) with 256 Gb RAM. The FEM dimensions
and boundary conditions are presented in Figure 3. The die patterns’” dimensions are
representative of the actual die dimensions to result in a reasonable computational cost and
to keep the precision capability. The base dimension is the same, but it is thick enough to
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allow the deformation without severe interference in the die and paper kinematics. The
paper follows the same dimensions of the die and basis.

Die

/Rubber Base

Figure 3. Model dimensions and boundary conditions.

All the displacement degrees of freedom are restricted in the bottom of the soft base.
A prescribed displacement is applied on the top of the die. The other degrees of freedom
are restricted. For the interactions between the parts, the model considers hard contact
for normal behavior, and the tangential behavior is modeled with a penalty of 0.3 for the
friction coefficient. The model has 473,694 elements for the simulation of micro die and
476,153 elements for the deco die. For both patterns, the paper was simulated using a
4-node reduced integration membrane element (M3D4R). The structured mesh has a total
of 250,000 elements. For micro die, the 4-node reduced integration element (54R) was used.
The total number of elements is 7694 elements. The same element is used for the deco
die, but for this die, 10,314 elements were used. Finally, the rubber base was modeled
using 8-node tridimensional elements (C3D8). A total of 216,000 elements were used. This
model uses 3 different types of material constitutive models: linear elastic for steel die
(E = 200 GPa, p = 0.33) and a hyperelastic isotropic material model for the rubber basis
(C10 = 0.18 MPa and D1 = 0.0), and the paper was modeled using an orthotropic elastic—
plastic user material model (E11 = 13.89 MPa, E22 = E33 = 4.23 MPa, p = 0.33, and
G12 =2.1 MPa).

The tensile test in machine direction (MD) and cross direction (CD) were used to obtain
the basic mechanical properties and the plastic parameters necessary for the IPE model
(Equations (4)—(15)) used for these simulations. Then, the data points were used for the
plastic parameter calculation, and a linear interpolation between those points were used to
obtain the stress for a given plastic strain. It is important to mention that this procedure
was applied for each combination of the paper densification and die model.

3. Results

As intended, the grammage values obtained are very similar. For sample A, a gram-
mage of 169 +0.01 g/ m? was obtained, and for sample B one of 16.7 +-0.05 g/ m?. Figure 4
presents the morphological characterization for the two samples, A and B.
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Figure 4. Morphological characterization of the two base tissue paper samples.

To assess the impact of embossing pressure on tissue paper properties, we started by
isolating the effect of pressure without the embossing patterns and how it impacted the
properties and then, under the same conditions, what its impact is with the deco and micro
embossing patterns.

3.1. Sheet Densification

Figure 5 shows the behavior of apparent density and mechanical strength of the two
samples for different pressures and without embossing patterns.

Base Tissue Paper A e Base Tissue Paper B
—e—Sample A Densification MD —e— Sample B Densification MD
0.260

0.240
0.220
0.200
0.180
0.160 !

0.140

Apparent Density (g/cm?)

0.120
00 04 08 12 16

N
©

24 28 32 36 4.0
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105 : 2.8 bar - Tensile index
10.0 ‘maximum value
X 95
5 9.0 ¢
; 8.5 I
2 80 .
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2 L
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00 04 08 12 16 20 24 28 32 36 40
Pressure (bar)
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(b) —&— Sample A Densification MD —e—Sample B Densification MD

Figure 5. Results obtained for: (a) apparent density and (b) tensile index with the pressure increase
in the base tissue paper densification of the samples A and B.

Figure 6 allows the observation of the SEM images of samples A and B, at two magnifi-
cations (x 100 and x300) at peak pressures before and after it. The measurements in yellow
correspond to the crepe wave height (um) without any mechanical compression, which has
a different interpretation than the thickness of tissue paper measured by the ISO standard.
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Figure 6. SEM images of samples A and B at two magnifications (x100 and x 300), at pressures of 2.4,
2.8, and 3.2 bar. The measurements presented in yellow corresponds to the height of the crepe wave.

The water dynamic spreading area evolutions measured on the non-compressed base
tissue papers and those compressed at the optimal pressure of 2.8 bar are presented in
Figures 7 and 8, respectively, for the samples A and B.

t=250 ms t=10s t=20s
40 - !
t=357ms 2 t=30s
—
E 2
E
gls ~
8 /’/’H_‘_‘
0\'
0 05 1 2 25 3

15
Time (s)

Figure 7. Water spreading area as a function of time for the non-compressed (blue line) and com-
pressed (green line) base tissue paper sample A. The insets show the spreading area in different
instants of time.
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Figure 8. Water spreading area as a function of time for the non-compressed (blue line) and com-
pressed (green line) base tissue paper sample B. The insets show the spreading area in different
instants of time.

3.2. Sheet Embossing

The A and B sample results obtained for thickness, bulk, and apparent porosity for
peak pressures, before and after, with deco and micro embossing, are presented in Tables 1
and 2, respectively.

Table 1. Thickness, bulk, and apparent porosity results for the base tissue paper samples A and B at
different pressures with deco embossing.

Sample A, Sample B,
Thickness (mm) A Thickness (mm)
% 3 pparent 3 Apparent
F (Bar) = e Bulk (cm®/g) Porosity (%) = o Bulk (em'/g) Porosity (%)
0 0.102 0.001 6.01 892 0.112 0.002 6.71 90.3
24 0.100 0.001 5.89 89.0 0.117 0.002 7.00 9.7
28 0.101 0.002 5.99 892 0.111 0.001 6.62 9.2
32 0.102 0.001 6.01 892 0.110 0.002 6.60 9.2
Table 2. Thickness, bulk, and apparent porosity results for the base tissue paper samples A and B at
different pressures with micro embossing.
Sample A, Sample B,
Thickness (mm) A Thickness (mm)
-~ 3 pparent 3 Apparent
P (Bar) 3 o Bulk (cm’/g) Porosity (%) - o Bulk (cm*/g) Porosity (%)
0 0.102 0.001 6.01 892 0.112 0.002 6.71 903
24 0.152 0.013 8.98 928 0.209 0.019 1249 948
28 0.203 0.014 12.01 94.6 0.258 0.021 1544 95.8
32 0.252 0.010 14.88 95.6 0.270 0.018 16.14 96.0

The mechanical strength behavior with the pressure for the two embossing patterns in
samples A and B are represented in Figure 9.
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Figure 9. Results obtained for tensile index with the pressure increase in the samples A and B with
deco and micro embossing.

Finally, Figure 10 shows the behavior of the important softness property with emboss-
ing pressure for the two patterns alone and combined in a final two-ply product.

—&—Sample Ade —#—Sample Ame B Sample A2-ply —@—Sample Bde Sample Bme ® Sample B2-ply
74.0
72.0
70.0
68.0

66.0

64.0 .’/—0—\

—n
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Handfeel (HF)

60.0
22 24 26 28 3 32 34

Pressure (bar)

Figure 10. Results obtained for handfeel (HF) with the pressure increase in the samples A and B with
deco and micro embossing.

3.3. Finite Element Method (FEM)

The material model implemented as a VUMAT allows observing the plasticity state
(SDV9) for each embossing pattern and manufacturing pressure and corroborates the
experiments results for sample A. The influence of pressure in the manufacturing process
impacts in the plasticity of the paper. For the deco die, the differences on yielding are
presented in Figure 11.
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Figure 11. The yield function for deco die for different pressures: (a) 2.4 bar, (b) 2.8 bar, and
(c) 3.2 bar.

For the microdie, the differences in yielding are presented in Figure 12.
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Figure 12. The yield function for micro die for different pressures: (a) 2.4 bar, (b) 2.8 bar, and
(c) 3.2 bar.

4. Discussion

Analyzing Figure 4, for the length weighed in the length of the fibers, the values
obtained are similar, but on the other hand, the coarseness and fiber width values are
higher in sample B. These higher values indicate the existence of recycled fiber or broken
process fiber in the fibrous composition of sample B. This information helps to evaluate the
results of the remaining properties.

4.1. Sheet Densification

Examining Figure 5b, what immediately stands out is the peak at 2.8 bar pressure,
where the maximum tensile index is obtained. Both samples show the same peak at the
same pressure. On the other hand, looking at Figure 5a, there is an increase in apparent
density when compared with the initial value, but above 2.8 bar the samples behave
differently. This can be explained by the fact that sample B is not entirely composed of
virgin fiber and therefore, from a pressure of 2.8 bar, the structure of the sheet itself is
degraded by breaking the fiber bonds and opening the fibrous structure when the pressure
is released, which means an increase in thickness.

Looking at the images in Figure 6, it is clear that in both cases, with increasing pressure,
crepe waves decreased their height. In the case of sample B, the visible destruction of the
crepe wave should be noted, with a redistribution of the fibers occupying the empty spaces
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of the crepe waves. These images corroborate the results discussed above, in which sample
B has a more fragile fibrous sheet structure.

From this first part of the work, we can already see that there is an optimal pressure
for the embossing process, where the effect of pressure when densifying the paper sheet
can be advantageous, as the gain in mechanical strength can counterbalance the losses with
the embossing operation.

The blue and green lines in the Figures 7 and 8 show a very similar spreading dynamic
evolution in time and within the same range, so there are no relevant differences between
the non-compressed and compressed paper samples. However, it can be seen that the
spreading evolution in the initial instants (t < 1.0 s) is faster for the base tissue paper B
when compared with the base tissue paper A. It can be stated that this pressure (2.8 bar)
does not affect the spreading of the liquids, but its structure densification is responsible for
their different behaviors in the initial instants.

4.2. Sheet Embossing

Comparing Tables 1 and 2, the structural properties of the paper sheet are more affected
by the micro embossing pattern than by the deco, as expected. It should be noted that the
structural property most affected is thickness, where for the micro embossing pattern an
increase of 147% was obtained, while for the deco embossing pattern it remained practically
constant with increasing pressure. Because the remaining structural properties are directly
related to thickness, they did not undergo major changes for the deco embossing pattern,
but for the micro embossing pattern the changes were in accordance with those obtained
for thickness. These findings were verified in both samples, A and B.

It can be seen from Figure 9 that the peak at 2.8 bar pressure also occurs in all cases.
Just as the micro embossing pattern is what highly affects the structural properties, it is also
what impacts the most in the mechanical properties. Comparing the industrial toilet base
tissue paper with and without embossing, for the micro embossing pattern, we obtained a
loss of about 10% and 2% for sample A and B, respectively. Regarding the embossing deco
pattern, as expected, this loss is smaller, obtaining about 8% and 0% for samples A and B,
respectively. These results are in line with what was previously discussed, proving that the
densification of the sheet was advantageous, so that the loss of mechanical properties by
the embossing operation was minimized for the pressure of 2.8 bar.

Looking at Figure 10, the first statement that we can make is that the HF value for a
two-ply final product with the two patterns will be between the HF values obtained for
each pattern separately. Furthermore, the embossing deco pattern, in both cases, has lower
HF values than the micropattern. Contrary to what happens with mechanical strength, it is
not at 2.8 bar that the highest HF values are obtained. It is only for the case of the embossing
deco pattern of sample B that the highest HF value is obtained for the pressure of 2.8 bar.
Comparing the HF of industrial toilet base tissue paper with and without embossing, for
the micro embossing pattern, we obtained a loss of about 9% and 12% for sample A and B,
respectively. Regarding the embossing deco pattern, as expected, this loss is slightly higher,
obtaining about 11% and 13% for samples A and B, respectively. It is necessary to make
a compromise between the different properties in order to obtain the best possible result
for the final product. Thus, there would be no effective gain in softness if the embossing
process was operated at a pressure greater than 2.8 bar and the integrity of the fibrous
structure of the paper sheet compromised.

4.3. Finite Element Method (FEM)

Despite the small differences for each pressure, it is possible to observe that the amount
of yielding is slightly higher for the lower pressure (2.4 bar), but this plastic state parameter
is very similar for 2.8 bar and 3.2 bar. Thus, the lower pressure model is more prone to
fail since it has a higher area of greater yielding. For this simulation, the manufacturing
pressure does not considerably influence the plasticity state. Only for 3.2 bar is a change in
the pattern of the paper during the embossing processes shown. However, these differences
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are very small, and the finite element results do not allow to predict the differences in the
strength of the paper.

5. Conclusions

This work allowed us to conclude that there is an optimal pressure for the embossing
process, in which the mechanical strength is maximized without losing much of the softness
value. With this laboratory embossing set-up, the optimum pressure achieved is 2.8 bar.
The effect of pressure when densifying the paper sheet gives it a gain in mechanical strength
but no differences in terms of liquid absorbency.

The authors can also conclude from this work that the two embossing patterns present
different behaviors. The micro embossing pattern is the one that most affects the structure of
the paper sheet, both in terms of structural properties and in terms of mechanical strength.
On the contrary, the softness is more affected by the embossing deco pattern.

The work conducted with this laboratory embossing set-up came to corroborate the
loss of mechanical properties and softness with the embossing process, regardless of the
embossing pattern. Sample A was most affected in terms of mechanical properties, while
sample B lost more in terms of softness, despite the use of any of the embossing patterns.
Thus, the greater or lesser loss of mechanical or softness properties is dependent on the
fibrous composition of each sample. In the end, it is essential to make a compromise
between the diverse properties in order to achieve a final product with excellent quality.

Finally, the FEM allowed, for the deco embossing pattern, to understand the effect of
pressure on the strength of the paper. On the other hand, for the micro embossing pattern,
the FEM does not show clear evidence of how the manufacturing pressure affects the paper
strength.
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Abstract: The embossing operation is one of the processes of tissue paper converting The embossing
parameters influence the final properties of tissue products, such as mechanical, softness, and bulk. In
this study, the influence of the rubber hardness used against the embossing steel rolls with a pattern
created by intaglio engraving was studied. Three different configurations of rubber plates stacking,
each plate with different hardness, were studied. After embossing, mechanical properties, softness,
and bulk were evaluated to analyze the effect of rubbers hardness on these properties. Furthermore,
a Finite Element Model of the embossing operation was used that considered the same rubber plates
stacking configurations used in experiments, and it was able to replicate the experimental results.
This work led us to conclude that the configuration where two rubber plates with different hardness,
where the rubber plate with higher hardness is in contact with the tissue paper sheet, has shown to be
the best solution to obtain higher softness. These findings support the use of embossing operations
rubber rolls with a low hardness internal layer and a high hardness external layer in industry. Thus,
finite element models were also shown to be reliable tools to virtually test other configurations, such
as, for example, three or more rubber plates with different hardness. Since embossing is one of the
tissue paper transformation operations with the greatest impact on the key properties of the final
product, this study allows the producer to optimize them by varying the hardness of the rubber roll,
as well as its configuration.

Keywords: embossing prototype; FEM simulation; mechanical properties; optical visual inspection;
rubber hardness; softness characterization; tissue paper

1. Introduction

The embossing process comprises the step of passing the base tissue paper sheet
through a nip formed by two rolls. A first steel roll, where the pattern is engraved, and a
second steel roll with a rubber cover [1,2]. This operation is very important for tissue paper
conversion, since causes an increase in volume, absorption capacity, and visual appeal,
which are fundamental characteristics for the final consumer.

Tissue paper producers have, over the years, based the embossing and lamination
process on two different types: nested (or point-to-valley) and point-to-point (PTP). The
latter was first developed by Procter & Gamble in the 1960s, where great care is needed with
the synchronization of the rollers to ensure correct point-to-point alignment [3]. Nystrand in
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1970, instead, designed a method in which a point is aligned with a valley, where, although
the rollers have yet to be synchronized to maintain the point-to-valley, this synchronization
does not have to be perfect, because the alignment between a point and a valley allows a
higher margin of error [3].

Over the years, many different solutions have emerged for the embossing and lam-
ination process, in the end using one rubber cover steel roll. Today, this solution is the
standard design for all converting machines. The hardness of the rubber cover has been
increased to a value of 70 Sh-A. The current trend is to change the conventional rubber
cover and introduce a double layer cover: a soft inner layer (with low hardness) and a hard
outer layer (with high hardness), in order to obtain a greater degree of flexibility for the
hard outer surface of the roll cover [3].

From the information provided by the manufacturers of embossing rollers with rub-
ber cover, depending on the type of rubber and its hardness, some advantages in the
maintenance and lifetime of this cover can be achieved (Table 1).

Table 1. Range of hardness and advantages of rubber cover in the embossing process [4,5].

Product Material Hardness (Sh-A)  Cover Thickness (mm) Advantages Supplier
SepaMuk o e mnian 50-70 15-25 Ahesion Skapa
Rubber resistance
SRR Rubber Premium 50-70 15-25 Better.Abrasmn Skapa
Rubber plus resistance
Polyurethane —
Skapa Mark Pur Sz,an dard 50-70 15-25 Good Lifetime Skapa
Pol th Optimized
Skapa Mark Ultra oyurethane 50-70 15-25 Lifetime; Marking Skapa
Premium :
Intensity
EmboFlex Plus Rubber Premium 60 12-20 Good resistance Hannecard
EmboFlex XL Rubber Premium 50-70 12-20 Good resistance Hannecard
Multiplast Rubber Premium 55 10-20 Eem.anc‘!lng Hannecard
pplications
Resistoplast Rubber Premium 45-98 10-20 Dem.and.mg Hannecard
Applications
Resistoplast-AS Rubber Premium 55 10-20 Antistatic Hannecard
XL Plast Rubber Premium 50-95 10-20 Dem.and.mg Hannecard
Applications

To select a rubber cover for an embossing roll, the user cannot worry only about
which material works best. If the operating and environmental conditions do not affect the
performance of the roll cover, then the decision focuses only on economic reasons. In most
situations, the process and environmental conditions limit the type of material that can
be considered in the roll covers [6]. Each rubber has its own characteristics, as shown in
Table 1. Some are great for temperature resistance, others for chemical resistance, others
for abrasion resistance, and others have a good lifetime. Therefore, one type of rubber
may not be suitable for all applications. For example, polyurethane covers are great for
abrasion resistance (long lifetime). As they are casted, they do not leave joint marks in the
roll manufacturing process. These characteristics make the choice of polyurethane very
desirable. However, this material has a relatively low maximum operating temperature
(starting to soften at 71 °C and becoming liquid at 81 °C) [6].

To determine the hardness of the roll cover, it must be static, and the measure is carried
out with the assistance of a durometer. This hardness is never determined at the nip of
the embossing process and is always carried out before the roll with the cover is put into
service. With the embossing process, the stresses that the rubber suffers, both in terms
of pressure and temperature increase, would change the hardness value if it would be
measured during the process. Thus, the determination of hardness using a durometer, by
itself, is not a good indicator of the rubber’s performance under the conditions of embossing
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operation. The modulus of elasticity of the rubber is an alternative method to evaluate the
performance of the rubber during the process, as it gives us information about the stiffness
or flexibility of the material when exposed to forces during the process. Each rubber has
a characteristic modulus value that is directly related to its molecular structure [6]. High
elastic modules indicate materials with a more crystalline structure and, consequently,
more stiff materials. On the other hand, lower elastic modules, indicate materials with a
more amorphous structure and, consequently, more flexible materials [6,7]. In brief, two
different rubbers can have the same hardness value, but have a completely different nip
compression behavior, due to value of elastic modulus [6]. It is important to underline that
hardness is directly associated with strength and not stiffness [7]. This performance of the
embossing roll cover will influence the properties of embossed tissue paper and directly
the final product.

It has long been recognized that the most important physical characteristics of tissue
paper products are their strength, thickness, softness, and absorption [1,8-10]. Research
and development efforts by the tissue paper industry in this area have been directed to
optimize each one of these parameters without seriously affecting the others [1]. In the
conversion process a commitment is made to establish a balance of these parameters. The
final quality required for the product results from a well-balanced combination of its final
properties. If a tissue paper product, such as toilet paper, is not smooth enough, increasing
the bulk or resistance would not add more value to the product, because softness is the
most important property for the end consumer. On the other hand, if this product has
an excess of bulk or resistance earlier, there are finishing processes that will improve the
softness at the detriment of the loss of one or both properties. As a result, the balance
and compromise of the final properties of papers can turn into an improvement in the
quality and value for the final product, but generally, some properties are achieved to the
detriment of others (see Table 2). With sufficient knowledge of these compensations, the
transformation process can be optimized to meet the desired product requirements [2,11].

Table 2. Main effects of finishing processes on paper properties [11].

Type of Finishing Process Scheme of Finishing Process Gain Properties Loss Properties
Calendering > Softness Bulk

Bulk; ; .
Embossing Absorption Capacity; Tonatie Suengy;

[&) Softness

Softness
Absorption Capacity;
Ply Bonding and Laminating Softness; Softness

Bulk (in some cases)
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Table 2. Cont.

Type of Finishing Process Scheme of Finishing Process Gain Properties Loss Properties
Lotionizing m Softness Absorption Capacity
s
Printing Aesthetic Appearance Bulk
—

In this work we intend to study the evolution of mechanical and softness properties of
tissue paper varying with the rubber hardness in a laboratory embossing process, using
the same industrial base tissue paper. In addition, different combinations of double rubber
layers were also studied. A finite element method (FEM) was used to analyze and validate
this experiment.

2. Materials and Methods
2.1. Materials

To perform this work, an industrial base tissue paper (creped paper) from one Por-
tuguese factory was used, as shown in Figure 1. The sample used is composed of a mixture
of eucalyptus globulus (hardwood) and pinus (softwood) bleached kraft pulps, with hard-
wood content of about 30%, which is fully characterized as sample M in the data article
from the authors [12]. This industrial base tissue paper, here designated by sample B, was
produced on a machine with single headbox and ceramic creping blade with a grammage
of 16.7 g/ m2.

Figure 1. Image of the industrial base tissue paper and the inset showing the crepe structure in a
small magnified area.

Additionally, for the execution of this work, 3 rubber plates with different hardness
and a thickness of 11 mm were chosen, within the range mentioned by the suppliers
50-70 Sh-A. Figure 2 shows the aspect of these rubber plates.
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60 Shore-A 75 Shore-A

Figure 2. Images of the used rubber plates.

This work began with the determination of rubber hardness according to the specifica-
tions provided by the rubber’s supplier. Table 3 presents the hardness results obtained for
the rubbers used in this work, as well as other characteristics provided by the supplier.

Table 3. Rubber plates characterization results.

Rubber NR BG SBR PR CR PR
Characteristics (45 + 5 Sh-A) (65 + 5 Sh-A) (70 + 5 Sh-A)
Hardness (Sh-A) 47.7 + 0.55 60.3 +1.21 75.1+198
Tensile Strength (MPa) 16.0 3.0 40
Density (g/ cm?) 1.05 1.6 15
Operation Temperature (°C) —40 to +85 —20 to +100 —20 to +100

Rubber Plate (48/60/75 Sh-A) Rubber Plate (48 Sh-A)

2.2. Methods

This work started by determining the hardness of the three chosen rubbers plates using
a PCE-DDA durometer equipment (PCE Iberica S.L. Instrumentacion, Albacete, Spain),
where each rubber plate was divided in 10 sections, and 1 measurement was made in each
section, comprising 10 measurements per plate.

Two embossing patterns were used to perform the embossing operation (deco and
micro) engraved in steel plates. Furthermore, 3 different configurations of rubber plates
were used in this operation, the configurations are exhibited in Figure 3. Configuration 1
consists of a set of the industrial base tissue paper over the embossing steel plate pressured
against two rubber plates with same hardness, configuration 2 is the same set pressured
against two rubber plates with different hardness (rubber plate with higher hardness in
contact with the paper sample), and, finally, configuration 3 is also the same set, but now
pressured against two rubber plates with different hardness (rubber plate with lower
hardness in contact with the paper sample).

Rubber Plates

Industrial Creped Tissue Base Paper

Rubber Plate (60/75 Sh-A)

Rubber Plate (48/60/75 Sh-A) Rubber Plate (60/75 Sh-A) Rubber Plate (48 Sh-A)
— —

(a)

(b) (c)

3D Pattern Embossing Steel Plate

Figure 3. Schematic of the embossing process with different rubber plate hardness configurations:
(a) configuration 1; (b) configuration 2; and (c) configuration 3.

The embossing operation conditions used were 2.8 bar during 1 min, for all combina-
tions of 3 stacking configurations and 2 different steel plates, corresponding to the micro
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and deco embossing patterns. These operating conditions were studied and optimized in a
previous work developed by the authors [13]. The two embossing patterns used are shown
in Figure 4.

Wa'V'h
Vg

(a) (b)

Figure 4. Embossing patterns: (a) deco embossing, and (b) micro embossing.

All the samples obtained using both patterns and the 3 rubber staking configurations
were tested in terms of thickness/bulk and their mechanical tensile strength in machine
direction (MD) and in transverse direction (CD). Tensile tests were performed in a Thwing-
Albert® VantageNX Universal testing machine in accordance with the tissue standard ISO
12625-4:2005 [14]. Thickness and bulk were measured using a FRAN K-TPI® Micrometer
accordingly to tissue standard ISO 12625-3:2014 [15]. All samples produced were charac-
terized in terms of softness using the Tissue Softness Analyzer (TSA) from EMTEC®. The
TP II algorithm, and the QA I algorithm were used for the computation of the softness
handfeel (HF), respectively.

The conducted experiments for surface image acquisition of paper samples engraved
with the embossing patterns in the different considered combinations was carried out
using a customized optical system [16-18]. This system has shown to be very versatile and
useful in this kind of analysis and, therefore, it has already been considered in other related
studies [8-10,19,20] concerning the visual inspection and quality control of tissue papers.

2.3. Finite Element Method (FEM)

A finite element model was proposed to improve the understanding of the effect of
rubber stiffness, used in paper manufacturing process, on the mechanical properties. Two
different die models were used for simulations (deco and micro) and their effects on the
paper stress field and plasticity were analyzed, regarding the rubber stiffness used on the
paper embossing process.

To model the paper plasticity, an orthotropic elastic-plastic material model [21] was
implemented as a user material subroutine for explicit simulations (VUMAT) which is
linked to the commercial finite element software ABAQUS™ version 6.14 (Waltham, MA,
USA). This material model allows to account for the paper anisotropic behavior, since paper
mechanical behavior is highly dependent of fiber orientation [21]. Since the library of com-
mercial finite element software ABAQUS™ does not have a plasticity constitutive model
for anisotropic materials, this VUMAT allows to implement a different constitutive relation
based on the isotropic J, model. The model assumes the additive decomposition of the
strain tensor into elastic strain tensor plus plastic strain tensor (Equation (1)), considering
that volume is conserved:

£ij = &; +£ﬁ;, (1)
where &jj is the total strain, e‘,’-- is the elastic strain, and sf; is the plastic strain.

The model uses the concept of an isotropic plasticity equivalent [22] which is a fic-
titious material that relates the orthotropic stress state to the isotropic stress state. The
relation between the actual Cauchy stress tensor and the isotropic plasticity equivalent
(IPE) deviatoric tensor is given in Equation (2):

sij = Lijiok1, @
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where s;; is the deviatoric IPE stress tensor, 0y, is the Cauchy stress and L, is the fourth
order transformation tensor shown in Equation (3) for plane stress:

2A C-A-B 0

C—A-B 2B 0
L=1g_c_a a-B-c o @
0 0 3D

where parameters A, B, C, and D are obtained from the experiments using the following

equations [21]:
A=V1-1222, @

B=3(y—x), (%)

C=3(y+x), (6)
e

D= 12/5 , @

= QN 8

= a1 Ve -3), i

14
y= - A, )
o= KD _ KB, (10)
2 2
B=Kyu " +Kp, 11)

Parameters K;; and n were obtained by curve fitting the experimental results, applying
the Ramberg-Osgood methodology. For MD direction, the constitutive relation that models
the tensile test was:

n
_om (o
B + (E()) 7 (12)
where for the CD direction was:
n
Ex = m%@) k=2,3 (13)
Exk Eo

Note that in Equation (13) the repeated indices do not mean the usual summation rule
used in the indicial notation. Finally, the parameter K1, is obtained using Equation (14).

o Ko\
=2+ (BE2) (14
0

The Hooke’s law for plane stress and small strain linear elastic orthotropic material is
defined by Equation (15):
o =C¥, (15)

where ¢ is the Cauchy stress tensor, C is the plane stress linear elastic orthotropic constitu-
tive law and ¢° is the small strain elastic tensor.

The implementation of this model is similar to the well know ], flow theory for
isotropic materials using the backward-Euler algorithm. As mentioned before, this material
model was implemented as a user material subroutine for explicit simulations linked to the
commercial finite element software ABAQUS™. The explicit solver was used to overcome
convergence issues that are usual when using the implicit solver. On the other hand,
using the implicit solver, the stable time increment is very small, resulting in long time
simulations. The simulations were performed using a workstation with two intel Xeon
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E5-2630 8 cores (16 cores total with 32 threads) with 256 Gb ram. The finite element model
dimensions and boundary conditions are presented in Figure 5. The die model dimensions
are representative of the actual die dimensions to result in a reasonable computational cost
and keeping the precision capability. The base dimension is the same, but it is thick enough
to allow the deformation without severe interference in the die and paper kinematics. The
paper follows the same dimensions of the die and the basis.

Prescribed displacement

Die

Paper

A/Rubber 1

Rubber 2

50 mm

30 mm 30 mm

All degrees of freedon
restricted in the basis

Figure 5. Model dimensions and boundary conditions.

To simulate the influence of the rubber hardness effect on the paper embossing process,
the finite element model of the basis was split into two different parts, allowing to simulate
the use of different rubber stacking configuration improving the understanding of the basis
stiffness influence on the process.

Regarding the finite element boundary conditions, the bottom of the rubber base
was recessed. A prescribed displacement was applied on the top of the die, in the down-
ward direction, while the other degrees of freedom (displacements and rotations) were
restricted. For the interactions between the model parts, hard contact for normal behavior
and frictionless for tangential behavior was considered. The model has 473,694 elements
for the simulation of micro die and 476,153 elements for the deco die. For both models,
the paper was simulated using a 4-node reduced integration membrane element (M3D4R
with a structured mesh with 250,000 elements. For micro die the 4-node reduced integra-
tion element (S4R) was used with total number of elements of 7694 elements. The same
element was used for the deco die, but for this die, 10,314 elements were used. Finally, the
rubber base was modeled using 8-node tridimensional elements (C3D8) using a total of
216,000 elements.

This model uses 5 different type of materials, steel for the die (E = 200 GPa, 1 = 0.33),
a hyperelastic isotropic material model for each of the three different types of rubber,
CR PR (C10 = 1.8 MPa and D1 = 0.255746 MPa~!), SBR PR (C10 = 0.810343 MPa and
D1 =0.56956 MPa—1), and NR BG (C10 = 0.409852 MPa and D1 = 1.126109 MPa~ 1), the
rubber mechanical properties was estimated relating the hardness with the Young Modulus
as suggested by Larsson [23]. Finally, the paper was modeled as an orthotropic material
(E11 =13.89 MPa, E22 = E33 =4.23 MPa, u = 0.33 and G12 = 2.1 MPa).
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3. Results
3.1. Configuration 1

As explained in the previous section, in configuration 1 two rubber plates having
the same hardness were stacked. In Figure 6, magnified images of the samples obtained
for this configuration can be seen. The papers structure, as well as the engraved patterns
performed during the embossing process with different hardness of the rubber plates, can
easily be observed.

Figure 6. Global views of tissue paper embossed with the different rubber hardness using con-
figuration 1: (a) 48 Sh-A (deco—front side); (b) 48 Sh-A (deco—back side); (c) 48 Sh-A (micro—
front side); (d) 48 Sh-A (micro—back side); (e) 60 Sh-A (deco—front side); (f) 60 Sh-A (deco—back
side); (g) 60 Sh-A (micro—front side); (h) 60 Sh-A (micro—back side); (i) 75 Sh-A (deco—front side);
(j) 75 Sh-A (deco—back side); (k) 75 Sh-A (micro—front side); and (1) 75 Sh-A (micro—back side).

In Figures 7-9, the results obtained for the three main properties of tissue paper
(bulk, tensile index, and softness, respectively) as a function of rubber hardness for this
configuration and both patterns are presented.

3.2. Configuration 2

As mentioned before, in configuration 2 two rubber plates with different hardness
were stacked, where the rubber plate with higher hardness was in direct contact with
the sample. In Figure 10, it can be observed detailed images of the samples obtained for
this configuration.

In Figures 11 and 12, are shown the results obtained for the three main proper-
ties of tissue paper (bulk, tensile index, and softness, respectively) for the two combi-
nations of different rubber hardness plates in configuration 2 and both patterns (deco and
micro, respectively).
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—e—DECO
—o— MICRO

Bulk (cm3/g)

40.0 50.0 60.0 70.0 80.0
Hardness (Sh-A)

Figure 7. Bulk evolution with the increase in rubber hardness.

Tensile Index (Nm/;
[+
w

—e—DECO
6.0 ~e—MICRO
40.0 50.0 60.0 70.0 80.0

Hardness (Sh-A)

Figure 8. Tensile index behavior with the increase in rubber hardness.

80
77
74
71
68
65
62
59
56

53
50 ~—e— MICRO

40.0 50.0 60.0 70.0 80.0

Handfeel (HF)

—e— DECO

Hardness (Sh-A)

Figure 9. Handfeel comportment with the increase in rubber hardness.
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Figure 10. Global views of tissue paper embossed with the different combinations of rubber hardness
of configuration 2: (a) 60_48 Sh-A (deco—front side); (b) 60_48 Sh-A (deco—back side); (c) 60_48 Sh-A
(micro—front side); (d) 60_48 Sh-A (micro—back side); (e) 75_48 Sh-A (deco—front side); (f) 75_48
Sh-A (deco—back side); (g) 75_48 Sh-A (micro—front side); and (h) 75_48 Sh-A (micro—back side).

m60_48Sh-A m75_48Sh-A

Bulk (cm3/g) Tensile Index (Nm/g) Handfeel (HF)

Figure 11. Bulk, tensile index, and handfeel results for deco embossing and configuration 2 rubber
hardness conjugation.

m60_48Sh-A W75_48Sh-A

10.6 8.69 9.69

Bulk (cm3/g) Tensile Index (Nm/g) Handfeel (HF)

Figure 12. Bulk, tensile index, and handfeel results for micro embossing and configuration 2 rubber
hardness conjugation.

73



Polymers 2022, 14, 2485 12 of 22

3.3. Configuration 3

As stated before, in configuration 3 two rubber plates with different hardness were
stacked, where the rubber plate with lower hardness was in direct contact with the sample.
In Figure 13, detailed images of the samples obtained for this configuration can be seen.

Figure 13. Global views of tissue paper embossed with the different combinations of rubber hardness
of configuration 3: (a) 48_60 Sh-A (deco—front side); (b) 48_60 Sh-A (deco—back side); (c) 48_60 Sh-A
(micro—front side); (d) 48_60 Sh-A (micro—back side); (e) 48_75 Sh-A (deco—front side); (f) 48_75
Sh-A (deco—back side); (g) 48_75 Sh-A (micro—front side); and (h) 48_75 Sh-A (micro—back side).

The results obtained for the three main properties of tissue paper (bulk, tensile in-
dex, and softness, respectively) are shown in Figures 14 and 15, for the two combina-
tions of different rubber hardness plates in configuration 3 and both patterns (deco and
micro, respectively).

m48 60Sh-A m48_75Sh-A

7.5 7.3 9.47 9.26

Bulk (cm3/g) Tensile Index (Nm/g) Handfeel (HF)

Figure 14. Bulk, tensile index, and handfeel results for deco embossing and configuration 3 rubber
hardness conjugation.
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m48 60Sh-A m48_75Sh-A

7.71 8.53

Bulk (cm3/g) Tensile Index (Nm/g) Handfeel (HF)

Figure 15. Bulk, tensile index, and handfeel results for micro embossing and configuration 3 rubber
hardness conjugation.

Combining the deco embossed sheet with the micro embossed sheet for each rubber
combination, in each of the three configurations, a prototype of a 2-ply finished product
was obtained. With the aim of optimizing the softness as a function of the hardness of
the rubber in the embossing process, the handfeel of each one of these prototypes was
measured, and the results are shown in Figure 16.

2-ply 48_60
2-ply 48_75
2-ply 75_48
2-ply 60_48
2-ply 60
2-ply 75

flmmnnnmmmmmmmmmmmmnmmummmmmmnmﬂmmnmmm—¢
\
R —

\
G

J
e ————
|

S S

J

i ]

2-ply 48 ;llmuuumulumunwnummmuulmumuummuummmuuuuu A

600 61.0 620 630 640 650 66.0 67.0 68.0 69.0

Figure 16. Results obtained for handfeel (HF) with the rubber hardness to the combined 2-ply deco
and micro embossed samples.

3.4. Finite Element Method (FEM)

Several simulations were performed to investigate the effect of the basis rubber hard-
ness regarding the different combinations of rubber and die used for the embossing process
on the mechanical properties. This model was calibrated based on experimental results;
tensile tests of tissue paper sample B, in both directions (MD and CD) and hardness of
three different rubber plates, considering the isotropic Neo-Hookean constitutive model,
using three different configurations. However, this model allows, with good precision, to
digitally optimize future test with varying configurations and parameters combinations.
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3.4.1. Configuration 1

As used in experiments, configuration 1, uses only one type of rubber in the basis. Thus,
three different cases were simulated for the two die models, as showed from Figures 17-22.

spbve
(Avg: 75%)
+40.0204
-0.0100

Figure 17. Deco die 75 Sh-A (CR PR), Plastic field.

SDV9
(Avg: 75%)

Figure 18. Deco die 60 Sh-A (SBR PR), Plastic field.

Figure 19. Deco die 48 Sh-A (NR BG), Plastic field.
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SDV9

(Avg: 75%)
+2.625
+2.391
+2.156
+1.922
+1.687
+1.453

Figure 20. Micro die 75 Sh-A (CR PR), Plastic field.

SDV9
(Avg: 75%)

Figure 21. Micro die 60 Sh-A (SBR PR), Plastic field.

SDVe

(Avg: 75%)
+0.0010
-0.0227

Figure 22. Micro die 48 Sh-A (NR BG), Plastic field.

3.4.2. Configuration 2

In this configuration, the harder rubber is placed on the top, in direct contact with the
paper and the softer rubber is used in the bottom of the elastic basis. Figures 23-26 presents
the simulation results for the rubber hardness conjugations of configuration 2.
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SDve
(Avg: 75%)

z X

Figure 23. Deco die 75_48 Sh-A (CR PR/NR BG), Plastic field.

SDV9
(Avg: 75%)
+1.2710

+1.1420
+1.0130

Figure 24. Deco die 60_48 Sh-A (SBR PR/NR BG), Plastic field.

SOV

(Avg: 75%)
-0.00004
-0.02556
-0.05107
-0.07659
-0.10210

Figure 25. Micro die 75_48 Sh-A (CR PR/NR BG), Plastic field.

78



Polymers 2022, 14, 2485

17 of 22

SDV9
(Avg: 75%)

+0.00245
-0.02218

-0..
-0.29310

Figure 26. Micro die 60_48 Sh-A (SBR PR/NR BG), Plastic field.

3.4.3. Configuration 3

In this configuration, the softer rubber is placed on the top, in direct contact with the
paper. Figures 27-30 presents the simulation results for the rubber hardness conjugations
of configuration 3.

SDV9
(Avg: 75%)

Figure 27. Deco die 48_75 Sh-A (NR BG/CR PR), Plastic field.

spve

(Avg: 75%)
+0.01543
-0.01467
-0.04478
-0.07488

Figure 28. Deco die 48_60 Sh-A (NR BG/SBR PR), Plastic field.
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SDVS

(Ava: 75%)
+0.00013
-0.02274
-0.04561
-0.06849
-0.09136

Figure 29. Micro die 48_75 Sh-A (NR BG/CR PR), Plastic field.

SDV9
(Avg: 75%)

Figure 30. Micro die 48_60 Sh-A (NR BG/SBR PR), Plastic field.

4. Discussion

For configuration 1, analyzing the images presented in Figure 6, it can be seen that
with the increase in rubber hardness, the marks engraved with the two used embossing
patterns appear shallower in the surfaces of the paper. In particular, the marks obtained
with the deco embossing are very similar and very dissimulated for the 60 Sh-A and 75 Sh-A
hardness’s and the same marks appear a lot more pronounced for the 48 Sh-A hardness. The
same effect can also be noticed for the marks obtained with the micro embossing, on which
deeper holes are engraved for the 48 Sh-A hardness, and shallower holes are engraved
with the 60 Sh-A and 75 Sh-A hardness’s. This effect can also be observed, not only by
observation of the formed holes in the images shown in Figure 6¢,g k, but also considering
the counter side of the paper surfaces engraved with the micro pattern, shown in the
images of Figure 6d,h,l. According to the relations obtained in Figure 6, Figure 7 shows
the same tendency for bulk, in which, for both embossing patterns, the bulk decreases
with the increase in rubber hardness, and this decrease is more pronounced for the micro
pattern. Contrary to bulk, the tensile index grows with the increase in rubber hardness
as shown by the graph in Figure 8. From 48 Sh-A to 75 Sh-A rubber hardness, the tensile
index has an increase of 6.5% for the deco pattern and 11.5% for the micro pattern. As
expected, this increase is more pronounced for the micro pattern, since this pattern, by
creating a deeper mark on the tissue paper sheet, it weakens the fibrous structure of the
sheet, and, consequently, increases the difference obtained between the rubber hardness
extremes. Looking at Figure 9, the handfeel for the deco pattern does not change greatly
with increasing hardness of the rubber plates. Contrarily, for the micro pattern, it was
verified that with the increase in the rubber plates hardness there is an increase in the
handfeel value, since the structure of the paper sheet is less marked for higher hardness of
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the rubbers. This is in line with the images in Figure 6. Having softness as the main property
for the final consumer, and making a compromise between the different properties studied,
for configuration 1, the best rubber plate hardness was 60 Sh-A. Figures 17-19 show the
simulation results for the configuration with 75 Sh-A, 60 Sh-A and 48 Sh-A hardness for the
deco pattern. The simulations show that the amount of plasticity found in the paper finite
element model is related with the rubber hardness. For the harder rubber (Figure 17), the
amount of plasticity (or permanent deformation) is smaller than that found for softer rubber
(Figures 18 and 19). For the softer rubber the plastic field is much more visible. Those
results corroborate the experiments showed in Figure 6, where the softer rubber allows
deeper marks on the paper. Figures 20-22 show the simulation results for the configuration
with 75 Sh-A, 60 Sh-A, and 48 Sh-A hardness for the micro pattern. As for the deco pattern,
the simulations show that the amount of plasticity found in the paper finite element model
is related with the rubber hardness. Those results also corroborate the experiments showed
in Figure 6, where the softer rubber allows deeper marks on the paper.

For configuration 2, examining the pictures of Figure 10, it can be seen that for the
deco embossing, both the considered cases, 60_48 Sh-A and 75_48 Sh-A, reveal marks that
show to be engraved in the surfaces of the paper in a similar manner of the marks obtained
with the rubber’s hardness of 60 Sh-A and 75 Sh-A alone considered in the configuration 1.
In particular, in Figure 6e/f,ij and Figure 10a,b,e,f, one can observe that the marks reveal
to be very shallow on all the mentioned examples. Concerning the micro embossing, the
combination of rubbers 60_48 Sh-A, as shown in Figure 10c,d, reveals marks that are very
similar with the ones obtained using the rubber 75 Sh-A alone, Figure 6k 1. It is the second
combination of rubbers considered in configuration 3, 75_48 Sh-A, that shows the less
engraved marks performed with the micro embossing pattern. The great difference of this
example comparatively to all the others is remarkable and easily recognizable, as shown in
Figure 10g,h. Analyzing the results of Figure 11, for the embossing deco pattern, it can be
verified that for bulk, tensile index, and handfeel, the two combinations of rubber plates
hardness show very similar values. In Figure 12, for the embossing micro pattern, the
results show that for bulk, as expected, the rubber plate in contact with the sheet with
less hardness has a higher value, on the other hand, for the tensile index and handfeel,
the rubber plate in contact with the sheet with higher hardness originates higher values,
since the sheet is less marked by the embossing pattern (see Figure 10) and, consequently,
its structure is less affected. As the softness for the end consumer is the key property of
the toilet paper, and making a compromise between the different properties studied, for
configuration 2 and pattern of embossing deco, the best hardness was 60_48 Sh-A, while for
the micro embossing pattern the best hardness was 75_48 Sh-A. In this configuration the
plastic field is not detected for the configuration with the harder rubber on top (Figure 23)
and a smaller plasticity in configuration with 60 Sh-A rubber on the top (Figure 24). Those
results corroborate the experimental results showed in Figure 10 for the deco die. Thus, the
basis with softer rubber allows deeper marks on the paper. As for the case of deco die, in
the micro die, the plastic field is more pronounced for the case with the softer rubber on top
(Figure 26) than for the harder rubber on the top (Figure 25). Those results also corroborate
the experimental results showed in Figure 10 for micro die regarding the visual marks on
the paper.

Considering configuration 3 and looking at the images presented in Figure 13, it can
be seen that both the considered cases, 48 _60 Sh-A and 48_75 Sh-A, reveal marks that
show to be deeply engraved in the surfaces of the paper, in particular, the first one which
results from the combination of the two of the softest rubbers. An interesting analogy
can also be made by comparing the images of Figure 13 with the images of Figure 6,
on which the marks obtained in the two considered cases of configuration 2 show great
similarities with the marks obtained with the use of 48 Sh-A rubber alone in configuration
1. As in configuration 2, the analysis of Figure 14, for the embossing deco pattern, very
similar values were found for both bulk and tensile index in the two combinations of
rubber plates. Due to the fact that the rubber plate in contact with the sheet has a lower
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hardness, it will imprint a deeper embossing pattern on the sheet (comparison of the
images of Figure 10 with Figure 13) and consequently increases the bulk. Thus, the bulk
of configuration 3 is higher than that of configuration 2. Since the operating conditions of
the embossing process were optimized for this system in a previous work reported by the
authors Vieira et al. 2022 [13], there is a maximization of the mechanical properties by the
densification of the sheet structure. Therefore, despite verifying an increase in bulk there is
no loss of mechanical strength. Regarding the handfeel, the results obtained in absolute
value are lower than those obtained in configuration 2, thus being in accordance with the
trend obtained for configuration 1. For the embossing micro pattern, Figure 15 presents
a behavior very similar to configuration 2. In absolute value, the bulk was higher, while
the tensile index and handfeel were lower. Likewise, this is justified, for the bulk, by the
deeper marks of the embossing pattern on the sheet (comparing images of Figure 10 with
Figure 13), and for the tensile index, by the densification of the sheet structure which results
in the maximization of the mechanical properties. Once the sheet is more marked, there is
an increase in the surface roughness decreasing the handfeel value. Since the manufacturer
wants the highest softness value with the least loss of other properties, in this configuration
of rubber plates, the combination chosen would be 48_75 Sh-A hardness for both embossing
patterns. For this case, the simulation showed the results for the softer rubber placed on
top of the basis in direct contact with the paper sheet. In this configuration, the plastic field
is similar for both cases (Figures 27 and 28). For the case with micro pattern, the plastic
field is similar for both cases, but the plasticity detected for the softer rubber configuration
(Figure 30) is more pronounced than for the configuration with harder rubber on the bottom
of the basis (Figure 29). In any case, when we combine rubbers of different hardness, using
the lowest rubber hardness in contact with the paper sheet, this results in an embossed
paper with lower softness values. Thus, configuration 3 is not an option for toilet paper
production, since softness should be maximized.

From the results shown in Figure 16 it can be inferred that configuration 2 is the best
rubber hardness configuration for the embossing process. This result agrees with what
is mentioned in the bibliography [3], in which it is stated that the trend for future rubber
embossing rollers will have an inner layer with low hardness and an outer layer with higher
hardness. This is translated into configuration 2, where the rubber plate in contact with
the paper sheet has higher hardness and the other plate has lower hardness. Furthermore,
within configuration 2, the prototype 2-ply 60_48 Sh-A is the one that showed the best
result for softness.

The finite element simulations results allow understanding the effect of the hardness
of the rubber basis (and the combinations of rubbers) on the embossing process and linking
the plastic field to the paper marks, where the combination of softer rubber results in deeper
marks and, on the opposite, shallow marks (low plasticity) increase the paper strength.
The validation of this numerical methodology to virtually optimize the process parameters
is a subject for future works. In the present work, with a simple adaptation of the |,
elastoplastic constitutive model that addresses orthotropy (and numerical implemented in
Fortan™ via VUMAT) for the paper, and the isotropic Neo-Hookean constitutive model
for the rubbers (available in the library of ABAQUS™) were considered in the FEM model.
The calibration of material parameters based on mechanical testing was also addressed.
Hence, we can use this numerical methodology for any configuration of rubber laminates
with varying thickness and hardness, or other papers based on tensile tests on MD and
CD directions.

5. Conclusions

This work led us to conclude that configuration 2, is the best solution to obtain a
maximum softness. In accordance with this statement the prototype 2-ply 60_48 Sh-A is
the one that achieved the highest handfeel.

The obtained results point to an increase in softness with increasing rubber hardness.
The mechanical property losses are more pronounced for the lower rubber hardness and
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for the micro embossing pattern. In contrast, bulk is higher for lower rubber hardness
and micro embossing pattern. Consequently, when the hardness of different rubbers is
combined and the lower hardness rubber is in contact with the paper sheet, the final
properties tend to those of the low hardness rubber alone.

The finite element simulations allow the understanding of how the embossing process
and rubber hardness affect the paper characteristics. Thus, finite element models are shown
to be a reliable tool to simulate the embossing process for paper industry and predict the
final paper mechanical characteristics.

This research has highlighted the importance of the rubber hardness in the embossing
process and its impact on the final properties of the tissue paper products.

The authors believe that these results improve the knowledge about the embossing
process when the impact of each embossing parameter is studied separately, in this case
the hardness of the rubber, and also the quality of the final product. In particular, these
findings support the idea pointed out in the introduction that the future trend is the usage
of embossing rubber rolls with a low hardness internal layer and a high hardness external
layer. In future research other configurations considering the combination of different
number of rubber plates will be studied, either by FEM simulation or experimentally.
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Abstract: Embossing is a functional and strategic process for creating high-quality multi-sensory
tissue-paper products. Embossing modifies the sheet surface by generating hill and /or valley designs,
changing the third-dimension z with a compressive die. This research work specifically concerns the
impact study of the engraving finishing geometry on the final properties of tissue paper. This work
led us to conclude that, even though the sheets individually present a higher hand-feel (HF) value
for the straight finishing geometry, the highest softness was obtained in the two-ply prototype for
the round finishing geometry. Moreover, this study confirmed that the HF value reduces with the
increase of the bulk, being more accentuated for the micropattern. Relevant differences could not be
seen in the spreading kinetics of the liquid droplets over time. Thus, the finishing geometry of the 3D
plates did not impact the absorption kinetics on these samples. The finite element model allows us to
understand the effect of the plate pattern and its finishing geometry on the paper, and the simulation
results were in accordance with the experimental results, showing the same trend where patterns
with a round finishing geometry marked the tissue-paper sheet more than patterns with a straight
finishing did.

Keywords: dots and lines geometry; embossing prototype; FEM simulation; mechanical properties;
softness characterization; tissue paper

1. Introduction

Enhancing both originality and creativity is often a brand’s selling and advertising
argument. Therefore, embossing is a key process for producing high-quality multi-sensory
products. Embossing is a type of compressive action that is carried out during tissue-paper
converting by creating a pattern /engraving on paper with different depths, thus altering
the sheet topography [1]. In addition to engrave the paper with patterns for aesthetic
purposes, these hills or valleys increase the volume of the paper sheet, improving various
properties, such as porosity, absorption, and softness. On the contrary, there are often losses
of mechanical strength due to the damage caused to the structure of the material [2—4].
During the embossing process, the cellulosic fibers are compressed into well-marked
permanent patterns, using pressure as force [5]. Each sheet passes through a pair of rolls, a
steel roll that has the desired embossing pattern engraved on it, and often a rubber roll of a
predetermined hardness. A defined pressure is applied to the nip, as presented in Figure 1,
so that the engravings fulfill the intended purpose [2,3].
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«——— Rubber roll
Nip

«— Tissue paper sheet

<« Steel engraved roll

Figure 1. Schematic of the main performers in the tissue-paper-embossing process.

In theory, any kind of paper and/or cardboard can be embossed, considering the ma-
terial properties, thickness, composition, fiber type, fiber length, and mechanical-strength
properties (tensile strength, elongation, tear strength, delamination strength, compressive
strength, and burst strength). Thus, bulkier materials will respond like a sponge, as they
are more compressible, requiring higher pressure to make the engraving permanent. On
the other hand, if this pressure exceeds the limit of the material, the embossing process will
cause permanent damage to its structure, and this will appear on the surface of the sheet of
paper [5].

A limitation of the embossing process is related to the dimensions and geometry of
the embossing-pattern elements. Patterns with fine details, such as dots and fine lines,
cannot be engraved to a high depth, as fine details are predisposed to tearing the sheet of
paper. High-quality embossing is not only related to the engraving depth; the ability of the
paper to stretch and adapt to the embosser is an equally important physical limitation [5].
There are no standardized embossing-pattern geometries and/or designs for an objective
evaluation of the final properties of these structures with hills/valleys.

From the work developed by Khan [6], it was shown that different parameters of the
geometry of the embossing pattern, such as the density of dots (number of dots/ cm?),
height of the dots, and the angle that the dot makes with the base, affect the deformation
of the sheet and, consequently, the mechanical properties of the embossed product. Thus,
Khan [6] concluded that a higher density of dots and a higher height of the dots lead
to a greater deformation of the tissue-paper sheet and, consequently, to a greater loss of
mechanical properties. Conversely, a higher dot angle (cylindrical dot geometry) leads to
less deformation and, consequently, to a lower loss of mechanical properties. In addition to
the work developed by Khan [6], the novelty of our study was keeping those parameters
constant and varying the finishing geometry of the lines and dots.

The influence of embossing pressure, time, and rubber hardness on the final properties
of tissue paper is known from previous works [7,8]. In the present work, we intended to
study the impact of engraving geometry on the final properties of tissue paper, using four
customized 3D steel plates with different finishing geometries, and to confirm the obtained
results by a finite element method (FEM) simulation.

2. Materials and Methods
2.1. Materials

To carry out this work, industrial creped toilet-base tissue paper from one Portuguese
factory was used. The composition of the used paper was a mixture of 30% Eucalyptus
globulus (hardwood) and 70% Pinus pinaster (softwood) bleached kraft pulps. This paper,
denominated by B, had a grammage of 16.7 g/m? and was produced on a paper machine
with a single layer headbox and with a ceramic creping blade. Moreover, for the execution
of this work, four steel embossing plates were used, two of them with a deco pattern and the
other two with a micropattern. Each steel plate presents dimensions of 210 x 297 mm and
a different line or dot finishing geometry. In Figure 2, images of the four 3D steel embossing
plates with the deco patterns and micropatterns are presented. The deco patterns were
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composed only by lines, and the micropatterns were composed only by dots, using both
straight and round finishing geometries.

(c) (d)

Figure 2. Images of the 3D steel embossing plates with the deco pattern and micropattern, and details
of the respective finishing geometries: (a) deco pattern with straight lines, (b) deco pattern with
round lines, () micropattern with straight dots, and (d) micropattern with round dots.

All the tissue samples are denominated according to each 3D steel-plate pattern
and finishing geometry. Samples embossed with the deco pattern with straight lines are
designated by adding the abbreviation dg to the paper denomination, and those with round
lines are designated by d,;. The samples embossed with the micropattern with straight dots
are designated by adding the abbreviation mg, to the paper denomination, and those with
round dots by m,;.

2.2. Methods

This work started by performing the embossing operation itself, with the four different
embossing patterns engraved on steel plates. The two deco-pattern plates differ in the
finishing geometry of the lines (straight or round), while the two micropattern plates differ
in the finishing geometry of the dots (straight or round). Figure 3 shows the finishing
geometry and dimensions of the lines and dots engraved in the 3D steel plates. The used
operation conditions in the embossing process were 2.8 bar during 1 min and a variable
rubber hardness of 60_48 Sh-A for the 4 types of 3D steel plates with the embossing patterns.
These operating conditions were the same as those previously set by the authors in other
related works [7,8].

All the tissue samples engraved with the four embossing patterns were tested in terms
of thickness/bulk and their mechanical tensile strength in the machine direction (MD) and
in the machine cross direction (CD). Tensile tests were performed in a Thwing-Albert®
VantageNX Universal testing machine, in agreement with the tissue standard ISO 12625-
4:2005, and thickness and bulk were determined by using a FRANK-TPI® Micrometer,
fulfilling the tissue standard ISO 12625-3:2014. On all the embossed samples, the softness
was tested with a Tissue Softness Analyzer (TSA) from EMTEC® equipment. For the
computation of the handfeel (HF), the TP II and the QA I algorithms were used.
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1.40 mm

(b)

(c) = (d)

Figure 3. Finishing geometry and dimensions of the lines and dots engraved in the 3D steel plates:
(a) line with a round finishing, (b) dot with a round finishing, (c) line with a straight finishing, and
(d) dot with a straight finishing.

The samples were also analyzed by using three different modules of the customized
optical system for the visual inspection of their surfaces, for the topographic reconstruction
of the samples in three-dimensions, and also for the study of their interaction with liquid
droplets. Specifically, the first module of the optical system [9-11] enables the image acqui-
sition of the surfaces of the paper samples engraved with the different embossing patterns,
considering highly detailed and magnified images, having shown to be very versatile in
other similar studies [12-16]. The second module of the optical system, originally devel-
oped for the evaluation of topographic changes manifested on the surface of textiles [17-20],
was used as a complement to the first module, to further explore the inspection of the paper
samples, reconstructing their surfaces in 3D, enabling us to fully observe, in different views,
the differences of the engraving marks obtained with the different considered embossing
plates. Recently, this module has also been used in a study that was carried out regarding
the characterization of the crepe microstructure in a set of different industrial tissue samples,
on which the samples used in the current study were included. Finally, the third module
of the optical system [21] enables the study of the spreading kinetics of liquid droplets,
performing their ejection onto the surface of the samples and acquiring images of their
interaction for a given period of time (from 35.7 ms to 3 s), and, similarly as for the other
two modules, this third module was also used in other conducted studies by our research
team [7,22-25].

2.3. Finite Element Method (FEM)

The effect of the plates” pattern geometry can be analyzed in terms of stress field and
how the finishing geometry affects the plasticity after the embossing process, using the
finite element models. Thus, different models were proposed to investigate in more detail
these effects on the permanent deformations after the embossing process.

Since ABAQUS™ does not have a native constitutive law for orthotropic plastic-
ity material, a user material subroutine for explicit simulations (VUMAT) linked to the
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commercial finite element software ABAQUS™ was implemented, using an orthotropic
elastic—plastic material model, proposed by Mikeld and Ostlund [26]. This material model
allows users to simulate the paper anisotropic behavior, since the paper response is highly
dependent on fiber orientation [26]. The model assumes the decomposition of the strain
tensor into an elastic strain tensor plus a plastic strain tensor (Equation (1)), while volume

is conserved:
o 4
gij = 5(;1' A 8,'1' (1)
where &jj is the total strain, s‘,f . is the elastic strain, and sf. is the plastic strain.

The VUMAT subroutine was implemented by using the concept of an isotropic plastic-
ity equivalent [27], considering an equivalent material that correlates the orthotropic stress
state to an equivalent isotropic stress state. The relation between the actual Cauchy stress
tensor and the isotropic plasticity equivalent (IPE) deviatoric tensor is given in Equation (2):

sij = Lijkiow 2

where s; jis the deviatoric IPE stress tensor, 0y, is the Cauchy stress, and L; ki is the fourth-
order transformation tensor shown in Equation (3) for plane stress:

2A C—=A =B (O

C—A-B 2B 0
L=lp_c_a a-B-c o &)
0 0 3D

where the parameters A, B, C, and D were calibrated from tensile-test results by using the
following Equations (4)—(11) [26]:

A=V1-1222 @

B=3(y—x) ©)
C=3(y+x) (6)
e

D= 12

73 @)
a2
_ - - N
¥= \/24(3a2 TR —4p14) (ﬁ tl—wen- 3) ®
y=g—A ©)
a=KZM — kgD (10)
2 2

B=Ky" +Ky" (11

The parameters K;; and n were obtained by inverse parametrization, using the Ramberg
-Osgood methodology to minimize the error between the tensile tests results and the model
results. For the MD tensile test (Equation (12)):

n
=2+ () (12

For the CD, the equation is as follows (Equation (13)):

: KB \"
e = g—}; + (—Lgokk> k=23 (13)
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Note that, for Equation (13), the repeated indices do not mean the usual summation
rule used in the indicial notation. Finally, the parameter K> was obtained by using

Equation (14): B "
_ %12 12012
T2 =g + ( 7 ) (14)

In the case of this study, it is possible to consider Ky, = K33, since the mechanical
behavior in CD (direction 2) is similar to that on the thickness direction (direction 3). Thus,
A =1 for all models. For deco models, B =2.40, C = 2.40, and D = 1.38, and for micro models,
B=244,C=244, and D = 1.40. Since the tensile vs. strain curves had a similar shape, those
parameters are almost the same in both MD (direction 1) and CD (direction 2).

The Hooke’s law for plane stress, small strain, and linear elastic orthotropic material
is given by using Equation (15):

c=C:¢ (15)

where ¢ is the second-order Cauchy stress tensor; C is the four-order plane stress, lin-
ear elastic, orthotropic constitutive law tensor; and ¢° is the second-order small strain
elastic tensor.

The implementation of this model is similar to the well-known ], flow theory for
isotropic materials, using the backward-Euler algorithm. The explicit solver was used to
overcome convergence issues that are usual when using the implicit solver for this type of
simulations. On the other hand, the stable time increment is very small, which increases
the computational costs. Simulations were performed by using a workstation with two
intel Xeon E5-2630 8 cores (16 cores total with 32 threads) with 256 Gb ram.

The finite-element-model dimensions and boundary conditions are presented in
Figure 4. The plate model dimensions are representative of the actual plate, resulting
in a reasonable computational cost and accuracy. The rubber base dimensions were the
same, but it was thick enough to allow the deformation without severe interference in the
plate and paper kinematics. The paper had the same dimensions of the die and basis.

Prescribed displacement

/ on the plate
Plate

-

N ] Paper

‘/Rubber NR-BG

Rubber SBR-PR

30 mm

All degrees of freedom restricted

Figure 4. Model dimensions, characteristics, and boundary conditions.

The boundary conditions were imposed to represent the embossing process. Thus,
all the displacements” degrees of freedom were restricted in the bottom of the rubber
base, and a prescribed displacement was applied on the top of the plate, corresponding
to a manufacture pressure of 2.8 bar applied during the embossing process. To model
the contact interactions between each part of the model, hard contact was considered for
normal behavior, and the tangential behavior was modeled by using penalty interaction
with 0.3 for friction coefficient.

The model has 473,694 20-node hexahedral elements (C3D20) for the simulation of the
micro die with round finishing dots, and 476,153 20-nodes hexahedral (C3D20) elements for
the deco die with round finishing lines. To improve the simulation, the straight finishing
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dots of the micro die was modeled with 443,206 10-node tetrahedral mixed-mode elements
(C3D10M), and 1,491,454 10-node tetrahedral mixed-mode elements (C3D10M) for the
straight finishing lines of the deco die.

For all models, paper was simulated by using a 4-node reduced integration membrane
element (M3D4R). The structured mesh has a total of 250,000 elements. Finally, the rubber
base was modeled by using a total of 216,000 8-node hexahedral elements (C3D8).

This model uses 3 different types of materials: steel for the die (E = 200 GPa, u = 0.33);
a hyper-elastic isotropic material model for the rubber basis, SBR-PR (Cyo = 0.810343 MPa
and D; = 0.56956 MPa 1), and for NR-BG (Cyg = 0.409852 MPa and D; = 1.126109 MPa ™).
Paper was modeled as a user orthotropic material (E;; = 13.89 MPa, Ey; = E33 = 4.23 MPa,
u =033, and Gy, = 2.1 MPa). As mentioned above, the parameters B, C, and D for the IPE
model consider the different mechanical behavior for the deco pattern and micropattern.

The finite element model does not consider a compression force on the paper, since a
plane stress constitutive relation was adopted in the used membrane element. On the other
hand, the material parameters used for the simulations of the other materials (rubbers and
dies) consider a manufacture pressure of 2.8 bar applied during the embossing process.

3. Results

This work began with the mechanical characterization and determination of the bulk
of the previously embossed samples and the industrial base tissue paper. The results
obtained are shown in Figure 5.

=B = Bdy = Bd, Bm,, ® Bm,,;

Young Modulus (MPa) Tensile Index (Nm/g) Bulk (cm?/g)

Figure 5. Results of mechanical characterization and bulk obtained for all the embossed samples and
the reference paper, B, for the different finishing geometries of the 3D steel plates.

The images obtained by analysis with the first module of the optical system of the
tissue samples embossed with the four different 3D steel plates are presented in Figure 6.

Figures 7-10 show the 3D maps created for each one of the studied cases, using the
second module of the optical system.

Regarding the essays conducted with the third module of the optical system, the
images and the results obtained for the study of the spreading dynamics of a liquid droplet
on the surface of the tissue-paper samples engraved with the different embossing plates
can be seen in Figures 11-15.

By combining the deco and micro embossed sheets for each finishing geometry, straight
or round, a prototype of a two-ply finished product was obtained. With the aim of opti-
mizing the softness as a function of the 3D steel-plate finishing geometry in the embossing
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process, the handfeel (HF) of each one of these prototypes was measured, and the results
are shown in Figure 16.

In order to better understand the effect of embossing on softness, Figure 17 shows the
behavior of handfeel (HF) as a function of bulk.

Figure 6. Global views of the tissue-paper samples engraved with the different considered embossing
plates: (a) Bdy (front side), (b) Bd,; (front side), (c) Bdy (back side), (d) Bd,; (back side), (e) Bmy;
(front side), (f) Bm, (front side), (g) Bmg,; (back side), and (h) Bm,; (back side).

1
X (mm) 0 1212

6
x (mm)

Figure 7. Different views of the 3D maps created for the front and back sides of the tissue-paper
sample Bdg.

Finite Element Method (FEM)

The finite element models can predict the effect of the die finishing geometry on the
paper. Figures 18 and 19 shows the plastic stress field (J; invariant) model results for the
round- and straight-line finishing of the deco pattern, respectively, as well as the deformed
shape, and Figures 20 and 21 shows the results for the round- and straight-dot finishing for
the micro die.
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6 8 X (mm) 12
X (mm) b

Figure 8. Different views of the 3D maps created for the front and back sides of the tissue-paper
sample Bd ;.

y (mm)

e —— 0
X (mm)
x (mm) 12 12

Figure 9. Different views of the 3D maps created for the front and back sides of the tissue-paper
sample Bmg,.
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Figure 10. Different views of the 3D maps created for the front and back sides of the tissue-paper

t=35.7ms t=125ms t=250 ms

sample Bm,;.

t=500 ms t=1.0s t=15s
t=20s t=25s t=3.0s

Figure 11. Spreading dynamics of a liquid droplet from t = 35.7 ms to 3 s for the tissue-paper sample Bd.
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t=35.7ms t=125ms t=250 ms

t=500 ms t=10s t=15s

t=20s t=25s t=30s

Figure 12. Spreading dynamics of a liquid droplet from t = 35.7 ms to 3 s for the tissue-paper sample Bd,;.

t=35.7ms t=125ms t=250 ms

t=500 ms t=10s t=15s

t=20s t=25s t=30s

Figure 13. Spreading dynamics of a liquid droplet from t =35.7 ms to 3s for the tissue-paper sample Bmy.
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t=250 ms

t=35.7ms

t=500 ms t=1.0s t=15s

t=20s t=25s t=30s

Figure 14. Spreading dynamics of a liquid droplet from t =35.7 ms to 3 s for the tissue-paper sample Bm, ;.
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Figure 15. Comparative graphs of the spreading dynamics of a liquid droplet for the tissue-paper
samples Bdg (in blue), Bd,; (in red), Bm,y (in green), and Bm,; (in yellow).
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74.7

o 2-ply Bd,,m,‘, o 2-ply Bdslmsd =] Bm,d Bmsd 5] Bdﬂ =] Bdsl EB

Figure 16. Results obtained for handfeel (HF) for all the embossed samples and the reference paper,
B, for the different finishing geometries of the 3D steel plates.
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Figure 17. Handfeel (HF) behavior as a function of bulk.
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Figure 18. Plastic-stress-field finite-element results for deco pattern with round finishing.
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Figure 21. Plastic-stress-field finite-element results for micropattern with straight finishing.
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4. Discussion

Looking at Figure 5, in terms of sheet rigidity, we see that the micropattern affects
this property of the sheet more than the deco pattern. Within each pattern (deco and
micro) the round finishing geometry is the one that impacts the structure of the sheet the
most. On the other hand, and bearing in mind that the embossing was carried out at the
optimum pressure of the embossing system [7,8], when compared to the industrial base
tissue paper, the losses and gains in mechanical strength are not very excessive, being
within the standard deviation, despite, and as expected, the micropattern presenting the
highest loss of mechanical strength. In both embossing patterns, the straight finishing
geometry is the one with the greatest loss of this property. Moreover, as expected and in
line with the results obtained for the mechanical properties, the bulk is quite superior in
the micropattern when compared to the deco pattern. In terms of the line and dot finishing
geometry of the embossing patterns, the round finishing stands out again, doubling the
bulk value when compared to the industrial base tissue paper.

From the images shown in Figure 6, it can be seen that, in fact, the micropatterns
affect the surface of the tissue-paper samples more extensively than the deco patterns
do. It can also be seen from the images that the marks engraved with the deco pattern
and micropattern with straight finishing appear larger than the marks engraved with the
deco pattern and micropattern with round finishing. However, the marks engraved with
the round finishing geometry appear to be deeper than the first ones. This can also be
observed in Figures 7-10, which show the 3D maps created for each one of the studied
cases, using the second module of the optical system. The 3D maps confirm that the marks
(lines and dots) engraved with the straight finishing geometry are larger in area than the
marks engraved with the round finishing geometry. They also confirm that the same marks
are deeper for the engravings performed with the round comparatively to the straight
finishing geometries. This is very clear by observation of the above figures, especially for
the micropatterns. This means that the steel plates that were manufactured with the round
finishing geometry, because of their characteristic design, provide a higher penetration of
the engravings in the paper structure. Therefore, they provide a higher impact in the depth
of the paper sheets, especially in the paper sample engraved with the micropattern, on
which the marks are the deepest, with the highest values in the z direction.

By observing the images seen in the Figures 11-14, it can be noticed that there are no
relevant differences in the spreading of the liquid droplets over time, when comparing
the four considered cases. In particular, it can be seen that the droplets spread wider over
time, and then they tend to stabilize around t =1.0 to 1.5 s. In all cases, the droplets assume
elliptical shapes, following the creping lines present in the surface of the tissue samples that
are aligned approximately with the diagonal of the images. Globally, the areas occupied by
the droplets and their shapes are very similar in the four cases. The comparative graphs
shown in the Figure 15 confirm exactly the same, revealing evolutions over time very close
and in the same range of values in all the considered cases for the parameters “Area”,
“Normalized Area”, and “Orientation”. The only parameter that shows some differences is
the “Ratio” of the shape assumed by the droplets, as it was revealed to be more elliptical
for the tissue-paper sample engraved with the deco pattern with round finishing (in red)
and for the tissue-paper sample engraved with the micropattern with round finishing (in
yellow). The other two cases, namely the tissue-paper sample engraved with the deco
pattern with straight finishing (in blue) and the tissue-paper sample engraved with the
micropattern with straight finishing (in green), revealed lower values of ellipticity; however,
they still show very pronounced elliptical shapes (see images of Figures 11-14). From the
images and the third graph of Figure 15, it can also be noted that there is a high peak that
appeared for the instant of time t = 250 ms for the case of the tissue-paper sample engraved
with the deco pattern with straight finishing (in blue). In terms of the “Orientation” of the
droplets spreading (fourth graph of Figure 15), it can be seen that all cases are contained
in the same range, as already stated earlier, coincident with the diagonal of the images
(approximately —45°), which is the angle at which the creping lines are seen. In sum,
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the results obtained for the spreading dynamics of liquid droplets have shown to be very
similar for all the considered cases, meaning that the finishing geometry of the elements
contained in the steel plates did not have a significant impact on the assays conducted with
the third optical system.

By analyzing Figure 16 and looking at the finishing geometry of the lines and dots
individually, we can see that, for the two embossing patterns, the straight finish of the 3D
steel plates results in a higher HF value. This result is mainly associated with the low effect
of the surface roughness of the sheet, very close to the non-embossed industrial base tissue
paper. On the other hand, when we analyze the two-ply prototypes, it is possible to verify
that this trend is reversed, with the prototype with a round finish having the highest HF
value. Observing Figure 17 and considering the sheets individually embossed with the
3D plates of steel, it is verified that, with the increase of the bulk, there is a decrease of the
HE and this decrease is more accentuated for the micropattern. Looking at the two-ply
prototypes, and as mentioned before, we can see that the prototype with a round finish is
the one that has the highest HF value, and this happens due to the contribution of bulk
softness. In a two-ply prototype, the HF is measured at the top surface, where the deco
pattern embossing is found. This pattern, as seen, is the one that least affects the softness,
so the parameter that is contributing to the increase in the HF value is the bulk. Thus, to
optimize the final softness of the toilet paper, the round finishing of the deco and micro
embossing patterns would be the best choice for the producer.

Figures 18-21 show the amount of plasticity obtained in the paper, using these models,
due to the embossing process. In these figures, it is possible to observe the regions where
the plastic deformations were detected and their distribution over the paper’s surface.
When we compared Figures 18 and 19, for the deco pattern, the plastic stress field for the
round finishing showed that the plastic stress field is more spread over the paper’s surface
(Figure 18), while for the straight finishing, the plastic stress field is concentrated in the
regions near the edges, where the peaks of the plate touch the paper (Figure 19). On the
other hand, when we compared Figures 20 and 21, for the micropattern, we noted that the
plastic stress field for the round finishing is concentrated in the regions where the die peaks
touch the paper (Figure 20), while the plastic stress field for the straight finishing is more
spread over the paper surface (Figure 21). Hence, the simulations enable us to show that a
round finishing produces a concentrated plastic-stress-field distribution over the paper’s
surface, as well as higher stresses, in accordance with experimental results where the round
finishing produces a more marked pattern compared to the straight finishing. This trend is
observed in both deco patterns and micropatterns. The simulation of the embossing process
shows that the finishing of the patterns influences the plastic-stress-field distribution, more
or less concentrated; the maximum stress; and the regions where higher stress values occur.
For the plates with straight finishing, the plastic field is more pronounced on the top of the
pattern along the contact edge, but with the plates with round finishing, the plastic field is
more pronounced on the base contact region of the pattern.

5. Conclusions

The study of the impact of the finishing geometry of the line and dots (straight or
round) of steel 3D plates in the embossing process led us to conclude that, although the
sheets individually present a higher HF value for straight finishing geometry, in the two-ply
prototype, the highest softness was obtained for the prototype with the round finishing
geometry. Moreover, for the sheets embossed individually, it was verified that the HF value
decreases with the increase of the bulk, and this was more accentuated for the micropattern.

It was also concluded that there are no relevant differences in the spreading kinetics of
the liquid droplets over time. Thus, the finishing geometry of the steel 3D plates does not
affect the absorption kinetics of these products.

The finite element model allowed to understand the effect of the plate patterns’ finish-
ing geometry on the paper due to the embossing process changing the plastic stress field.
The simulation results were in accordance with the experimental results. These were able to
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show a trend where patterns with round geometry marked the tissue-paper sheet more than
patterns with straight finishing did. This increase of the marks corresponds to an increase
of bulk. Furthermore, this tool enables the optimization of process parameters; —in this
work, particularly in regard to the pattern’s finishing geometry—in a virtual environment,
thus avoiding a costly trial-error approach.

This study highlighted the importance of the patterns’ finishing geometry and its
impact on the final properties of tissue-paper products. The authors consider that the
obtained results contribute to creating a better understanding of the embossing process
when analyzing the impact of each embossing operation condition separately—in this case,
the finishing geometry of the lines and dots in the finish of steel 3D plates.
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Abstract An innovative approach of using a labora-
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between non-embossed and embossed tissue papers
was conducted to investigate the effect of this pro-
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identify the influence of the embossing patterns, the
fiber composition and the creping process, a creped
industrial base tissue paper, a disintegrated fibrous
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never-dried bleached eucalyptus kraft pulp, were used
as samples. These last two materials were used to
produce similar industrial base tissue paper, in other
words, handsheets with a grammage of 17 g/m? and
unpressed. The end-use tissue properties were evalu-
ated on the non-embossed and embossed structures.
The results indicated that the embossing process
produced bulkier and more porous structures, at the
expense of reduced mechanical and softness proper-
ties, more intensified in the “micro” embossing than
in the “deco” embossing. The effect of fiber com-
position shows that the mechanical properties were
increased with an adverse effect on the structures’
TSA-softness. Furthermore, these properties are
enhanced for the structures where creping process
effects are presents. The performance of structures
with and without embossing allowed to quantify the
functional properties of softness and strength, com-
bining ISO experimental methods and computational
approaches that benefit from modeling strategies
considering its structural hierarchy at the fiber and
structure levels, and the shape pattern used in the
embossing process. Finite Element Model (FEM)
analysis enabled a better understanding of how the
embossing patterns affect the mechanical proper-
ties during the embossing process. The experimental
results were validated using FEM simulation, which
proved that “micro” pattern has a higher stress field
value, and consequently a lower mechanical strength.
Overall, the results indicate that the embossing pro-
totype can be used as an opportunity to investigate
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the embossing process at laboratory scale and to opti-
mize the final end-use tissue properties due to the
controlled process parameters implemented in this
methodology.

Keywords “deco” and “micro” Embossing
prototypes - Eucalyptus-based fibrous materials -
Finite element model simulation - Fiber modeling -
Mechanical properties - Softness - Tissue paper

Introduction

Tissue papers presents various thicknesses and tex-
tures and are used mainly to produce facial tissues,
toilet paper, paper towels, and napkins. The first step
in the tissue paper manufacturing process is pulp pro-
duction, which can be generated from wood fiber,
recycled fiber, or a mixture of both (FiSerova et al.
2019). Tissue paper manufacturers produce their
fibrous suspension by mixing properly treated cellu-
losic fiber with a large amount of water. The mixture
of fibers and additives depends on the desired final
product. While the fibrous suspension is in the mix-
ing tank, the manufacturer can at this stage, add any
additives that may be needed to soften, strengthen,
or color the paper (Stankovskd et al. 2020). Dur-
ing paper production at the tissue paper machine,
paper residues are produced (e.g., during paper sheet
breaks) these are called broke and are collected, recir-
culated to a re-pulper, and introduced again in the
process by mixing it into the suspension.

As a result of using a fiber mixture to produce
tissue papers, its three-dimensional (3D) structure
is directly influenced by the fiber’s morphological
properties, consequently affecting the performance
of these materials. Therefore, the concept of struc-
tural hierarchy applied to tissue papers is essential to
establish the role of fibers in the structure made by
them. Due to strong competition, the tissue industry
is engaged in innovative methods to analyze materi-
als behavior and production processes. 3D fiber mod-
eling studies were proposed to realistically simulate
tissue structures and, consequently, optimize their
properties (Morais et al. 2020a, b). Hence, the devel-
opment of advanced characterization and simulation
tools, specifically developed for tissue papers, pre-
sents itself as an advantage for process optimization.

@ Springer

These approaches are important for the tissue paper
industry, but also from a researcher’s perspective.

Once the fibrous suspension is ready, it is depos-
ited uniform and consistently across the width of the
web (2-6 m), on a fast-moving web and the forma-
tion of the sheet itself occurs (paper formation zone).
A large quantity of the water is drained (95% water
removed), leaving only the fibers, thus forming a kind
of delicate tissue (pressing zone). The sheet is trans-
ferred to a huge, heated roller called the Yankee dryer
(drying zone). The Yankee dryer is very hot, and the
tissue sheet dries almost instantly (Boudreau and Ger-
mgérd 2014). The tissue paper is then detached from
the Yankee dryer by a blade called a creping blade,
producing a more flexible and wrinkled creped sheet
(Assis et al. 2018; Ramasubramanian et al. 2011;
Wang et al. 2019). The creping process in the Yankee
dryer is one of the key operations in the production of
tissue paper, since this operation influences the soft-
ness, absorbency, and elongation of the sheet (Assis
et al. 2018). However, because of this operation,
the paper loses considerably its mechanical strength
(Anukul et al. 2015). The creping process consists of
uninterrupted folding and occurs in the final zone of
the Yankee dryer, leading to an apparent decrease of
about 15 to 20% of the length of the sheet (Hollmark
1984). The creped tissue paper (base tissue paper) is
winded into the pope reel (winding zone). By adjust-
ing the sheet extraction speed in the Yankee dryer
and the winding speed of the pope reel, a thicker or
thinner tissue paper can be obtained, according to the
requirements of the final product (Assis et al. 2018;
Ramasubramanian et al. 201 1; Wang et al. 2019).

The main differences between the industrial base
sheet and the laboratory-made sheet (handsheet) are
the crepe and the fiber orientation. The creping opera-
tion gives volume and elongation to the industrial
paper sheet, that is not found in the laboratory-made
(Assis et al. 2018). The anisotropy effect also results
from the creping lines and fiber orientation, while
the isotropy effect is visible on the laboratory sheets.
Therefore, the analysis of these operations separately
is possible by comparing both structures. Addition-
ally, this random deposition of fibers in laboratory
structures is also considered in the 3D fiber and struc-
ture modeling (Conceicdo et al. 2010; Curto et al.
2011).

The tissue paper converting process occurs when
the mother reel (single or combined pope reels) from
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the tissue papermaking machine goes through the
embossing process, perforation, rewinding, log cut-
ting, packaging, and the palletization of the final
product (Vieira et al. 2020). Embossing is a key
process at the converting process, it is a mechanical
operation which influences the tissue paper proper-
ties, and additionally, provides the physical bond
between the different paper sheets, engraves a pattern,
by application of localized pressure, that contributes
to the improvement of the product properties namely
softness, bulk, and liquid absorption capacity (Spina
and Cavalcante 2018).

The quality of the finished tissue paper depends
on various physical parameters of this process such
as temperature, humidity, and pressure (DeMaio and
Patterson 2008), in addition to allowing to identify
and distinguish tissue papers from different industrial
competitors, through the production of papers with
aesthetically pleasing designs ("deco” embossing on
the top layers and "micro" embossing on the bottom
layers). The properties resulting from a product hav-
ing more than one layer are not the same obtained
on a single layer paper (Digby 2012). Despite the
embossing process being able to improve some tis-
sue paper properties, it may deteriorate others, such
as tensile strength. The embossing operation itself is
the passage of the base tissue paper sheet through a
nip aligned between two rolls. One of them is made
of steel with a pattern engraved on its surface, and the
other is often a roll of steel with a rubber coating with
a hardness between 50 and 70 Shore-A (Hilbig et al.
2005; Lofink 2003; Skapa 2020). According with
information provided by a Portuguese tissue paper
mill, linear pressure applied to the nip is in the range
of 26-28 kg/cm for “deco” embossing and 16-18 kg/
cm for “micro” embossing.

The properties of tissue paper are more influenced
by the requirements imposed by the final consumer
and its production process is adapted to meet those

requests. Table 1 presents qualitatively the relevance
of tissue paper properties in the European market due
to its functionality (Assis et al. 2018; Bai et al. 2019).

The structural-mechanical properties of the single
layer of virgin paper are usually evaluated in terms
of basis weight, thickness, and elongation, as well as
tensile strength in the machine direction (MD) and
cross direction (CD). These values change from sup-
plier to supplier due to the tissue paper machine roll
(Spina and Cavalcante 2018). Softness, bulk, liquid
absorbency, and mechanical strength are important
and differentiating properties for tissue paper prod-
ucts. It is a challenge to understand how they relate
and in what sense changing one property can affect
others.

In our previous work, the influence of “deco” and
“micro” embossing was studied on absorbency prop-
erties, such as water absorption capacity, Klemm
capillary rise, and liquid spreading kinetics. It was
proved that the type of 3D structure, the effect of ani-
sotropy and isotropy, and the creping and embossing
process operations are key parameters on the interac-
tion of liquids with tissue materials, including indus-
trial and laboratory-made structures (Morais et al.
2022). To the best of our knowledge, the influence
of these embossing patterns on mechanical and soft-
ness properties for industrial and laboratory samples
has not been investigated in the literature. In this con-
text, the goal of the present work was to compare the
performance of un-embossed and embossed materi-
als, made with eucalyptus fibrous based, to study the
effect of fibrous composition, and the influence of
“micro” and “deco” embossing on these structures.
To reproduce its effects a methodology was proposed
using a laboratory-made prototype, which constitutes
an innovative approach to identify the influence of the
embossing patterns, in a controlled way, on the struc-
tural-mechanical properties, and TSA softness of the
tissue products, considering different tissue materials.

Table 1 Summary of the

iiiain Gitipertics oF tisibe Products and properties ~ Strength Wet strength  Softness cAall):;ri;l);lon fcrslfl:r-)d
papers in the European cdlor
Union (EU) and in the
United States of America Toilet tissue x x XX x
(USA) markets (Assis et al. Fedial tiSkoe 5 o 5o 5
2018; Bai et al. 2019) e

Hand towels X XX X XX XX XX

EU USA EU USA EU USA EU USA EU USA
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Materials and methods
Materials

In this study 3 types of tissue paper sheets were used
in which the embossing process was performed. The
first type was an industrial base tissue paper sheet
produced with an approximate composition of hard-
wood (49%) and softwood (27%) bleached pulps, and
broke (24%), supplied by Portuguese tissue paper
manufacturers. The second type was obtained by the
disintegration of the previous tissue paper. Finally,
the third type used in this study was a never-dried
bleached eucalyptus kraft pulp laboratory tissue sheet.
The two-last type of samples were used to produce
isotropic handsheets. Table 2 shows the abbreviations
and their meaning for each tissue paper samples with
and without embossing process. These abbreviations
will be used throughout this manuscript.

Fiber and suspension characterization and modeling

The industrial tissue paper samples, I; /HDy,, and the
never-dried eucalyptus pulp, H, were all disintegrated
following ISO 5263-1:1995 standard. The fibers mor-
phological properties of these samples were evaluated
using of MorFi® analyzer (LB-01) (Techpap SAS,
Grenoble, France). These properties were assessed
by image analysis of a diluted suspension (20 mgL ™)
flowing in a transparent chamber equipped with
a CCD video camera (Tourtollet et al. 2003). The
assays were repeated three times for each sample.
The fibers and structures were modeled in 3D
according to their dimensions and properties using

a 3D simulator of fibrous materials, the voxelf-
iber  (https://github.com/eduardotrincaoconceicao/
voxelfiber) (Concei¢do et al. 2010; Curto et al.
2011; Morais et al. 2020a). Computational stud-
ies were carried out using Matlab® (R 2020a,
9.8.0.1323502, MathWorks, Natick, MA, USA).

The intrinsic viscosity was achieved by dissolv-
ing the samples in a cupriethylenediamine (CED)
solution as a solvent, followed by flow time meas-
urement on a capillary tube viscometer, according
to the ISO 5351:2010 standard. The polymeriza-
tion degree (DP,) was calculated from viscosity
(Sihtola et al. 1963). The carboxyl group’s content
of the samples was determined according to the
TAPPI T 237 cm-08 standard, and calculated using
Eq. 1,

COOHcontent(mmol/100g)
Cy Xa

VvV ; ; 1
- (b—a L ) " ( Aaﬁcos//\aa) (1)
VNatico3/Nact Viitrae X W

where « is the HCl volume spent on titration
(mL), b is the HC] volume spent on standard titra-
tion (mL), Cy, is the water mass that was in the
sample after filtration (2), Vyuucos/nac 1S the vol-
ume added of NaHCO4/NaCl solution, V., is the
filtrate volume used in the titrations and W is the
sample dry mass (g). The assays were performed
in duplicate. The water retention value, WRV, was
assessed using the centrifugation method described
by Silvy et al. (1968). The wet pulp samples were
centrifuged by 3000xg for 10 min after they were
weighed and recorded as W,. The samples were oven
drying at 105 °C overnight followed by sequential

Table 2 Abbreviations of
the tissue paper samples

Abbreviation

Description

used in this work I,
s

Ih.\'Ed
IhsEm
I-{Dlhs
HDHLsEd
HDlthm
H,

H,Ey
H,E,

Industrial Sheet (hardwood + softwood) — Embossing none
Industrial Sheet (hardwood + softwood) — Embossing “deco”
Industrial Sheet (hardwood + softwood) — Embossing “micro”
Handsheet Disintegration of Industrial Sheet — Embossing none
Handsheet Disintegration of Industrial Sheet —Embossing “deco”
Handsheet Disintegration of Industrial Sheet — Embossing “micro”
Handsheet (hardwood) — Embossing none

Handsheet (hardwood) — Embossing “deco™

Handsheet (hardwood) — Embossing “micro”

@ Springer
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weighing, up to constant weight, and recorded as
W,. The assays were performed in triplicate. The
WRV (%) was calculated by using the Eq. 2,
W, - W
WRV (%) = 100 X ('—’) )
W,
The drainability of the samples suspensions
was determined in terms of °SR (Schopper Riegler

degree), according to the ISO 5267-1:1999. The
assays were performed in triplicate.

Isotropic handsheets preparation and innovative
embossing operation

To simulate the grammage of the industrial tis-
sue paper, isotropic handsheets with a grammage
between 16.5 and 17.7 g/m? were prepared in a
conventional sheet-former with an adaptation of
the ISO 5269-1:1998, i.e., produced without the
pressing process. The ensuing handsheets were
conditioned at 23 + 1 °C with a relative humidity of
50 + 2%, according to ISO 187:1990.

An innovative laboratory embossing prototype
was carried out using 3D plates with “deco” and
“micro” embossing patterns. The rubber hardness
of the rolls was determined. This hardness was
determined with the assistance of a PCE-DDA
durometer (PCE Iberica S.L. Instrumentacion,
Albacete, Spain), where each roll was divided
in 3 sections, and in each section were made 3
measurements, always perpendicular to the roll
axis. The apparent hardness is the mean of the 9
measures made in each roll, accordingly with ISO
48-7:2018. To perform the embossing were used
a rolls speed of 1.0 m/min, and a nip pressure of
2.2 bar (~ 26.4 kg/cm) for “deco” embossing and
1.5 bar (~ 18.0 kg/cm) for “micro” embossing, at
room temperature.

For a detailed observation of the studied samples
and the modifications performed on their surfaces,
after usage of the previously described emboss-
ing methodology, a customized optical system
(Mendes et al. 2013, 2014, 2015) was considered
in this work as a complementary inspection tool. In
particular, the system used a higher magnification
for observation of the fibers structure of the dif-
ferent paper samples composing the chosen set of
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samples to be studied and used a lower magnifica-
tion (3 x lower than the first) for a global observa-
tion of the modifications that were performed on
them.

Structural, mechanical and softness properties
characterization

All samples were characterized in terms of their
structural (grammage, thickness, bulk, apparent
density, and apparent porosity), mechanical, and
TSA softness properties. Grammage (in g/m?) was
determined with the assistance of a Mettler Toledo
PB303 Delta Range analytical balance, accordingly
with ISO 12625-6:2005. Thickness was determined
with the equipment FRANK-TPI® Micrometer fol-
lowing the ISO 12625-3:2014. Apparent density
and bulk could be determined by applying the same
standard as before. Apparent porosity (P) was cal-
culated using Eq. 3,

where p_umse 15 the density of the cellulose
(assumed to be 1.6 glem’) and p,,,,, is the density
of the sample (g/cm®) ( Henriksson et al. 2008; Costa
et al. 2016; Vieira et al. 2020).

Tensile tests were performed in MD and CD direc-
tions for industrial base tissue paper samples, and in
a single direction for the remaining samples, since
handsheets are isotropic. A Thwing-Albert® Vanta-
2eNX Universal Testing Machine was used for the
measurements following the ISO 12625-4:2005. The
Tissue Softness Analyzer (TSA) from EMTEC® was
used to determine the TSA-softness properties of
the tissue paper samples. All samples were prepared
accordingly to the machine specifications. TSA uses
specific algorithms to combine several measurements
on the samples to obtain a global quantification,
handfeel (HF), of tissue papers softness. The algo-
rithms QAI and TPII were used for the softness cal-
culation of the HF for the tissue-based paper analy-
sis. These algorithms considered for the calculation a
set of measured parameters on the tissue paper sam-
ple, such as the “real” softness (TS7), the roughness/
smoothness (TS750), and the stiffness (D). To study
the impact of the embossing on the tissue paper sam-
ples, the authors decided to use the same algorithm,

p.mmple

P(%) = 100 x (1 - (3)

Peelidose
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QAL to avoid another variable in the analysis keep-
ing the same test conditions in the methodology.

Finite element model (FEM)

A finite element model was proposed to improve the
understanding of the paper manufacturing process and
its implication on paper strength. The two different dies
are used for simulations that corresponds to 3D patterns
“deco” and “micro” and their effects on the paper stress
field, as well as their strength are analyzed.

The ABAQUS™ explicit solver was used to
overcome convergence issues that are usual for the
implicit solver, on the other hand the stable time
increment is very small resulting in simulations long
time. The simulations were performed using a work-
station with two intel Xeon E5-2630 8 cores (16
cores, 32 threads) with 128 Gb RAM.

The finite element model dimensions and bound-
ary conditions are presented in Fig. 1. The die model
dimensions are smaller than the actual die dimensions
to reach a reasonable computational cost and keep-
ing the precision for the embossing process. The base
dimension follows the die dimensions, but it is thick
enough to allow the deformation without severe inter-
ference in the die and paper kinematics. The paper
follows the same dimensions of the die and basis.

The boundary conditions are applied to simulate the
embossing process of paper, thus all the displacements
degree of freedom are restricted in the bottom of the
elastic base and a prescribed displacement is applied
on the top of the die to move it against the paper and

Fig. 1 Finite element model dimensions and boundary condi-
tions

@ Springer

the paper and the elastic base. Additionally, all other
degrees of freedom of the die are restricted avoiding the
die to rotate or undesirable displacements.

The interactions are essential to model the contact
between the different parts of the model thus the finite ele-
ment model accounts for hard contact for normal behavior
and a 0.3 penalty factor for tangential behavior.

As the element size is an important parameter for
finite element model accuracy, finer mesh (small ele-
ment size) ensures the model accuracy. On the other
hand, it increases the computational costs. Thus, to
keep a reasonable computational cost without accuracy
lost, it is important to employ finer meshes in some spe-
cific parts, for this case the paper must have a fine and
a coarse mesh can be employed for the other parts. The
die models for the “micro” and “deco” patterns use a
total of 473,694 and 476,153 elements, respectively.

For both models, the paper uses a four-node reduced
integration element (ABAQUS™ S4R) regarding only
membrane stiffness (no bending stiffness) to better
simulate the paper behavior. A structured mesh with
250,000 elements is used for this part.

As the die is not an interesting part for this analy-
sis, a coarse mesh is used for “micro” and “deco” die.
A four-node reduced integration element (ABAQUS™
S4R) was used with a total 7694 elements for “micro”
and 10,314 elements for “deco”.

The elastic base was modeled using 8 nodes fully
integrated tridimensional elements (ABAQUS™
C3D8) with 216,000 elements.

Finally, both die parts are modelled using an iso-
tropic material with same properties as for steel mate-
rials (E=200 GPa, p=0.33), the paper was modeled
as orthotropic material (E;;=10 MPa, E,,=5 MPa,
G,=2.5 MPa, G3=2.5 MPa, G,;=1.5 MPa, j1;,=0.3)
and the elastic base was modeled as a soft rubber material
(E=0.5 MPa, p=0.1). Where E is the Young Modulus,
p is the Poisson coefficient and the subscripts used in the
paper properties stands for the paper fiber direction (E;,),
fiber transverse direction (E,,), in-plane shear modulus
(Gy,), out of plane shear modulus (G;; and Gy;3).

Results and discussion
Fiber and suspension characterization and modeling

It is of great relevance to underline that the tissue
products properties are a result of fiber composition
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and their morphological characteristics, beyond the
creping and embossing processes.

In Table 3 the morphological properties of the Iy,
and HDy;,, samples are the same, since the HDy;,, sam-
ple derives from the disintegration of the I, sample.
The samples I; JHDy,, present a lower fiber popula-
tion than the H;, whose composition is 100% euca-
lyptus fibers. In previous publications of Assis et al.
(2018) and Morais et al. (2019), is also shown, that
pulps with high fiber population will provide a uni-
form paper structure and this property is related to
the fiber length and fiber coarseness. For the length
weighted by length I; /HD;, . samples have higher val-
ues than the Hy, sample, contributing directly to the
development of mechanical properties, more notable
in I /HDy,,, as well as, to a potential improvement in
the runnability of the paper machine. In the sample
H,, the coarseness is lower. This property involves
the fiber width, wall thickness and density therefore,
promoting tissue products with better surface soft-
ness, and higher water retention (Axelsson 2001).
The kink and curl properties are related to the fiber

Table 3 Mean values and standard deviations of the results
for morphological, chemical, and suspensions properties for all
types of samples

Properties I, /HDy, H,

X +6 X +0
Morphological characterization
Number of fibers (million/g) 173 0.2 253 0.1
Length weighted by length 0.784 0.003 0.729 0.003

(mm)
Width (pm) 20.7 0.1 19.1 0.0
Coarseness (mg/100 m) 925 006 631 0.04
Kink fibers (%) 484 02 42 03
Curl (%) 103 0.0 9.7 0.0
Broken ends (%) 263 04 21.3 03
Fine elements (% in length) 470 0.1 38.5 04
Fine elements (% in area) 144 0.1 13.7 0.2
Chemical characterization
Intrinsic viscosity (mL/g) 607 469
DP} 3827 3634
Carboxyl group content 627 006 508 0.05
(mmol/100 g)

Suspensions characterization
°SR 26 25
WRV (%) 103.1 1.6 1353 0.7

“DP, = (0.75(954logn — 325))"'** (Sihtola et al. 1963)
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deformations that may arise during the pulp produc-
tion process. The I, /HDy,, samples showed kinks and
curl higher when compared to the H;, sample. Addi-
tionally, the same trend is verified for the properties
of broken ends and fine elements. The obtained dif-
ferences can be translated into gains in the mechani-
cal properties of the structures since the fine elements
contribute to the inter-fiber bonds, and consequently,
to a more organized and closed structure.

Additionally, these results of fiber properties and
dimensions were considered to simulate the 3D struc-
tures with different fiber compositions, enhancing
a more realistic computational representation. The
fibers were modeled individually, and the simulated
3D structure was built by sequential and random
fiber deposition, representing a good estimative of
the handheets. The tissue structures were simulated
according to fiber length/width ratio, fiber flexibility,
fiber wall thickness, lumen thickness, and resolution
(Morais et al. 2020a, b), predicting their structural
properties. Figure 2 presents a comparison between
the H,, and HDy,, samples. The different structures
were modeled computationally with the same fibrous
elements. The structures were simulated by random
fiber deposition in space according to their furnish
distribution. The Hy, structure was obtained by mod-
eling 100% of eucalyptus fibers (Fig. 2a), while the
HDy,, structure was obtained with a mixture of euca-
lyptus, softwood, and broke fibers (Fig. 2b).

At the molecular level, the intrinsic viscosity
of cellulose chains is directly related to the average
degree of polymerization of polysaccharides, mainly
cellulose. As can be seen in Table 3, the DP,, shows
that I, /HDy,, exhibits a higher DP, than the Hy
sample. These obtained values are within the range
reported by Costa et al. (2016). The lower values of
the intrinsic viscosity may be related to the severe
cooking and bleaching process used to obtain the
eucalyptus pulps, that caused a more degraded fibers,
and consequently, a loss in their intrinsic strength,
which negatively influences the strength properties
(Sjoholm et al. 1997). The carboxyl group content
in pulps contributes to the establishment of bonds
between fibers and water, providing more interac-
tion points with water molecules. In our study, all the
samples exhibit similar carboxyl content.

Regarding the suspensions drainability meas-
ured by °SR, the I, /HDy,, samples showed a slightly
higher °SR compared to the H, sample, with our
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Fig. 2 Example of 3D structures H, (a) and HDy  (b).
obtained by computational simulation, with different fibrous
compositions. Structure Hy presents a composition of 100%

values being within the recommended range for pro-
ducing high quality tissue papers (Assis et al. 2018).
The amount of water retained by fiber or fibrils meas-
ured by WRV, gives for the Hy, sample a 27.8% higher
WRV compared to the I; /HDy,; samples, which can
be explained by the absence of the effect of hornifica-
tion caused by drying softwood pulp operation (Giac-
omozzi and Joutsimo 2015).

Innovative embossing operation

The apparent hardness of the calender rubber rolls
is similar. The front rubber roll presents an apparent
hardness of 72.2+2.1 Shore-A and the back rubber
roll of 71.4+2.8 Shore-A, contributing in the same

Fig. 3 Photos of “deco. E;”
and “micro, E ;" emboss-
ing on a, d industrial base
tissue paper sheet, b, e,
handsheet produced from
the industrial sheet, and ¢, f
100% eucalyptus handsheet

@ Springer

eucalyptus fibers (blue), while structure HD;;; presents a mix-
ture of eucalyptus fibers (blue), softwood fibers (magenta), and
fibers from broke (red)

way to the NIP pressure and to the embossing engrav-
ing. As mentioned in the introduction this value of
apparent hardness is on the superior limit of the rub-
ber hardness of an industrial embossing rubber roll.

Figure 3 illustrates the samples with “deco” and
“micro” embossing in which the structural-mechan-
ical characterization was carried out. As it can be
seen, the same "deco” and "micro" embossing pattern
has always been used, simplifying the analysis of the
impact of this effect on tissue paper.

In addition to the previous presented photos, more
detailed images of the samples in study can be seen
in the Figs. 4, 5, 6, 7, 8, and 9, on which the structure
itself of the papers as well as the engraved patterns
performed during the embossing process can easily
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be observed, which allow a proper discrimination and Structural properties
differentiation of the entire set of samples used in this

work.

Fig. 4 Magnified and
global views of the front
surface (a, b) and back sur-
face (¢, d) for the industrial
base tissue paper (I,

Fig. 5 Global views of the
“deco” (I, ;E,) and “micro”
(I;E,,) embossing on the
front surface (a and b) and
back surface (c, d) for the
industrial base tissue paper

Table 4 presents the structural properties of all tis-
sue paper samples. In a first approach, the samples
without the embossing process (I, HDy,, and Hy)

33

mCreping I!?es
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Fig. 6 Magnified and
global views of the front
surface (a and b) and back
surface (c and d) for the
handsheet produced from
the industrial sheet (HDy)

Fig. 7 Global views of

the “deco” (HDy,E,) and
“micro” (HDy,E,,) emboss-
ing on the front surface (a
and b) and back surface (c
and d) for the handsheet
produced from the indus-

Micio?‘;f

trial sheet

were analyzed. The I, sample is an industrial base is suppressed by its disintegration, as seen by com-
tissue paper sheet, so the creping process is present, parison of the Figs. 3 and 5. The results indicated
and its main effects will be giving bulk to the sheet that the creping process and the fiber compositions
and creating a more porous structure (Boudreau and influence the structural properties. As expected,

Germgérd 2014). In the HDy,, sample the creping comparing the samples with and without the
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Fig. 8 Magnified and
global views of the front
surface (a and b) and back
surface (c and d) for the
100% eucalyptus handsheet
(Hyp)

Fig. 9 Global views of the SUTEIY F5y 5 1) YR 3 e I8y .
“deco” (H,E) and “micro” 2 “Micro L
(H,E,,) embossing on the
front surface (a and b)
and back surface (¢ and d)
for the 100% eucalyptus
handsheet

creping process and same fiber composition (I, sample (100% eucalyptus) with HDy;, the thickness
and HDy,), the tissue paper thickness increases by increases 11.2%, the bulk 5%, and finally the appar-
20.9%, and consequently, the bulk and apparent ent porosity slightly increases.

porosity properties are also increased by 22.8% and In a second approach, the samples with the crep-
2.6%, respectively. Additionally, comparing the H ing and embossing process (I, I, E4 and I, E )
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Table 4 Mean values and

5 Tissue paper sample Grammage Thickness Bulk (cm’/g)  Apparent den-  Apparent
standard deviations of the (¢/m?) (um) sity (g/em’) porosity
results fr(?l]] §lructura] (%)
characterization for all
tissue paper samples X +06 X +06 X +0 X +0 X +0

I 173 0.2 1314 23 762 0.11 0.131 0.006 91.3 04
LEq 16.7 0.0 1334 26 799 0.16 0.125 0.003 91.7 02
LEn 16.7 0.0 2200 278 13.18 166 0.077 0.011 949 07
HD;, 177 0.2 1040 33 588 0.18 0.170 0.005 889 03
HD,,.E, 178 0.2 1095 39 620 025 0.161 0.007 89.5 04
HD,,.E,, 178 0.2 1860 185 1048 1.13 0.095 0.011 93.8 0.7
H, 167 03 935 36 560 015 0.179 0.005 88.1 03
H,E; 169 0.2 1353 215 799 123 0.128 0.019 915 13
H,E, 16.8 0.2 3265 332 1939 186 0.052 0.005 96.5 03

were analyzed. The results indicated that "micro"
embossing presents a higher relevance in structural
properties than "deco" embossing, as seen by com-
parison of the different patterns shown in Fig. 4.
Handsheets with the same industrial paper fibrous
composition, results with “deco” and “micro”
embossing, present the same behavior, being
the most accentuated in the “micro” pattern (see
Fig. 6). For 100% eucalyptus handsheets, the effect
of embossing operation on structural properties
shows that the “micro” pattern reveals the highest
impact than the “deco” pattern, as shown in Fig. 8.
This occurs according with mentioned above about
the fiber morphology of 100% eucalyptus, with a
uniform and more flexible structure.

Mechanical properties
Mechanical characterization in MD and CD were

analyzed for industrial base tissue paper samples
and these results are presented in Table 5. The first

observation that can be made is that the value of the
CD tensile index is less than half the value in MD.
In both directions, “micro” embossing presents the
lower tensile index, indicating a higher damage in the
fibrous structure of the paper than the "deco" emboss-
ing. Regarding elongation, in MD there was an elon-
gation 86% higher than the CD for the I, and I, E,
samples and 6% higher for the I E, sample. These
results can be explained by the crepe waves, as they
are perpendicular to the MD, when stretched, they
give a bigger elongation to the paper sample (see
Figs. 3 and 4). In the sample with "micro" emboss-
ing, the smallest difference obtained in the elongation
value is due to the higher fragility of the fibrous struc-
ture via this type of embossing, blocking the elonga-
tion effect due to the creping process.

The Fig. 10 presents the evolution of the load on
the paper samples I, and HDy; ; as a function of the
elongation. As expected, these curves are well fitted
and confirming the previous findings by Hollmark
(1984) and Park et al. (2020).

Table 5 Mean Values and

e Tissue paper sample Maximum ten-  Elongation at Tensile strength Tensile index

Standard Devmtlons.of the sile force (N) break (%) (N/m) (Nm/g)

results from mechanical

characterization (MD and X +0 X +0 X +0 X +0

CD) for industrial base

tissue paper samples I, (MD) 8.4 0.3 23.0 1.0 168.1 6.4 10.0 04
I, .E, (MD) 83 0.6 20.8 12 166.5 11.0 9.8 0.7
I, .E, (MD) 3.4 0.2 3.6 0.4 67.8 42 4.1 0.3
I, (CD) 3.7 0.2 33 0.3 74.2 2.8 44 0.2
I,.E, (CD) 39 0.2 29 0.3 733 33 44 0.2
I,E, (CD) 3.4 0.1 34 0.2 69.0 29 4.1 0.2
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The fiber composition of the analyzed samples
is the same, which enables us to evaluate sepa-
rately the influence of the creping and the emboss-
ing processes. The results shown in Fig. 10 indicate
that the creping operation increases drastically the
elongation for the tissue paper samples (I;;) in MD
when compared with the uncreped handsheet sam-
ple (HDy,,). It should be noted that this increase is
consequence of the orientation of the folds/wrin-
kles from the creped structure in the tissue paper
machine (Figs. 4, 5). Relatively to the embossing,
the “deco” and the “micro” patterns have a similar
effect on CD as shown in Fig. 10b, ¢, having a small
effect when compared with the non-embossed sam-
ple (creped CD) in Fig. 10a. As expected, in MD
the effect of the “micro” embossing has a negative
impact in both the load and elongation properties
due to the damage of the creping folds/wrinkles.

Table 6 presents the mechanical characterization
results for the isotropic paper samples. As expected,
H,, present a smaller tensile index than HDy,, which

(a) —— Uncreped Handsheet

10

n o

Load (N)

O = W W e

——Creped MD

6

can be explained by the presence of softwood fibers.
For handsheets the embossing process promoted a
loss of the mechanical properties. In the case of HDy,
that loss was about 25% and for Hy was 10%. The
elongation in these samples is practically nonexistent
due to the absence of creping (Figs. 6, 8).

The simulations results allow understand the stress
field during the embossing process and how it can
affect the paper strength. Figure 11 shows the stress
in fiber direction (direction 1) for “deco” die and
Fig. 12 also shows the stress in fiber direction (direc-
tion 1) for “micro” die. It is important to mention that
this stress values are for the same die displacement in
the paper (0.57 mm).

The stress field are considerable different for each
model. The “deco” model stress field are more homo-
geneous with an average value 0.056 MPa (Fig. 11),
on the other hand, the stress field for “micro” die
shows several points of stress concentration, around
0.082 MPa (Fig. 12). It explains the effect of the
embossing die on the mechanical properties, once

——Creped CD

8

Elongation (%)

= "deco"” Embossing MD w—"deco” Embossing CD

(b)

MmN e

Load (N)

© = W W e

8

6

Elongation (%)

()

Load (N)

w——"micro” Embossing MD s "micro” Embossing CD

10

© = w

6 8

Elongation (%)

Fig. 10 a Load-Elongation curves of the I, (creped CD and MD) and HDy, (uncreped) tissue paper samples, b the I;(E; (“deco”
embossing CD and MD), ¢ the I; E (“micro” embossing CD and MD)
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Table 6 Mean Values and
Standard Deviations of the
results from mechanical

Tissue paper sample

Maximum ten-
sile force (N)

Tensile index
(Nm/g)

Elongation at
break (%)

Tensile strength
(N/m)

characterization in one X

+0 X +0 X 40 X +0

direction for tissue paper
samples HD; 6.1
HD,,E4 54
HD,,.E,, 4.6
H, 5.1
H.E, 4.0
HE, 4.0

0.4 1.4 0.2 121.5 8.1 6.9 0.5
1.0 L5 0.3 108.2 17.1 6.1 1.1
0.6 1.4 0.1 92.2 7.1 52 0.6
0.6 0.5 0.1 103.4 134 52 0.7
1.1 0.4 0.2 79.8 21.1 4.7 1.2
0.5 0.6 0.2 80.9 9.8 4.8 0.6

Fig. 11 Membrane stress
in fiber direction (1) for
“deco” die

SSAVG, SSAVG1

(Avg: 75%)
+3.266e-01
+2.815e-01

-1.690e-01
-2.141e-01

Fig. 12 Membrane stress
in fiber direction (1) for
“micro” die

SSAVG, SSAVG1
(Avg: 75%)

there are much more points high loaded than for the
“deco” pattern.

Despite the peak values of the “deco” higher
(legend of Fig. 11) than “micro”, this values are
much localized (only two elements in the model)
and are related with numerical issues due to contact
algorithm between die and paper and basis which
leads to as excessive element rotations and conver-
gence problems.

@ Springer

Finally, the same pattern is observed for the other
stress directions as for fiber transverse stress (direc-
tion 2), in plane shear and out of plane shear (1-3
and 2-3).

Softness properties

Figure 13 shows the results obtained with TSA-Tissue
Softness Analyzer for all tissue samples, respectively,
the parameters of HF, TS7, TS750, and D. From the
results presented in Fig. 10, similar overall trends can
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be easily identified for each measured TSA param-
eter. In particular, the samples I, and HDy,, show
comparable results for the handfeel HF on Fig. 13a,
the “real” softness TS7 on Fig. 13b, and the rough-
ness/smoothness TS750 on Fig. 13c in all the cases
of non-embossed, “deco” embossing, and “micro”
embossing. This happens because both samples have
the same fiber composition being the only difference
between them the presence of creping in the sample
I, and the absence of creping in the sample HDy, .
Nevertheless, this aspect appears to have little effect
in the results. Moreover, the samples HD;,, and Hy
also show comparable results for the stiffness D on
Fig. 13d. This occurs because both these samples
are laboratory handsheets and therefore, have a very
similar structure, but different from the first industrial
sample I.

In Fig. 13 it can also be seen that the performed
embossing process (“deco” and “micro”) on the stud-
ied samples clearly affect the TSA-softness results.
From Fig. 13a a decrease in the HF can be noted for
all samples, meaning that the global handfeel of the
non-embossed samples was somehow damaged (blue
bars). It should be noted that the “micro” emboss-
ing had a bigger effect than the “deco” embossing
on the HF decrease. Concerning the parameter TS7
it can be observed that the performed embossing
process (“deco” and “micro”) increase relatively to
the results of the non-embossed samples, indicating

a lower “real” softness inherent to the material. At
the same time, the parameter TS750 also displays a
slight decrease with embossing, which agrees with
implies a rougher and irregular surface, as a result of
the engraved patterns. Regarding the D parameter, it
can also be seen that the embossing process (“deco”
and “micro”) influenced the stiffness of the sam-
ples, increasing slightly for all the samples, favoring
the flexibility of the samples. One last note that can
be highlighted from the Fig. 13 is related to the fact
that the sample H, has better results on HF, TS7 and
TS750, due to the fact of being composed by 100%
eucalyptus fibers, which favors the overall softness
of the paper sample. Particularly, the HF value shows
an increase of 21% when compared with the HDy,
and I, samples, while the TS7 and the TS750 values
show a decrease of 43% and 38%, respectively. Con-
cerning the D parameter, this sample does not show
the best results because it corresponds to a handsheet
sample. A comparison with the result obtained for
the industrial sample I;,; show a decrease of 79% on
this parameter due to the lack of the creping on this
handsheet sample. If the sample HDy,, was indeed an
industrial sample with crepe, it would be expected
higher bars in Fig. 13d, and it would be also the
sample with the best results for each one of the TSA
parameters HF, TS7, TS750, and D.

Fig. 13 TSA-soft
g ' softness (a) 700 (b) -
properties of the tissue
paper samples using the 90 40
QAT algorithm. The calcu- 80 = 30
lated a handfeel HF, and B 1000 '3 S no0e
~
the measured parameters b 70 s @ 20 =" deco”
TS7, ¢ TS750, and d D for & i i ;
the different samples with # "micro” = "micro"
and without embossing 50 0
Ih, HDlh, Hn I!u HD]m Hh
Sample ID Sample ID
(© 50 @,
40 8
) ~
Z 30 6
2 u none = none
20 . - - 4 . "
2 = "deco o = "deco
10 = "micro® 2 - = *micro”
; ' . [l o
Iis HDIs Hy Ins HDIys Hy
Sample ID Sample ID
@ Springer
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Conclusions

Our research highlights the influence of non-
embossed and embossed tissue structures on mechan-
ical and softness properties. With an innovative labo-
ratory embossing prototype was possible to obtain
important data to study and quantify this effect on
eucalyptus-based tissue papers.

This work demonstrated that embossing has a
negative impact on mechanical properties, being this
effect more accentuated with the "micro” emboss-
ing pattern. This converting operation, on the other
hand, increases the thickness in the Z direction, and
consequently increases the bulk, with a higher impact
obtained by the "micro" embossing. The effect of the
presence of softwood fiber, in samples I;; and HDy,
translates in a gain in the tensile strength.

The creping operation gives to the industrial paper
a high elongation capacity being practically nonex-
istent in handsheets. Also, due to this operation, the
industrial samples present a higher apparent poros-
ity than handsheets samples. From the comparison
between the HDy,, and Hy, handsheets, the latter with
a composition of 100% eucalyptus presents a higher
softness than the first whose composition is a mixture
of hardwood and softwood.

The samples I, . and HD;;; have the same fibrous
composition and similar TSA-softness results, except
for the parameter D of flexibility due to the creping
process. The embossing process generally impairs the
softness results of the samples but improves flexibil-
ity. The 100% eucalyptus sample showed to have the
best softness except for the TSA parameter D due to
the absence of crepe on the surface.

The modelling strategy is based in the 3D fiber
model and the FEM simulations. The computational
results contribute for the understanding of how the
shape pattern used in the embossing process affect the
paper stress field and the final paper mechanical prop-
erties as paper strength.

Acknowledgments The authors would like to also thank the
company PCE Iberica S.L. Instrumentacion for the donation
of the Durometer PCE-DDA equipment that was used in this
work to determine the apparent hardness of the rubber roll-
ers. Finally, the authors acknowledge the materials, access to
equipment and installations, and all the general support given
by The Navigator Company, RAIZ, and the Optical Center,
Department of Physics, Department of Textile Science and
Technology. and Department of Chemistry of the Universidade
da Beira Interior.

@ Springer

Funding The authors gratefully acknowledge the funding of
this work that was carried out under the Project InPaCTus —
Innovative Products and Technologies from Eucalyptus, Project
N° 21874 funded by Portugal 2020 through European Regional
Development Fund (ERDF) in the frame of COMPETE 2020
n°® 246/AXIS 11/2017. The authors are very grateful for the sup-
port given by research unit Fiber Materials and Environmental
Technologies (FibEnTech-UBI), on the extent of the project
reference UIDB/00195/2020, funded by the Fundagdo para
a Ciéncia e a Tecnologia, IP/MCTES through national funds
(PIDDAC).

Data availability The raw/processed data required to repro-
duce the above findings cannot be shared at this time as the
data also forms part of an ongoing study.

Declarations

Conflict of interest The author(s) declare(s) that they have no
competing interests.

References

Anukul P, Khantayanuwong S, Somboon P (2015) Develop-
ment of laboratory wet creping method to evaluate and
control pulp quality for tissue. Tappi J 14(5):339-345

Axelsson B (2001) Pulp for high absorption tissue products.
Pap Technol 42(7):24-26

Bai B, Folorunso M, Berglund M (2019) Perceived vs recorded
quality of tissue paper. Master’s Thesis, Linkoping Uni-
versity, Link6ping, Ostergdtland, Sweden

Boudreau J, Germgard U (2014) Influence of various pulp
properties on the adhesion between tissue paper and
Yankee cylinder surface. BioResources 9(2):2107-2114.
https://doi.org/10.15376/biores.9.2.2107-2114

Costa VLD, Costa AP, Amaral ME, Oliveira C, Gama M,
Dourado F, Simdes RM (2016) Effect of hot calendering
on physical properties and water vapor transfer resistance
of bacterial cellulose films. J Mater Sci 51:9562-9572.
https://doi.org/10.1007/s10853-016-0112-4

Crescent Former, or Conventional, Tissue Machine
TechnologylThe Tissue Story (2017)

Curto JMR, Concei¢do ELT, Portugal ATG, Simdes RMS
(2011) Three dimensional modeling of fibrous materi-
als and experimental validation. Materwiss Werksttech
42:370-374. https://doi.org/10.1002/mawe.201100790

de Assis T, Reisinger L, Pal L, Pawlak J, Jameel H, Gonzalez R
(2018) Understand the effect of machine technology and
cellulosic fibers on tissue properties—a review. BioRe-
sources 13(2):4593-4629. https://doi.org/10.15376/biores.
13.2.DeAssis

DeMaio A, Patterson T (2008) Similarities in bonding influ-
ence between pre-failure tensile creep and stress—strain
behavior of paper. Mech Mater 40(3):133-149. https://
doi.org/10.1016/j.mechmat.2007.06.007

Digby. P. “pd-Tissues - Trees to Paper™ (2012) http://pd-tissu
es.co.uk/trees-to-paper.aspx Accessed 13 Feb 2019

Conceigao ELT, Curto JMR, Simoes RMS, Portugal ATG
(2010) Coding a simulation model of the 3D structure

118



Cellulose

of paper. In: Barneva RP, Brimkov VE, Hauptman HA,
Natal Jorge RM, Tavares JMRS (eds) Computational
modeling of objects represented in images, CompIM-
AGE 2010. Lecture notes in computer science. Springer,
Berlin, pp 299-310. https://doi.org/10.1007/978-3-642-
12712-0_27

FiSerova M, Gigac J, Stankovska M, Opalend E (2019) Influ-
ence of bleached softwood and hardwood kraft pulps
on tissue paper properties. Cellul Chem Technol 53(5—
6):469—477.  https://doi.org/10.35812/CelluloseChemTe
chnol.2019.53.47

Giacomozzi DE, Joutsimo O (2015) Drying temperature and
hornification of industrial never-dried Pinus Radiata
Pulps. 1. Strength, optical, and water holding properties.
Bioresources 10(3):5791-5808. https://doi.org/10.15376/
biores.10.3.5791-5808

Henriksson M, Berglund LA, Isaksson P, Lindstrém T, Nishino
T (2008) Cellulose nanopaper structures of high tough-
ness. Biomacromol 9:1579-1585. https://doi.org/10.1021/
bm800038n

Hilbig K., Liplijn M, Reinheimer H (2005) Method of making a
thick and smooth embossed tissue. Cincinnati, OH (2005)

Hollmark H (1984) Mechanical properties of tissue. In: Hand-
book of physical and mechanical testing of paper and
paperboard, New York, pp 497-521

ISO 187:1990 Paper, board and pulps—Standard atmosphere
for conditioning and testing and procedure for monitor-
ing the atmosphere and conditioning of samples (1990)
INTERNATIONAL STANDARD ISO.

ISO 5263-1:1995 Pulps—Laboratory wet disintegration (1995)
INTERNATIONAL STANDARD ISO

ISO 5269-1:1998 Pulps — Preparation of laboratory sheets
for physical testing—Part 1: Conventional sheet-former
method (1998) INTERNATIONAL STANDARD ISO

ISO 5267-1:1999 Pulps — Determination of drainability—Part
1: Schopper-Riegler method. (1999) INTERNATIONAL
STANDARD ISO

ISO 12625-4:2005a Tissue Paper and Tissue Products - Part
4: Determination of tensile strength, stretch at break and
tensile energy absorption (2005a) INTERNATIONAL
STANDARD ISO

ISO 12625-6:2005b Tissue Paper and Tissue Products - Part 6:
Determination of Grammage (2005b) INTERNATIONAL
STANDARD ISO.

ISO 5351:2010 Pulps — Determination of limiting viscosity
number in cupri-ethylenediamine (CED) solution (2010)
INTERNATIONAL STANDARD ISO.

ISO 12625-3:2014 Tissue Paper and Tissue Products—Part
3: Determination of Thickness, Bulking Thickness and
Apparent Bulk Density and Bulk (2014). INTERNA-
TIONAL STANDARD ISO

ISO 48-7:2018 Rubber, vulcanized or thermoplastic—Determi-
nation of hardness—Part 7: Apparent hardness of rubber-
covered rollers by Shore-type durometer method” (2018)
INTERNATIONAL STANDARD ISO

Lofink B (2003) Device for applying an embossing to a web
of tissue paper. Justia Patents, USA, Patent N° 6729869
(2003)

Mendes AO, Fiadeiro PT, Costa AP, Amaral ME, Belgacem
MN (2015) Laser scanning for assessment of the fiber
anisotropy and orientation in the surfaces and bulk of the

119

paper. Nord Pulp Pap Res J 30(2):308-318. https://doi.
org/10.3183/npprj-2015-30-02-p308-318

Mendes AO, Fiadeiro PT, Costa AP, Amaral ME, Belgacem
MN (2013) Retro-diffusion and transmission of laser
radiation to characterize the paper fiber distribution and
mass density. In: Proceedings Volume 8785: 8th Ibero
American optics meeting and 11th latin american meet-
ing on optics. lasers, and applications. Porto. Portugal, pp
8785AY-1/8785AY-8. https://doi.org/10.1117/12.2022367

Mendes AO, Fiadeiro PT, Costa AP, Amaral ME, Belgacem
MN (2014). “Study of repeatability of an optical laser sys-
tem for characterization of the paper fiber distribution and
mass density. In: Proceedings Volume 9286: second inter-
national conference on applications of optics and photon-
ics, Aveiro, Portugal, pp 92862Y-1/92862Y-8. https://doi.
org/10.1117/12.2062697

Morais FP, Bértolo RAC, Curto JMR, Amaral MECC, Carta
AMMS, Evtyugind DV (2019) Comparative characteri-
zation of eucalyptus fibers and softwood fibers for tissue
papers applications. Mater. Lett. X 4:100028. https://doi.
org/10.1016/j.mlblux.2019.100028

Morais FP, Carta AMMS, Amaral ME, Curto JMR (2020a) 3D
fiber models to simulate and optimize tissue materials.
BioResources 15:8833-8848. https://doi.org/10.15376/
biores.15.4.8833-8848

Morais FP, Carta AMMS, Amaral ME, Curto JMR (2020b)
Experimental 3D fibre data for tissue papers applications.
Data Brief 30:105479. https://doi.org/10.1016/j.dib.2020.
105479

Morais FP, Vieira JC, Mendes AO, Carta AM, Costa AP, Fia-
deiro PT, Curto JMR, Amaral ME (2022) Characterization
of absorbency properties on tissue paper materials with
and without “Deco” and “Micro” embossing patterns.
Cellulose. https://doi.org/10.1007/s10570-021-04328-1

Park NY, Ko YC, Melani L, Kim HJ (2020) Mechanical
properties of low-density paper. Nord Pulp Pap Res J
35(1):61-70. https://doi.org/10.1515/mpprj-2019-0052

Ramasubramanian MK, Sun Z, Chen G (2011) A mechanics of
materials model for the creping process. ] Manuf Sci Eng
133(5):051011. https://doi.org/10.1115/1.4004925

Sihtola H, Kyrklund B, Laamanen L, Palenius L (1963) Com-
parison and conversion of viscosity and DP values by dif-
ferent methods. Pap Puu 45(4a):225-232

Silvy J, Romatier G, Chiodi R (1968) Méthodes pratiques de
controle du raffinage. ATIP 22:31-53

Sjoholm E, Gustafsson K, Norman E, Colmsjo A (1997) The
effect of degradation on the strenght of hardwood kraft
pulp fibers. In: Proceedings of the 9th international sym-
posium wood and pulping chemistry, Montréal, vol 106,
pp 14

Skapa. Roll covers for the paper industry (2020) http://vit-
group.conVskapa/test/download/Produktprospekt_GB.pdf.
Accessed 21 Oct. 2020

Spina R, Cavalcante B (2018) Characterizing materials and
processes used on paper tissue converting lines. Mater
Today Commun 17:427-437. https://doi.org/10.1016/j.
mtcomm.2018.10.006

Stankovska M, Gigac J, Fiserova M, Opilena E (2020) Blend-
ing impact of hardwood pulps with softwood pulp on tis-
sue paper properties. Wood Res 65:447-458. https://doi.
org/10.37763/wr.1336-4561/65.3.447458

@ Springer



Cellulose

TAPPI T237 cm-08 Carboxyl Content of Pulp. Technical Asso-
ciation of the Pulp and Paper Industry (2008)

Tourtollet GEP, Cottin F. Cochaux A, Petit-Conil M (2003)
The use of MorFi analyser to characterise mechanical
pulps, Quebec City, Canada

Vieira JC, de Oliveira Mendes A, Carta AM, Galli E, Fia-
deiro PT, Costa AP (2020) Impact of embossing on lig-
uid absorption of toilet tissue papers. BioResources
15(2):3888-3898.  https://doi.org/10.15376/biores.15.2.
3888-3898

Wang Y, Assis TD, Zambrano F, Pal L, Venditti R, Dasmo-
hapatra S, Pawlak J, Gonzalez R (2019) Relationship

@_ Springer

between human perception of softness and instrument
measurements. BioResources 14(1):780-795. https://doi.
org/10.15376/biores.14.1.780-795

Publisher’s Note  Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

120



PEER-REVIEWED ARTICLE bi oresources.com

Impact of Embossing on Liquid Absorption of Toilet
Tissue Papers
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Absorption capacity is a key feature of toilet tissue papers. Several
parameters can affect their final absorption capacities, such as pulp
composition, stock preparation, number of sheets, additives, bulk,
grammage, and converting process parameters, such as the embossing
operation. In this work, the absorption capacities of four different 2-ply
industrial toilet tissue papers, as well as the respective base papers from
the mother-reel was compared using the immersion method according to
ISO 12625-8 (2010). Previously, these samples were characterized in
terms of morphology, grammage, thickness, and bulk. It was concluded
that the embossing operation noticeably increased the thickness and bulk
of toilet tissue paper. Furthermore, it was also verified that among the
various toilet tissue paper samples there was not a noticeable variation in
the time of water absorption because the samples revealed similar
morphology and porosity. However, it was found that the bulk increased
more than 150%, resulting in anincrease of water absorption capacity over
60%.
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INTRODUCTION

Tissue papers, namely toilet paper, kitchen towels, and napkins, have distinctive
characteristics from printing and writing papers. Tissue paper is characterized by its
physical and mechanical properties, namely softness, low grammage, bulk, high flexibility,
and liquid absorption capacity. In contrast to printing and writing papers, in which the
finishing process, the calendering operation, is the most important step, in tissue paper the
key processing operations include creping and embossing, which are lesser studied.

Embossing is the mechanical process of sculpturing tissue paper during converting.
Moreover, providing the physical connection between the different sheets of paper, it
embosses (by applying a localized pressure) a decoration pattern that contributes to the
bulk increase, compressibility, liquid absorption capacity, and softness (Spina and
Cavalcante 2018). Currently, various types of embossing technologies are used. In general
only pressure is applied, but the usage and control of temperature and humidity are
emerging, resulting in various products (DeMaio and Patterson 2008; Biagiotti 2017).

Figure 1 shows the steps of the converting process, starting from the unwinding of
the paper mother-reel produced in the tissue paper machine, passing through the embossing
process, until the final product is palletized (Kimari 2000).

Vieira et al. (2020). “Embossing and toilet tissue,” BioResources 15(2), 3888-3898. 3888
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Puncture/
Rewinder

(services marked
with perforation /
paper rewind in
LOGs with final roll
diameter)

Unwinder Embossing

Packing Palletizing

(one or more than (engraving in high
one sheet in the and low relief /
same mother-reel) addition or not
colored pigment)

(cutting LOGs into (packaging rollers (pallets assembling
final dimension according customer for space
rolls) specifications) optimization)

Fig 1. Steps of tissue paper converting process to the finished product

Embossing the top layer of tissue papers (with one or more plies), is known as deco
(decorative) embossing. In contrast, embossing the bottom layer is known as micro
embossing. This is usually the case of toilet paper products. The resulting product with
more sheets/plies has properties that cannot be achieved by a single paper layer finished
product (Digby 2012).

Although the embossing process improves some properties of tissue papers, it can
impair other properties. Thus, certain properties, such as tensile strength and thickness,
may be reduced. Liquid absorption is a key property for most tissue paper products and its
main purpose is to improve cleaning and liquid absorption. It is generally better defined as
absorption capacity, and absorption rate or absorption time (Hollmark 1983; Tutus ez al.
2016). Absorption capacity reflects the maximum amount of water the paper can absorb
until its saturation and is expressed in gram of water per gram of fiber, while the absorption
rate measures how quickly tissue products absorb water (Hollmark 1983; Kullander 2012).
In the tissue world, both water absorption time and water absorption capacity are important
parameters used to compare different tissue papers (Tutus et al. 2016).

Beyond embossing, liquid absorption capacity and absorption rate/time can also be
controlled by fiber type, fines content, refining, fiber network structure, pressing, creping,
number of sheets, additives, bulk, grammage, and porosity (Kullander 2012; De Assis et
al. 2018).

The porosity of base and final tissue papers is an important parameter for liquid
absorption. Absorption measurements indicate the ability of a paper to hold a liquid. The
pores in the paper/fibrous network influence water passages by capillarity action in all
directions. In addition, the amount/volume of pores influences the amount of water the
paper is able to accommodate. To enhance water absorption, the porosity should not be too
high, because this would lead to fewer contact points with the liquid and thus less
absorption. In contrast, if porosity is too low, this increases the resistance to capillary
transport of liquids and thus decreases absorption. The optimal porosity must enable the
liquid to be absorbed by cohesive forces but, at the same time, it must hinder its removing
due to gravity without impairing the penetration rate. Porosity is influenced by pore size,
which in turn depends on fiber size, degree of collapse resistance, and interfiber bonding
(Milanez and Rost 2005). Hydroxyl groups on cellulose surface form hydrogen bonds with
water, which directly affects water absorption (Bracken 2014).

Bulk also influences absorption. Papers with higher bulk values, i.e., less dense
with a more porous structure, will reveal higher absorption values, because paper will
exhibit more sites for water accommodation. In addition to these aspects, factors such as
surface energy of the phases involved (water, paper, and water vapor), contact angle,
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roughness, topography, and position of the paper (pro or against gravity), influence the
paper absorption (Milanez and Rost 2005).

Absorption properties are also strongly dependent on the surface chemistry of the
fibers. In this context, to optimize absorption of tissue paper, the main elements that
directly influence this characteristic should be well controlled and balanced, such as the
type of pulp used, white water chemistry, and added additives. In summary, paper
absorption is influenced by the manufacturing process, the composition of the raw
materials, and the bulk of the paper (Milanez and Rost 2005; De Assis ef al. 2018).

Specifically, the ability to absorb water more quickly is a key attribute of tissue
paper. Gigac and Fiserova (2008) found that absorption decreased, when comparing
different pulps with increased refining. Pulps that were less sensitive to refining maintained
the highest levels of absorption. Although with low refining levels, kraft pulp showed a
higher absorption.

Absorption also depends on the pulp’s chemical composition. Pulps containing a
high lignin content indicated a low absorption of liquids (De Assis ef al. 2018). Thus,
mechanical pulps (high lignin content) absorb approximately 1.0 g water/g fiber. Tissue
products based on recycled fibers typically absorb approximately 4.0 g water/g fiber, while
bleached kraft pulps (residual lignin contents) absorb between 5.0 and 10.0 g water/g fiber.
Premium tissue products can achieve absorption capacities of up to 18.0 g water/g fiber
(Kullander 2012; Hubbe et al. 2013; De Assis et al. 2018).

This work presents the results of a study regarding the impact of embossing on the
absorption capacity of industrial toilet papers using the immersion method according to
ISO 12625-8 (2010). A set of six base and the respective four toilet paper samples were
directly collected in the converting line. The base papers were produced in the same tissue
paper machine using a mixture of hardwood and softwood bleached kraft pulps and were
compared in terms of water absorption before and after the embossing operation carried
out in the same embossing conditions. The embossing pattern designs used in our samples
are those available on the industrial converting line through steel engraving embossing rolls
against rubber rolls.

EXPERIMENTAL

Materials

In this study, four different 2-ply toilet papers as well as the respective base paper
mother-reels were used, supplied by a Portuguese tissue paper manufacturer. These
industrial base tissue papers have been produced with a grammage range 16 to 19 g/m’,
being the mother-reels and toilet papers composed by 2 sheets. Papers were organized
according to Table 1. The designation of Al, B1, and C1 correspond to the base paper
mother-reels on the unwinder-1 of the converting machine (top sheet of the final toilet
papers A, B, C, and D, respectively), and A2, B2, and C2 correspond to the base paper
mother-reels on the unwinder-2 of the same machine (bottom sheet of the final toilet papers
A, B, C, and D, respectively). All essays on the mother-reels were completed with two
sheets, one from unwinder-1 and the other from unwinder-2. Toilet papers A and B were
produced from different mother-reels, and different deco/micro embossing patterns. The
others toilet papers C and D were produced from the same mother-reels, but with different
deco and the same micro embossing patterns. Table 1 shows the images of both surfaces
of each paper, on which the differences between them in terms of embossing (deco and
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micro) can be observed. In particular, global views of the paper services are presented on
the 3'¢ and 7™ rows of Table 1, whereas magnified views of the embossed patterns are
presented on the 4™ and 8™ rows of the same table.

Table 1. Sample Organization and Images of the Paper Services and Embossed
Patterns (Size of Global Views = 77 x 77 mm?, Magnified Views = 10 x 10 mm?)

Mother-reel A1+A2 B1+B2

2-ply Paper A B

Global View of
Paper Service
(Deco / Micro)

Magnified View
of Embossing
(Deco / Micro)

Mother-reel

2-ply Paper

Global View of
Paper Service
(Deco / Micro)

25 mm ERREE 25 mm

Magnified View
of Embossing
(Deco / Micro)

Methods

First, the fibers morphology of both final toilet papers and respective base paper
mother-reels were determined. This was evaluated using the MORFI® system (Fiber and
Shive Analyser; Techpap SAS, Grenoble, France) that provides fiber length and width,
curl, kink fibers, coarseness, long and short fiber distribution, broken ends, and fines
percentage.
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Then, the grammage, defined as the mass per unit paper area, was determined and
expressed in g/m’. It was determined by weighing the tissue paper sample to a known area
m accordance with ISO 12625-6 (2005) and using a Mettler Toledo PB303 Delta range
analytical balance (Mettler Toledo, Columbus, OH, USA). The thickness was also
determined using a FRANK-PTI® Micrometer (FRANK-PTI GMBH, Birkenau,
Germany), where a sheet of tissue paper or a stack of sheets of tissue paper was compressed
at a given pressure between two parallel plates according to ISO 12625-3 (2014). Finally,
the bulk, which is the inverse of density, was determined by using the grammage and
thickness according to ISO 12625-3 (2014).

Then, the porosity was determined for all the toilet paper and base mother-reels
samples using a Micromeritics AccuPyc II 1340 helium pycnometer (Micromeritics,
Norcross, GA, USA). Apparent porosity (theoretical) was calculated using Eq. 1,

L) — __ _Psample
g (/0) = 0SS (1 Pcellulose) (1)
where pgample 1s the sample density (g/em?) and peejjulose 1S the cellulose density (which
is assumed to be 1.6 g/cm?) (Costa et al. 2016).

Finally, the absorption capacity and the absorption time were measured by the
immersion method according to ISO 12625-8 (2010) using a FRANK-TPI® tissue
absorption tester (FRANK-PTI GMBH, Birkenau, Germany). The industrial toilet paper
samples were cut according to the above standard. The mother-reel paper samples were
prepared and cut following the toilet paper dimensions, in machine direction, according the
same standard. The samples have a width of 76+1 mm and a length of the respective toilet
paper service in sufficient number to achieve a mass of 5.0+0.2 g.

In terms of image acquisition, a customized optical system (Prototype, University
of Beira Interior, Covilha, Portugal) previously used in research for other purposes
(Mendes et al. 2013, 2014, and 2015) was conveniently configured for inspection of the
papers’ surfaces using specific conditions of illumination and magnification. The images
were captured with fields of view of approximately 77x77 mm? and 10x10 mm? a
resolution of 1024 x 1024 pixels, and a bit depth of 10 bits (1024 gray levels).

RESULTS AND DISCUSSION

The fibers morphological characterization of the industrial tissue paper samples
used are presented in Tables 2, 3, and 4. It can be verified that both the mother-reels and
the finished paper product were comparable, with no relevant variation of their values.
Knowing that the samples were produced on the same industrial tissue paper machine under
similar conditions, one can say that their networks of fibrous structure are analogous and
consequently the porosity will not be an influencing factor in these tests of absorption
capacity and water absorption time.

From the results presented in the following tables, one can state that the fiber
composition of all the samples was similar, and it did not have any influence on the study
of the embossing impact on the liquid absorption.
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Table 2. Mean Values and Standard Deviations of the Morphological Results
Obtained for the Mother-reels A1 and A2, and the Toilet Paper A

Mother-reel A1 Mother-reel A2 Paper A
Morphology
X G X G X G
Fibers (million / g) 16.7 +0.2 18.6 +0.5 171 +0.2
Length Weighted in

Length (mm) 0.860 + 0.006 0.828 +0.007 0.835 + 0.006

Width (um) 20.1 +0.1 20.0 +0.2 19.9 +0.2
Coarseness (mg/100 m) 8.80 +0.00 8.10 +0.00 8.70 +0.00
Kink Fibers (%) 47.9 +0.6 47.9 +0.1 46.5 +0.4

Curl (%) 10.2 +0.0 10.4 +0.0 10.2 +0.1
Broken Ends (%) 24.8 +0.2 254 +1.8 247 +0.2
Fines (% Area) 16.1 +0.7 16.1 +1.8 14.1 +0.4

Table 3. Mean Values and Standard Deviations of the Morphological Results
Obtained for the Mother-reels B1 and B2, and the Toilet Paper B

Mother-reel B1 Mother-reel B2 Paper B
Morphology _ _ _
X G X G X c
Fibers (million / g) 18.0 +1.1 14.7 +0.2 16.1 +0.5
Length Weighted in
Length (mm) 0.850 +0.007 0.930 +0.004 0.889 + 0.003
Width (um) 19.5 +0.1 20.8 +0.2 20.0 +0.2
Coarseness (mg/100 m) . 8.04 +0.00 9.47 +0.00 8.82 +0.00
Kink Fibers (%) 40.1 +0.2 43.7 +0.2 424 +0.3
Curl (%) 9.2 +0.0 10.0 +0.0 9.6 +0.1
Broken Ends (%) 23.2 +0.3 26.8 +0.3 24.2 +0.3
Fines (% Area) 14.1 +0.1 14.3 +0.3 13.0 +0.8
Table 4. Mean Values and Standard Deviations of the Morphological Results
Obtained for the Mother-reels C1 and C2, and the Toilet Papers C and D
Momnghology Mother-reel C1 _ Mother-reel C2 Paper C Papgr D
| X G X G X | ¢ X G
Fibers (million / g) 16.8 +04 17.4 +0.2 16.3 +0.6 16.3 +0.2
Length Weightedin | 4 g55 | 0010 | 0859 | +0.002 | 0862 +0.007| 0870 |+0.009
Length (mm)
Width (um) 20.0 +0.1 20.3 +0.3 19.8 +0.1 19.9 +0.1
Cocrsenses 873 | +026 848 | +012 900  +0.34 894 | +0.14
(mg/100 m)
Kink Fibers (%) 130.8 +0.3 130.7 +0.2 1306 | +0.3 130.4 +0.3
Curl (%) 10.1 +0.0 10.4 +0.0 10.0 +0.0 10.0 + 0.1
Broken Ends (%) 253 +0.1 26.3 +1.9 24.6 +0.3 24.6 +04
Fines (% Area) 14.7 +0.1 16.1 +1.9 13.9 +0.6 13.9 +'01
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Table 5 shows the grammage, thickness, and bulk results for the samples under
study, determined according to the above-referred standards.

Table 5. Results Obtained on the Determination of Grammage, Thickness, and
Bulk of Mother-reels (A1 + A2), (B1 + B2), (C1 + C2), and the Toilet Papers A, B,

C,and D
Mother- Mother- Mother
Paper Paper Paper | Paper
reels A reels B reels c D
| (A1+A2) (B1 + B2) | (C1+C2)

Grammage (g/m?) 33.2 324 379 37.3 324 314 32.1

Thickness (um) | 241 619 259 477 | 243 611 612

Bulk (cm®g) 73 19.1 6.8 12.8 7.5 19.5 19.1

Looking at the results in Table 5 it can be seen that the grammage has values that
correspond to a composition of two sheets, hence showing values in the range of 31.4 to
37.9 g/m’. The differences of grammage evidenced for the analyzed samples are related
with the individual grammage of each sheet (16 to 19 g/m?) but yet, within the allowed
industrial tolerance. Comparing the results before and after the embossing operation, the
thickness and bulk values increased with this process.

Table 6 shows the apparent and the measured porosity for all samples under study.

Table 6. Results of the Apparent and the Measured Porosities of Mother-reels
(A1 + A2), (B1 + B2), (C1 + C2), and the Toilet Papers A, B, C, and D

Apparent Porosity (%) Porosity (%)
Mother-reel (A1 + A2) 91.0 91.0
Paper A 96.6 96.2
Mother-reel (B1 + B2) 90.5 89.8
Paper B 94.9 92.4
Mother-reel (C1 + C2) 91.3 90.9
Paper C 96.7 95.2
Paper D 96.6 94.9

Table 6 shows the results and comparison of the apparent porosities of the toilet
papers and the respective mother-reels. The apparent porosity and the measured porosity
were similar for all samples; meanwhile the toilet papers revealed a higher porosity in
comparison with the corresponding mother-reels, due to the embossing process impact.
The porosity differences between mother-reels and papers is due to the increase of the air
gap volume between the 2 sheets during the embossing operation, given more bulk to the
papers, which will allow a greater liquid retention.

Finally, Table 7 summarizes the mean values and standard deviations for the
achieved results on water absorption time and the absorption capacity tests of all samples
under study, according to the above-referred standard.

In Fig. 2, it can be seen that the water absorption time, determined for the various
papers (mother-reels and final tissue paper products), was close in value, which also
justified an equivalent fibrous structural network and a similar porosity. In such way, the
embossing operation itself does not influence the absorption time results.
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Table 7. Mean Values and Standard Deviations of the Results from Water
Absorption Time and Absorption Capacity Tests of Mother-reels (A1 + A2), (B1 +

B2), (C1 + C2), and the Toilet Papers A, B, C, and D

Water Absorption Time (s) Absorption Capacity (g/g)
¥ o X c
Mother-reels (A1 + A2) 3.82 +0.23 8.71 +0.37
Paper A 3.80 +0.30 13.94 +0.27
Mother-reels (B1 + B2) 4.59 +0.38 7.97 +0.24
Paper B 4.63 +1.11 9.38 +0.26
Mother-reels (C1 + C2) 3.92 +0.46 8.21 +0.21
Paper C 4.73 +0.52 13.72 +0.30
Paper D 4.24 +0.40 14.10 +0.18

Water absorption time (s)
w

Mother-reels Paper A  Mother-reels Paper B  Mother-reels PaperC Paper D
(A1+A2) (B1+B2) (C1+C2)

Fig. 2. Water absorption time of the tested samples
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Fig. 3. Variation of water absorption capacity with bulk of the tested samples
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Based on Fig. 3 (water absorption capacity vs. bulk), with the increase of the bulk
there was an increase in water absorption capacity. Due to the embossing processes, bulk
increases of 163%, 87%, 159%, and 154% for the toilet papers A, B, C, and D, respectively,
were observed. This led to an increase in water absorption capacity of 60%, 18%, 67%,
and 72% for the same toilet papers. Thus, a greater bulk and porosity increase led to a
greater water absorption capacity. This bulk increment results from the thickness gain
mnduced by the embossing process, and it will be more pronounced as deeper the embossing
pattern is engraved.

CONCLUSIONS

1. In this study, a set of tissue paper samples (base mother-reels and the corresponding
finished toilet papers), exhibited a similar morphological characterization. Because the
base papers were produced on the same industrial paper machine under the same
conditions, the fibrous networks were equivalent. This was also demonstrated by the
apparent and the measured porosity results of the base paper mother-reels
(approximately 91% in all cases). In contrast, the apparent and the measured porosity
results of the toilet papers increased relative to the corresponding mother-reels
(between 92% and 97%). This was attributed to the results from the embossing process
because the fibrous networks were similar.

2. It was concluded that the embossing operation substantially increased the thickness and
the bulk of the toilet papers. The differences in percentage of increase were dependent
on the embossing pattern and the operation conditions of the converting machine.

3. Moreover, the embossing operation had no relevant implication on the time of water
absorption, when comparing the paper mother-reels with the toilet papers, because they
presented similar values with small variations. Additionally, there was not a relevant
variation in the time of water absorption because the tissue paper samples were
morphologically similar. However, the embossing operation had a major impact on
water absorption capacity, promoting water absorption, due to the bulk increase.

4. With the embossing operation, bulk increased more than 150%, resulting in an increase
of water absorption capacity over 60%.
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Impact of 5-Ply Toilet Paper Configuration on Its
Mechanical and Absorption Properties

Joana Costa Vieira,>* Anténio de Oliveira Mendes,* Ana Margarida Carta,®
Paulo Torrao Fiadeiro,® and Ana Paula Costa 2

Several physical and mechanical properties can characterize tissue
papers. In particular, low grammage but high values of bulk, flexibility,
liquid absorption capacity, and softness are common properties for tissue
papers. These properties must be adapted to meet the requirements of
the final consumer, which can vary greatly in different countries. This work
resulted from a study regarding the impact of two different stacking
sequences of 5-ply toilet paper with configurations 1 and 2 (deco:micro
embossing of 3:2 and 2:3 plies, respectively), which had the same base
tissue papers in each mother reel, on their mechanical behavior and
absorption capacity. The stacking sequence of the plies influenced the
properties of the finished toilet paper. For configurations 1 and 2, after the
embossing process, bulk increases of 46% and 40%, respectively, and
water absorption capacity increases of 2% and 17%, respectively, were
registered. In this case, the bulk increase was not the key property that
influenced the water absorption capacity. Regarding mechanical
properties, both configurations showed a higher negative impact caused
by the deco embossing. For commercial purposes and to adhere to the
final consumers’ preferences for toilet paper, configuration 1 was more
suitable for mechanical strength, and configuration 2 was more suitable
for absorption capacity.

Keywords: Tissue toilet paper, Paper stacking sequence, Paper morphology, Liquid absorption capacity,
Mechanical properties
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INTRODUCTION

Tissue paper is produced from the deposition of a mixture of short cellulosic fibers
with a lower percentage of long cellulosic fibers, and sometimes starch is added to increase
dry strength. The mixture of ingredients is present in an aqueous suspension at consistency
of approximately 0.8% as a moving wet-web of fibers on a forming fabric. Through a
filtration process 95% of the water is then removed. After the forming zone, the base paper
is carried to the pressing zone. The purpose of pressing is to remove the water and
consolidate the paper structure. This promotes contact between fibers in the presence of
water as a binder to establish inter-fiber connections. The drying section, which is the final
step, removes the remaining water from the tissue structure. In this part of the paper
machine, water is evaporated by heat transfer and consequent condensation of steam within
a large steel dryer cylinder called the Yankee dryer. With the introduction of TAD
(Through-Air Drying) technology in the drying section of the tissue paper machine, the
manufacturers were able to produce final products with higher bulk, softness, and liquid
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absorption. This technology is more advantageous to produce premium tissue papers, but
at the expense of greater energy consumption (De Assis et al. 2018; Wang et al. 2019). The
tissue paper is detached from the surface of this cylinder with the aid of a creping blade, as
schematically shown in Fig. 1, which ultimately produces the creped base paper. Finally,
the produced base paper is wound up to form the reel. This paper reel will then generate
multiple mother reels to feed the converting machine to produce the finished product
(Ramasubramanian et al. 2011; Das 2019).

MAGNIFIED BASE
TISSUE PAPER

BASE TISSUE PAPER

SHOE
PRESS

CREPING
BLADE

COATING

Fig. 1. Scheme of the tissue paper detachment from the surface of Yankee cylinder (creping
process)

Converting machines include several processes, such as unwinding, embossing,
lamination, printing, punching, packaging, and palletization, to produce multilayer tissue
papers (Spina and Cavalcante 2018; Vieira et al. 2020). Embossing is a method of paper-
compressive formation in the converting lines. Deco embossing is performed in the top
surface of toilet paper product having one or more plies. Its main purpose is related to
decoration and marketing. Micro embossing is engraved in the bottom surface of the toilet
paper, and its main purpose will be to give bulk to the paper. Both surfaces will be
assembled using the embossing details to glue them together. Embossing is used to modify
the properties of the finished product, such as water absorption capacity, softness, and bulk.
Despite improving some properties, this process deteriorates others, such as tensile strength
(Spina and Cavalcante 2018; Vieira et al. 2020).

The properties of tissue papers are generally influenced by the requirements of the
consumer. Therefore, the production process must be adapted to meet these requirements.
Such properties differ depending on destination country, which requires that they must be
evaluated with consideration to each market (De Assis et al. 2018). The physical-
mechanical properties of the base tissue paper are usually evaluated in terms of grammage,
thickness, bulk, and tensile strength in the machine direction (MD) and cross direction
(CD). These values change according to the manufacturing machine and suppliers (Spina
and Cavalcante 2018).

Bulk, which is the inverse of its apparent density, is an important property of tissue
papers that defines the volume occupied by a given grammage. Strategies to improve the
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bulk of tissue paper include lowering the pressure in the wet pressing zone and/or using a
low refining level in the fibers, changing the creping process itself, using a composition
rich in fibers with high coarseness (mg/100 m), keeping low flexibility of fibers, or
orienting paper in the MD (Kullander 2012; De Assis et al. 2018).

The most relevant and differentiating physical-mechanical properties of the
finished toilet paper products are bulk, liquid absorption, mechanical strength, and softness.
Understanding how they are related, and how changing one property affects the others
remains a challenge.

The liquid absorption of toilet paper products is usually divided into absorption
capacity and absorption time. Absorption capacity reflects the maximum amount of water
that it can absorb and is the ratio between the mass of absorbed water:mass of fibers (g:g),
whereas the absorption time measures how quickly the product absorbs that amount of
water (s) (Kullander 2012). These properties are influenced by the type of fibers, content
of fines and inorganic additives, refining, fibrous network structure, pressing, creping,
number of plies, grammage, bulk, and porosity. Common toilet papers present a range of
water absorption between 6 to 13 g of water per g of fiber, while premium/ultra toilet paper
products can absorb up to 18 g of water per g of fiber (Kullander 2012; Hubbe et al. 2013;
De Assis et al. 2018; Wang et al. 2019). Absorption measurements reflect the ability of a
toilet paper to hold a liquid. Hydroxyl groups on the cellulose surface promote hydrogen
bonds with water, which directly affects water absorption (Bracken 2014). In European
and International trades, both water absorption capacity and water absorption time are
important requirements used to compare different tissue papers (Tutus et al. 2016).

The papermaking process modifies the physical-mechanical properties of tissue
papers. These properties are influenced by the intrinsic strength of the fibers and the inter-
fiber bonds. Long fibers and various additives (carboxymethylcellulose and starch) are
employed to increase dry tensile strength (Hollmark 1984; De Assis et al. 2018). The
refining of the fibrous suspension, due to internal and external fibrillation, also increases
the tensile strength as the fibers become more flexible and accommodated, which improves
their fiber-fiber bonding abilities. However, the fibers can be damaged due to the refining
process (Kullander 2012; Boudreau 2013). The strength of the tissue paper is reduced by
the creping process and further reduced in the converting lines by the embossing process,
as the inter-fiber bonds are broken (Kullander 2012; Boudreau 2013). Creping increases
maximum deformation and toughness and decreases strength and stiffness, in both the MD
and CD, with a particularly major impact on the MD (Das 2019). However, the elongation
in the CD is important so that the operability in the converting occurs successfully, as in
the case of embossing. The Young’s modulus of the dried crepe tissue paper influences the
softness of the bulk (compressibility). Therefore, a better understanding of the main
mechanisms that influence the tissue paper response to tensile loading (characterized by
tensile index and related to strength), Young’s modulus, and maximum strain, is necessary
to successfully design a tissue paper geared to consumer needs that can be produced at an
efficient speed (Das 2019).

This work presents the results of a study on the impact of two different stacking
sequences of 5-ply toilet paper with the same base tissue papers on their mechanical
behavior and absorption capacity. Adjusting and control of the plies stacking sequence
might represent an alternative to produce toilet tissue papers, because that will have a direct
impact on the final properties of them. Toilet papers with two different configurations,
which were produced by two different mother reels forming two different stacking
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sequences, were compared in terms of water absorption (before and after the embossing
process) and tensile strength.

EXPERIMENTAL

Materials

For this study 5-ply commercial toilet papers, which were assembled by two
different mother reels (one mother reel with 2-ply and the other with 3-ply), forming two
different stacking sequences (configurations 1 and 2), were used. In configuration 1, the 3-
ply mother reel was on top (deco embossing), and the 2-ply mother reel was on the bottom
(micro embossing). In configuration 2, the inverse of configuration 1 was applied, the 2-
ply mother reel was on top (deco embossing), and the 3-ply mother reel was on the bottom
(micro embossing). The configurations are presented in Fig. 2. The two commercial toilet
papers and the corresponding mother reels were collected at a Portuguese factory line that
were produced using a mixture of 85% hardwood eucalyptus and 15% softwood pine and
spruce European virgin bleached kraft pulps. The tissue base paper was produced in a DCT
(dry crepe technology) paper machine. All the tissue papers samples were conditioned
according to the standard ISO 187 (1990).

Configuration 1 Configuration 2
> 2-ply DECO
> 3-ply DECO
e -
: : A
< . o
>
-
3-Ply MICRO
2-Ply MICRO : ~ -

Fig. 2. Stacking sequences of the two configurations of the 5-ply toilet papers

Methods

First, the morphology of both the finished toilet papers and the mother reels that
produced them were determined. These tests were conducted using the MORFI® Fiber and
Shive Analyser (Techpap SAS, Grenoble, France), and the values for fiber length and
width, curl, kink fibers, coarseness, long and short fiber distribution, broken ends, and fines
percentage were obtained. Then, the grammage, was determined and expressed in g/m?,
which is defined as the mass per unit of paper area. A PB303 Delta Range analytical
balance (Mettler Toledo, Columbus, OH, USA) was used to weigh the paper samples of a
known area in accordance with ISO 12625-6 (2005). The thickness was determined
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according to ISO 12625-3 (2014) with a FRANK-TPI Micrometer (Birkenau, Germany)
for tissue paper. The measure of the assembled mother reels (without embossing) were
done using the stacking sequences. Finally, the bulk, which is the inverse of density, was
determined according to ISO 12625-3 (2014) with known thickness and grammage.

Absorption time and absorption capacity were then measured using a tissue
absorption tester (FRANK-PTI GMBH, Birkenau, Germany) according to ISO 12625-8
(2010) via the immersion method. Toilet paper samples were cut according to ISO 12625-
8 (2010), and the mother reel samples were cut along MD width according to the standard
and along length according to the service length of the toilet paper from which they were
originated (Vieira et al. 2020). The assembled mother reel samples (without embossing)
were prepared using the stacking sequences until obtain 5 g of total base tissue paper mass.

Tensile tests were performed on a VantageNX universal testing machine (Thwing-
Albert Instrument Company, West Berlin, NJ, USA) in accordance with ISO 12625-4
(2005). In a tensile test, tensile strength is the maximum tensile force per unit width that a
test piece can withstand before breaking. These tests were performed on both finished toilet
papers and mother reels that produced them.

The porosity for all the base mother reels and toilet papers samples was determined
using a Micromeritics AccuPyc IT 1340 helium pycnometer (Micromeritics, Norcross, GA,
USA).

RESULTS AND DISCUSSION

Table 1 presents the morphological characteristics of the 2-ply mother reel, the 3-
ply mother reel, and the 5-ply toilet paper samples. Figure 3 shows the percentages of the
fibrous distribution in relation to the length weighted in length and in relation to the width
of the fibers.

Table 1. Mean Values and Standard Deviations of the Morphological Results
Obtained for the 2-ply Mother Reel, 3-ply Mother Reel, and 5-ply Toilet Paper

2-ply 3-ply 5-ply
Morphology Mother Reel Mother Reel Toilet Paper
X | ¢ | X | o | X c
Fibers (million/g) 176  +02 | 195 | +03 | 183 +0.3
Length Weighted in Length (mm) | 0.817 | +0.006 @ 0.736 | +0.004 | 0.768 | +0.004
Width (um) 195  +01 | 196 | +0.1 | 19.6 +0.1
Coarseness (mg/100 m) 852 | +£012 853 | +0.13 | 873 +0.11
Kink Fibers (%) 467 @ +05 @ 498 | +0.1 | 483 +0.1
Curl (%) 99 | +00 | 111 = +0.0 | 10.6 +0.0
Broken Ends (%) 232 | +03 | 246 | +05 | 248 +0.7
Fines (% Area) 142 | +03 | 161 | +03 | 15.9 +0.6

Analysis of the morphological properties presented in Table 1 verified that the
fibrous composition of the 5-ply finished toilet paper had an average value similar to the
values of the mother reels from which they were produced. These results showed a fiber
composition that consisted mainly of short fiber (hardwood), which was in line with
reference literature (Niskanen et al. 1998), to obtain a better formation and softness of the
tissue paper base sheet. Because the two finished toilet paper configurations were produced
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from the same base paper (only the mother reels were changed in the converting machine),
the morphological composition was not an influencing factor on the results obtained in the
remaining tests. Figure 3 confirms the existence of a major quantity of short fiber. The
distributions presented in Figs. 3a and 3b show that there was a slightly higher percentage
of long fiber (softwood) in terms of length (> 2.000 mm) and width (>30 pm) for the 2-ply
mother reel. As expected, for both mother reels, the small percentage of long fiber was
used to increase the strength properties of the papers and ensure process runnability.

Sk = 2-Ply Mother reel 40.0 = 2-Ply Mother reel
u 3-Ply Mother reel u 3-Ply Mother reel
35.0 = 5-Ply Toilet Paper 35.0 = 5-Ply Toilet Paper
300 30.0 [ |
£ 250 ® 25.0
‘g =
S 200 S 200
] 3
2 2
‘,3 15.0 ',E 15.0
2 400 9 100 .
|| II =l |
0.0 el 0.0 r 5
A n,\ Q\ @ [5 to 10[ [10 to 15[[15 to 20[[20 to 25[[25 to 30[ > 30
Q . .
\° t° \° \° "
@ 6‘ SIS 'y'ﬁ ®
v s N > ?‘ '.\
€ ¢ ¢ ¢ SR
a) Length-weighted in length (mm) b) Width (um)

Fig. 3. Percentages of fibrous distribution for the 2-ply and 3-ply mother reels and the 5-ply toilet
paper in relation to the: a) length weighted in length and b) width

Table 2 shows the tissue paper structural properties, namely grammage, thickness,
and bulk for the studied samples.

Table 2. Structural Properties of Grammage, Thickness, and Bulk of the Mother
Reels (2-Ply + 3-Ply) and the 5-ply Toilet Papers in Configurations 1 and 2

Mother Reels Toilet Paper Toilet Paper
(2-ply + 3-ply) Configuration 1 Configuration 2
Grammage (g/m?) 78.9 76.0 76.4
Thickness (um) 514 725 695
Bulk (cm®/g) 6.5 9.5 9.1

Table 2 shows that the grammage of the finished toilet papers decreased slightly
relative to the mother reels. Due to the converting process thickness and bulk increased
with these operations. The measure of the thickness of the assembled mother reels (2-ply
+ 3-ply or 3-ply + 2-ply) was the same because there is no contribution of the embossing
process.

Table 3 summarizes the mean values and standard deviations of the results for the
porosity tests of all tissue samples under study. The tabulated data shows that the porosity
obtained for the different papers (mother reels and finished toilet papers) was very high. It
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also shows that the porosity with the embossing was increased, being higher in
configuration 2.

Table 3. Mean Values and Standard Deviation of the Porosity Tests of the
Mother Reels (2-ply + 3-ply) and the 5-ply Toilet Papers in Configurations 1 and 2

Porosity (%)
X c
Mother Reels (2-ply + 3-ply) 89.39 +0.01
Toilet Paper Configuration 1 90.17 +0.01
Toilet Paper Configuration 2 90.52 +0.01

Table 4 summarizes the mean values and standard deviations of the results for the
water absorption time and absorption capacity tests of all samples under study.

Table 4. Mean Values and Standard Deviation of the Results of the Water
Absorption Time and Absorption Capacity Tests of the Mother Reels (2-ply + 3-
ply) and the 5-ply Toilet Papers in Configurations 1 and 2

Water Absorption Time (s) MD | Absorption Capacity (g/g) MD
X c X c
Mother Reels (2-ply + 3-ply) 454 +0.23 8.33 +0.16
Toilet Paper Configuration 1 453 +0.27 8.49 +0.20
Toilet Paper Configuration 2 3.76 +0.44 9.74 +0.16

Table 4 shows that the water absorption time obtained for the different papers
(mother reels and finished toilet papers) was practically the same, which indicates that the
porosities and fibrous structural networks were similar. The small changes in the absorption
capacity are in accordance with the porosity results obtained, being higher in configuration
2 i both tests (Vieira et al. 2020).
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Fig. 4. Variation of water absorption capacity with bulk of the tested samples
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Figure 4 shows that the water absorption capacity increased as bulk increased. Due
to the embossing process, bulk increases of 46% and 40% were observed for toilet paper
configurations 1 and 2, respectively. This led to an increase in water absorption capacity
of 2% and 17% for configurations 1 and 2, respectively. The rearrangement of the mother
reels (2-ply + 3-ply and 3-ply + 2-ply) in the finished paper configuration influenced the
water absorption capacity and porosity. A larger number of micro-embossed sheets
(configuration 2) promoted a higher water absorption capacity due to the creation of a
larger number of empty spaces (high porosity) for liquid retention (Vieira et al. 2020).

Finally, Tables 5, 6, and 7 present the average results obtained for the tissue paper
mechanical properties, which included tensile index, maximum strain, and Young’s
modulus in MD and CD.

Table 5. Tensile Test Results (Tensile Index, Maximum Strain, and Young’s
Modulus) of the Two Mother Reels (2-ply and 3-ply) in the MD and the CD

2-ply Mother Reel 3-ply Mother Reel

CcD MD CcD MD

Tensile Index (Nm/g) 4.9 10.1 4.9 9.6
Maximum Strain (%) 4.2 24.2 4.0 27.5
Young Modulus (MPa) 24.5 11.9 314 9.3

Table 6. Tensile Test Results (Tensile Index, Maximum Strain, and Young’s
Modulus) for Configuration 1 of the 5-ply Toilet Paper and the Corresponding 3-
ply Deco Embossing Paper and 2-ply Micro Embossing Paper

2 2-ply MICRO Paper | 3-ply DECO Paper | 5-ply Toilet Paper |
Configuration 1 ~cb  MD _ cD | MD cD MD
Tensile Index (Nm/qg) 4.6 8.9 2.2 6.8 3.6 7.9
Maximum Strain (%) . 49 | 186 | 59 | 185 6.4 19.9
Young Modulus (MPa) 11.9 T.T 3.4 3.2 7.7 5.1

Table 7. Tensile Test Results (Tensile Index, Maximum Strain, and Young’s
Modulus) for Configuration 2 of the 5-ply Toilet Paper and the Corresponding 2-
ply Deco Embossing Paper and 3-ply Micro Embossing Paper

Configuration 2 2-pcl¥) DECO Pz‘%er 3-;élg MICRO l:vtliger cf:)-ply Pa;:v'elg
Tensile Index (Nm/g) | 16 | 5.0 45 9.2 35 | 6.8
Maximum Strain (%) | 3.7 | 119 4.2 20.8 45 | 161

Young Modulus (MPa) 2.8 3.0 21.6 9.3 11.8 6.6

Figure 5 shows that the mechanical properties decreased and bulk increased due to
the embossing process. In addition, a higher bulk increase value was observed for the 2-
ply mother reel than for the 3-ply mother reel. The tensile index decreased more in
configuration 2 than in configuration 1. The same trend was observed for the maximum
strain and the Young’s modulus. The deco embossing pattern used was more pronounced
with deeper engraving details, as the authors showed in previous work with samples of the
same 5-ply commercial toilet papers (Mendes et al. 2020). For this particular study, this
deco embossing had a more negative impact on the mechanical properties than the micro
embossing in both configurations. However, this impact was more noticeable in the 2-ply
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deco and micro embossing’s. As expected, the embossing process negatively affected the
mechanical properties of the tissue paper (Hollmark 1984).

30.0
= 3-Ply Mother reel
3-Ply MICRO Paper (Config 2)
250 ' 4 3.Pty DECO Paper (Config 1)
= 2-Ply Mother reel
®m 2-Ply MICRO Paper (Config 1)
200 ' 5 piy DECO Paper (Config 2)
15.0
10.0
1
0.0 '
Bulk (cm?/g) Tensile Index (Nm/g) Maximum Strain (%) Young Modulus (MPa)

Fig. 5. Comparison of the mechanical properties (MD) of 2-ply and 3-ply mother reels with the
corresponding deco and micro embossed papers

30.0
u 5-Ply Toilet Paper Config 1 (MD)

5-Ply Toilet Paper Config 2 (MD)
25.0 » 5-Ply Toilet Paper Config 1 (CD)
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20.0
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Tensile Index (Nm/g) Maximum Strain (%) Young Modulus (MPa)

Fig. 6. Comparison of mechanical properties of the 5-ply toilet papers with configurations 1 and 2
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Figure 6 shows the comparison of the mechanical properties of the two studied
configurations. Configuration 2 had lower tensile index and maximum strain values than
configuration 1. However, configuration 2 had a higher Young’s modulus value than
configuration 1. This was true both for both MD and CD. Configuration 2 had lower
mechanical property values because it had 1-ply less in the deco embossing, which further
weakened the structure.

CONCLUSIONS

1. In this study, the morphological compositions of the finished toilet papers were
characterized to identify the average values of the compositions of the base papers from
which they were produced.

2. The thickness and bulk of the toilet papers increased due to the embossing process.

3. The water absorption times were similar without notable variation, so the embossing
process had little impact on these values. As bulk increased 46% and 40% for
configurations 1 and 2, respectively, water absorption capacity increased 2% and 17%
for configurations 1 and 2, respectively. Therefore, the stacking sequence of the
finished toilet paper sheets influenced water absorption capacity.

4. The embossing process changed the mechanical properties of the toilet papers. The
tensile index, maximum strain, and Young’s modulus decreased considerably due to
the embossing process. Configuration 1 had minor losses in tensile index and maximum
strain. However, configuration 1 had a higher loss in Young’s modulus than
configuration 2. The negative impact on the mechanical properties was higher for deco
embossing than for micro embossing in both configurations.

5. This study found that the stacking sequence of the sheets in the finished toilet papers
influenced its final characteristics. For commercial purposes and to attend the final
consumer preferences for toilet paper, configuration 1 was more suitable for
mechanical strength, and configuration 2 was more suitable for absorption capacity.
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Chapter 4 — Perforation Study

1. National Patent II Draft — Laboratorial Perforation

System (Sistema Laboratorial de Perfuracao)

Vieira, J.C., Vieira, Mendes, A.O., A.C., Carta, A.M., Fiadeiro, P.T.,
Costa, A.P. (in preparation)

A detailed description of the perforation system developed is provided in this draft of the
national Patent II. Each component that composes this laboratory system is identified and its
main advantages and disadvantages are also pointed out. Additionally, it delivers the main
results that validate the use of the laboratory perforation system developed. The developed
laboratory perforation system presented by Patent II draft, proved to be a useful tool for small

scale studies, with a lower cost before moving on to pilot scale studies.

The overall contribution in the development of Patent II of Joana Costa Vieira was 65% to the
concept development, analysis, drafting and revising the final submission; André Costa Vieira
contributed 10% in the concept development, drafting and revising the final submission; Paulo
Torrao Fiadeiro contributed 10% in the transformation of cutting blades into perforation blades
and revising the final submission; Antonio de Oliveira Mendes, Ana Margarida Carta and Ana
Paula Costa contributed in reviewing, editing, and providing important technical inputs by 5%,

respectively.

2, Article VIII — Toilet Paper Perforation Efficiency

Vieira, J.C., Vieira, A.C., de O. Mendes, A., Carta, A.M., Fiadeiro,
P.T., Costa, A.P.

BioResources, 2022, 17(1), pp. 492—503

https://doi.org/10.15376 /biores.17.1.492-503

With Article VIII, it was intended to understand how the cut distances of perforation acted on
the tearing efficiency by separating a service from a roll of tissue paper. This study made it
possible to verify that the perforation efficiency tends to a limit value on which the maximum
value is reached. The developed laboratory perforation system, proved to be a useful tool for this
study, allowing the variation of different cut distances. On the other hand, both the optical
system and the FEM simulation proved to be very useful auxiliary tools for a better

understanding of the effects that occurred in this study.
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The overall contribution in Article VIII of Joana Costa Vieira was 70% to the concept
development, analysis, drafting and revising the final submission; André Costa Vieira
contributed 8% with the FEM analysis, drafting and revising the final submission; Anténio de
Oliveira Mendes contributed 7% with the optical system data, drafting and revising the final
submission; Ana Margarida Carta, Paulo Torrdo Fiadeiro and Ana Paula Costa contributed in

reviewing, editing, and providing important technical inputs by 5%, respectively.

3. Article IX — Mechanical Behavior of Toilet Paper
Perforation

Vieira, J.C., Vieira, A.C., de O. Mendes, A., Carta, A.M., Fiadeiro,
P.T., Costa, A.P.

BioResources, 2021, 16(3), pp. 4846—4861
https://doi.org/10.15376/biores.16.3.4846-4861

To understand better how acts the mechanical behavior of toilet paper perforation, in the study
presented in Article IX, the perforation efficiencies and respective cut distances were evaluated
in different commercial toilet papers in terms of number of plies, composition and cut distances.
This study made it possible to verify that cutting distances less or equal to 2 mm should not be
used, as for this limit the separation of the paper roll service is carried out outside the
perforation line. Both the optical system and the FEM simulation proved to be very useful

auxiliary tools for a better understanding of the effects that occurred in this study.

The overall contribution in Article IX of Joana Costa Vieira was 70% to the concept
development, analysis, drafting and revising the final submission; André Costa Vieira
contributed 8% with the FEM analysis, drafting and revising the final submission; Anténio de
Oliveira Mendes contributed 7% with the optical system data, drafting and revising the final
submission; Ana Margarida Carta, Paulo Torrao Fiadeiro and Ana Paula Costa contributed in

reviewing, editing, and providing important technical inputs by 5%, respectively.
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RESUMO

“SISTEMA LABORATORIAL DE PERFURAGAO PARA PAPEL TISSUE”

A perfuracdo em produtos de papel tissue é empregue com a
intencdo de facilitar o porcionamento dos servicos de
produtos de papel tissue. A presente invencdo descreve um
sistema laboratorial de perfuracdo que permite testar novos
tipos de perfuracdo a escala laboratorial, permitindo
transpor os resultados a escala industrial, avaliar
problemas associados com a perfuracdo dos produtos tissue,
bem como testar novos padrdes de perfuragcdo e a sua
eficiéncia. O sistema compreende uma guilhotina rotacional
(1) que compreende uma lémina giratéria de perfuracéo
amovivel de corte (2) e uma base de perfuracdo (3), onde
estd acoplado um suporte de encaixe linear (4) do eixo (5)
da lémina giratéria de perfuracdo amovivel de corte que
desliza sobre uma calha (6) ao longo do eixo vertical (Y),
guiando o deslizamento do suporte de encaixe linear (4) e
numa direcdo perpendicular ao eixo (5) da lémina, paralelo
ao eixo horizontal (X) da base de perfuracdo (3), de forma
a que a lamina giratdéria de perfuracgdo amovivel de corte
(2) gire e perfure uma folha de papel (7) colocada entre a
base de perfuracédo (3) e a calha(6), pela acdo de uma forcga
normal a folha de forma a pressionar o eixo da lémina (5) e
a lédmina giratéria de perfuragdo amovivel de corte (2) contra
a folha (7).
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DESCRICAO

“SISTEMA LABORATORIAL DE PERFURACAO PARA PAPEL TISSUE”

Area da Invencédo

A presente invencdo refere-se a um sistema de perfuracéo
laboratorial para papel tissue dotado de uma guilhotina
rotacional com laminas de corte circulares giratérias, lisas
ou padronizadas, que podem perfurar uma ou mais folhas de
papel, para criar o padrédo da perfuracdo, com um determinado
comprimento de corte e outro por cortar, que se repetem
sequencialmente.

Estado da arte

A perfuragdo em produtos de papel tissue é utilizada com o
propdsito de facilitar o particionamento das folhas de papel.
Os principais produtos em que este processo é utilizado séo:
papel higiénico, papel de cozinha e lencos faciais [1-3]. Na
drea do papel tissue, 1isto estimulou os fabricantes a
produzirem os seus produtos com a capacidade para serem
particionados. O recurso a perfuracdo do papel, permite ao
consumidor dispensar convenientemente uma determinada
quantidade do produto conforme sua necessidade.

Estes tipos de papel sé&o semelhantes e normalmente sé&o
perfurados para facilitar o seu particionamento, de acordo
com as necessidades do consumidor. As perfurag¢des facilitam
esse particionamento, promovendo a separacdo das folhas ou
servicos, pelo perfurado sem os rasgar. Porém, o papel
perfurado tem de ser suficientemente forte para se manter
unido sob uma certa tensdo, quando o consumidor desejar
utilizar mais do que uma folha, mas por outro lado tem de
ser fraco o suficiente para que a folha ou servigo possa ser
destacado do rolo de modo facil, sem o rasgar, com pPouUCoO
esforco e ao longo de wuma linha horizontal reta ou
padronizada. Este equilibrio é dado pela eficiéncia de
perfuracdo. Quanto maior a eficiéncia da perfuracdo, mais
fédcil seré a separacgdo do servico.

A adequada geometria da lédmina de perfuracdo deve ser levada
em consideracdo. O perfurador é também o responséavel pela
aparéncia visual da borda livre do rolo de papel

147



remanescente. O consumidor final pretende uma borda livre
esteticamente agradével (mais lisa e menos irregular entre
as areas cortadas e ndo cortadas) apds destacar a quantidade
de papel pretendida.

Quando a resisténcia a tracdo do papel perfurado é muito
forte, a folha de papel ¢é dividida fora da 1linha de
perfuracdo. Por outro lado, quando a resisténcia a tracédo é
muito fraca, a folha, ao ser puxada do rolo de papel, néo é
bem controlada saindo mais do que um comprimento
predeterminado entre perfuracdes. Este equilibrio é dado
pela eficiéncia de perfuracdo. Quanto maior a eficiéncia da
perfuracédo, mais féacil seréd a separagdo do servigco. A baixa
resisténcia a tracdo também pode prejudicar a runnability da
méaquina de converting, causando quebras sucessivas da folha
apbs a operacédo de perfuracdo. Portanto, a fim de tudo isto
ser evitado, a resisténcia a tracdo na direcdo transversal
da perfuracédo tem de ser controlada de modo a cair dentro de
uma faixa predeterminada. Por outro lado, a resisténcia a
tragdo do papel perfurado ¢é muito influenciada pela
resisténcia a tracdo da proépria folha na diregcdo méquina
(composicédo fibrosa, formacdo e orientacdo das fibras na
folha de papel). Estes problemas associados a separacdo dos
servicos por parte do consumidor, podem ter um impacto
negativo na lealdade e satisfacdo deste com a marca do
produto em questdo. Assim, o estudo da eficiéncia de
perfuragdo de um papel tissue revela-se de extrema
importdncia para os produtores deste tipo de produtos, tanto
a nivel de desenvolvimento de produto como para resolver
problemas de reclamagdes de clientes. Para tal, existe a
necessidade da existéncia de um equipamento laboratorial, de
facil uso, que permita levar acabo os estudos necesséarios.

Atualmente, nédo se encontram disponiveis no mercado sistemas
de perfuracéo laboratorial com caracteristicas de
versatilidade, portabilidade e de baixo custo.
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Sumario da Invencéo

A presente invencédo diz respeito a um sistema de perfuracéo
laboratorial para papel tissue que compreende uma guilhotina
rotacional (1) que compreende uma lédmina giratdéria de
perfuracédo amovivel de corte (2) e uma base de perfuracéao
(3), onde estéd acoplado um suporte de encaixe linear (4) do
eixo (5) da lamina giratdéria de perfuracdo amovivel de corte
que desliza sobre uma calha (6) ao longo do eixo vertical
(Y), guiando o deslizamento do suporte de encaixe linear (4)
e numa direcdo perpendicular ao eixo (5) da lémina, paralelo
ao eixo horizontal (X) lado da base de perfuracdo (3), de
forma a que a ladmina giratéria de perfuracdo amovivel de
corte (2) gire e perfure uma folha de papel (7) colocada
entre a base de perfuracgdo (3) e a calha(6), pela acédo de
uma forca normal a folha de forma a pressionar o eixo da
lédmina (5) e a lémina giratéria de perfuracdo amovivel de
corte (2) contra a folha (7).

Numa forma preferencial da invencdo, a base de perfuracéo
(3) apresenta marcas de réguas para auxiliar de auxilio do
processo de posicionamento do papel.

Numa forma preferencial da invencédo, a lémina giratdria de
perfuracdo amovivel de corte (2) apresenta um perfil liso ou
padronizado.

Numa forma preferencial da invenc¢do, a calha (6) compreende
meios de acionamento automdtico de avancgo pelo eixo vertical
(Y) linearmente ao longo da calha (6).

Numa forma preferencial da invencdo, os meios de acionamento
automdtico sdo selecionados do grupo que consiste em motor
elétrico acoplado a um parafuso sem-fim, motor elétrico
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acoplado a uma cremalheira, cilindro pneumdtico e cilindro
hidradulico com pressédo controlada.

Breve Descricédo das Figuras

A Figura 1 descreve o sistema de perfuracdo laboratorial
para papel tissue da presente invencdo, que inclui uma
guilhotina rotacional (1) gque inclui uma l&mina giratdria de
perfuracdo amovivel de corte (2), uma base de perfuracéo
(3), um suporte de encaixe linear (4) do eixo (5) da lamina
giratéria de perfuracdo amovivel de corte (2), e uma calha
(6) onde o suporte de encaixe linear desliza.

A Figura 2 representa o mecanismo e posicionamento da lémina
giratéria de perfuracdo amovivel de corte (2) e de uma folha
de papel (7) no sistema de perfuracdo. E também representado,
pelas setas apresentadas, o sentido de rolamento da lamina
(8), a forca da lémina contra o papel (9) e o sentido de
avanco do eixo da léamina (10).

A Figura 3 representa uma possivel geometria da lémina
giratéria de perfuracdo amovivel de corte e seus respetivos
raios (11), &ngulos de corte (12) e passos angulares (13).

A Figura 4 representa a comparacdo entre uma perfuracdo de
3 mm industrial e uma laboratorial para papéis higiénicos de
2, 3 e 4 folhas.

A Figura 5 representa as imagens ampliadas de uma perfuracéo
de 3 mm industrial e uma laboratorial para um papel higiénico
de 2 folhas.
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Descricdo Detalhada da Invencdo

A presente invencédo refere-se a um sistema de perfuracédo que
compreende uma guilhotina rotacional (1) com l&minas
giratérias de perfuracdo amovivel de corte (2), lisas ou
padronizadas, que podem perfurar uma ou mais folhas de papel
(7), para criar o padrdo da perfuracdo, com um determinado
comprimento de corte e outro por cortar, que se repetem
sequencialmente. As léminas giratdérias de perfuracéo
amovivel de corte (2) sdo maquinadas de forma a criar um
disco com segmentos de corte cujo comprimento de arco
corresponde ao comprimento a cortar e o espag¢o magquinado
corresponde ao comprimento nédo cortado no papel.

Este sistema de perfuracdo aplica-se a produtos de papel
tissue, tais como papel de cozinha ou papel higiénico. Neste
contexto, a presente invencdo descreve um sistema de
perfuracdo laboratorial que permite testar novos tipos de
perfuracdo a escala laboratorial, permitindo transpor os
resultados a escala industrial, avaliar problemas associados
com a perfuracdo dos produtos, bem como testar novos padrdes
de perfuracédo e a sua eficiéncia.

A presente invencdo tem como principais vantagens ser um
sistema de pequeno tamanho pequeno, leve, portdtil e de baixo
custo; ser um sistema versatil, poils que permite utilizar
varios tipos de léminas (lisas ou padronizadas) que podem
ser adaptaveis ao tipo de perfuracdo pretendido; e ser um
sistema que permite a sua utilizacdo em véarios tipos de
papéis, nomeadamente o papel tissue.

O sistema de perfuracdo laboratorial para papel tissue da
presente invencdo é composto por uma guilhotina rotacional
(1) apresentada na Figura 1, que compreende uma base de
perfuracdo (3), onde estd acoplado um suporte de encaixe
linear (4) do eixo (5) de uma lamina giratdéria de perfuracéo
amovivel de corte (2), que desliza sobre uma calha (6)
permitindo a ldmina giratéria de perfuracdo amovivel de corte
(2) girar e perfurar uma folha de papel (7), enquanto o eixo
(5) avanca livremente na calha (6).

A base de perfuracédo (3) pode estar marcada com réguas que
permitem auxiliar o processo de posicionamento do papel,
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para que a perfuracédo seja efetuada exatamente a meio ou na
posicdo pretendida da amostra. A folha de papel é colocada
entre a base (3) e a calha (6) de modo que a lamina giratéria
de perfuracédo amovivel de corte (2) ao rolar sobre a folha,
a consiga perfurar devido a acdo de uma forga normal & folha
no sentido de pressionar o eixo (5), e a lémina (2), contra
a folha (7).

A Figura 2 mostra uma possivel geometria da ladmina giratdria
de perfuragédo amovivel de corte (2), com o sentido da forga
aplicada na l&mina contra o papel (9), assim como a direcgédo
e o sentido do avango de rolamento da lamina ao longo do
eixo na calha (10).

A geometria da lémina giratdéria de perfuracdo amovivel de
corte é definida pelo adngulo de corte (12) e o passo angular
(13), como apresentado na Figura 3. O angulo de corte (12)
est4d relacionado com o comprimento de corte de cada
perfuracdo, medido na reta de perfuracdo, considerando que
o comprimento de arco correspondente ao comprimento de corte
é o produto entre o &ngulo de corte (em radianos) (12) e o
raio do disco (1l1). O passo linear, que é a disténcia medida
na reta de perfuracdo entre duas perfuracdes consecutivas,
estd relacionado com o passo angular (13), considerando que
o comprimento de arco correspondente ao passo é o produto
entre o passo angular (em radianos) (13) e o raio do disco
(L1) «

Na Figura 4 é possivel verificar que os resultados obtidos
com o sistema de perfuracdo laboratorial foram capazes de
reproduzir as distédncias de corte obtidas numa maquina
industrial de transformagcdo de papel tissue, para Papéis
Higiénicos (PH) comerciais de 2, 3, 4 e 5 folhas, com
diferengcas muito pequenas. Estes resultados sé&o também
corroborados visualmente através das imagens da Figura 5, em
que se compara o corte de 3 mm de um Papel Higiénico comercial
de 2 folhas tanto pelo processo industrial como com o
processo laboratorial.
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Reivindicacgodes

1. Um sistema de perfuracédo laboratorial para papel tissue

caracterizado por compreender uma guilhotina
rotacional (1) que compreende uma lé&mina giratdria de
perfuracdo amovivel de corte (2) e uma base de

perfuracdo (3), onde estéd acoplado um suporte de
encaixe linear (4) do eixo (5) da lamina giratdéria de
perfuracdo amovivel de corte que desliza sobre uma
calha (6) ao longo do eixo vertical (Y), guiando o
deslizamento do suporte de encaixe linear (4) e numa
direcdo perpendicular ao eixo (5) da lémina, paralelo
ao eixo horizontal (X) da base de perfuracdo (3), de
forma a que a ldmina giratdéria de perfuracédo amovivel
de corte (2) gire e perfure uma folha de papel (7)
colocada entre a base de perfuracdo (3) e a calha(6),
pela acdo de uma forca normal a folha de forma a
pressionar o eixo da lédmina (5) e a lémina giratdria
de perfuracédo amovivel de corte (2) contra a folha (7).

2. Sistema de acordo com a reivindicag¢do anterior,
caracterizado por a base de perfuracdo (3) apresentar
marcas de réguas de auxilio do processo de
posicionamento do papel.

3. Sistema de acordo com qualquer uma das reivindicacgdes
anteriores, caracterizado por a ladmina giratdéria de
perfuracdo amovivel de corte (2) apresentar um perfil
liso ou padronizado.

4. Sistema de acordo com qualquer uma das reivindicac¢des
anteriores, caracterizado por a calha (6) compreender
meios de acionamento automatico de avanco pelo eixo
vertical (Y) linearmente ao longo da calha (6).

5. Sistema de acordo com qualquer uma das reivindicacdes
anteriores caracterizado pelos meios de acionamento
automadtico serem selecionados do grupo que consiste em
motor elétrico acoplado a um parafuso sem-fim, motor

elétrico acoplado a uma cremalheira, cilindro
pneuméatico S cilindro hidraulico com  pressao
controlada.
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Toilet Paper Perforation Efficiency

Joana C. Vieira,** André C. Vieira,” Anténio de O. Mendes,* Ana M. Carta,®
Paulo T. Fiadeiro,® and Ana P. Costa ?

Today, the toilet paper market offers product types with varying number of
plies, providing better mechanical strength and liquid absorption. Several
tissue paper perforation systems exist, and the best commonly applied is
a top-cutting mechanism that includes an oblique blade, a combined
oblique blade, or a simple spiral blade. The perforation efficiency must be
high to have an easy sheet separation from the roll of the toilet paper,
which does not always occur. Hence, consumer satisfaction can depend
on the perforation performance. To study this, a laboratory perforation
system was used to perforate different commercial toilet papers (in brands
and number of plies) and evaluate their perforation efficiency. A finite
element method (FEM) was used to simulate the curve of the progression
of perforation efficiency as a function of the cut distance. The main findings
were a stabilization of the perforation efficiency from a cut distance of 6
mm and a 15% increase in the cut distance for the laboratory blade to
match the industrial perforation efficiency. The FEM analysis confirmed
the behavior of the evolution of perforation efficiency with the increase of
the cut distance.
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INTRODUCTION

The use of toilet paper was first recorded in China in 851 AD (Bennett 2009). The
perforated roll toilet paper known today originated in the 19 century, with the patent of
Seth Wheeler in 1894 (Wheeler 1894). The toilet paper market presents this product with
a diverse number of plies (1 to 6 plies). A greater number of plies increases the thickness,
which provides greater strength and liquid absorption. Globally, tissue paper, with toilet
paper is included, is the fastest growing sector of the paper industry, where each person in
the world consumes an average of 4.4 kg per year (Haggith and Martin 2018). From the
specifications of a 3-ply toilet paper roll with 150 sheets, it weighs about 78 g. This means
that each person in the world consumes about 56.5 rolls per year (more than 1 roll per week
per person). Between 2010 and 2015, tissue paper production increased 3.5% annually, and
it is expected to grow almost 6% per year between 2018 and 2022. The environmental
benefit that has been seen, despite this rapid evolution of the tissue market, especially in
developing countries, is to compensate the increase of digitization and the decline in the
use of printing and writing paper (Skene and Vinyard 2019).
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Today, the use of disposable products is high, but many consumers are concerned
with the level of resources needed to produce these products. Thus, the development of
environmentally friendly disposable products remains an important work (Olson et al.
2016). Tissue paper products, such as kitchen, toilet, and facial papers, are similar and
usually perforated to facilitate portioning (Ogg and Habel 1992; Schulz and Gracyalny
1998; Baggot et al. 2006). In a roll of perforated toilet paper, the holes with a certain cut
distance along a line are called perforation lines. These lines of weakness are parallel to
the axis on which the toilet paper is rolled and aim to divide the roll of toilet paper into
portions with a predefined length. This predefined length between two perforation lines is
known as a “sheet” (Ogg and Habel 1992; Chih 2018). Figure 1 shows a scheme that
presents these concepts.

Perforation Line

( B Cut Distancel Blank Distance

Sheet

Fig. 1. Diagram of the concepts associated with toilet paper perforation

In the existing tissue paper perforation techniques, an upper cutting blade and a
lower roll are generally used. Currently, the most widely used top-cutting mechanism
mcludes an oblique blade, a combined oblique blade, or a simple spiral blade (Shiang
2012). Because the perforation blade operates in a rotating spiral, the contact between the
blade and the paper sheet is theoretically at one point, which reduces the impact of this on
the sheet. The soft contact (low impact) between the perforation blade and the paper sheet
mcreases its lifetime and decreases the failure phenomena, such as the break of the blade
(Chih 2018). There are disadvantages in the methods currently known for perforating tissue
paper sheets. The forces generated in this operation cause vibrations that are harmful to the
general processing of the sheet. In addition, there must be well-defined speed limitations,
because high processing speeds cause high levels of vibration, causing imperfections in
sheet cuts, sheet breaks, and/or machine malfunction (Baggot et al. 2006).

When the tensile strength of the perforated toilet paper is strong, the paper sheet is
split off the perforation line. In contrast, when the tensile strength is weak, the sheet when
pulled out from the toilet paper roll is not well controlled, leaving more than a
predetermined number of sheets (Schulz and Gracyalny 1998; Mukai and Shimizu 2003).
This low tensile strength can also impair the runnability of the converting machine, causing
successive breaks of the sheet after the perforation process. Therefore, for all of this to be
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avoided, the tensile strength in the machine direction (MD) of the perforation must be
controlled so that it falls within a predetermined range. In contrast, the tensile strength of
perforated toilet paper is greatly influenced by the tensile strength of the base paper itself
m MD (fibrous composition, formation, and orientation of the paper sheet) (Mukai and
Shimizu 2003). These problems, which are associated with the separation of the sheets by
the consumer, can have a negative impact on the customer's loyalty and satisfaction with
the brand of the product in question (Schulz and Gracyalny 1998). Thus, the study of the
perforation efficiency, by definition “the difference between the tensile strengths of non-
perforated and perforated material from the same sample divided by the tensile strength of
non-perforated material,” of a toilet paper is extremely important for the producers of this
type of product (ISO 12625-1:2019). To have an easy sheet detachment from the toilet
paper roll, the perforation efficiency must be high. Equation 1 is used to evaluate the
perforation efficiency according to the standard ISO 12625-12 (2010),

Ep=100 x [1 - (Sp/ Sep)] (D

where Ep is the perforation efficiency (%); Sp is the average tensile strength of perforated
papers (N/m); and Syp is the average tensile strength of unperforated papers (N/m).

In this context, the objective of the present work is to evaluate the perforation
efficiency for different cut distances in commercial papers of 2, 3, 4, and 5 plies, using a
laboratory perforation system and comparing them with the industrial perforation of each
one of these.

EXPERIMENTAL

Materials

Eight commercial toilet papers with a minimum service length of 125 mm were
selected. This set is composed by two samples of each 2-ply, 3-ply, 4-ply, and 5-ply papers.
These toilet papers were identified according to the following legend: XPi, where X is the
commercial toilet paper sample brand, P; is the number of plies, and XPiC;j where Cj is the
cut distance (mm) of the perforation. The values of i =2, 3, 4, and 5 represents the number
of plies, and j =2, 3,4, 5, 6, 7, and 8 mm represents the cut distances performed.

Methods

To start this work, samples of commercial toilet paper with sheet length of 125 mm
minimum were selected, meeting the ISO 12625-12 (2010) standard requirement of the
100 mm gauge length. Then, the samples were prepared to perform the tensile tests
according to the above referred standard (width of 50 mm and a length of a minimum of
125 mm up to 150 mm). These samples were then perforated in the laboratory with the
repeated cutting distances of 2, 3, 4, 5, 6, 7, and 8 mm. All the perforations were performed
in the center of each sample along the cross direction (CD).

All samples were subjected to tensile tests along the MD on a Thwing-Albert®
VantageNX universal testing machine (Thwing-Albert Instrument Company, West Berlin,
NJ, USA) at a rate of elongation of 50 mm/min, in accordance with the standard mentioned
above. Samples tensile tests were performed with and without perforation as illustrated in
Fig. 2.

A customized optical system (Mendes ef al. 2013, 2014, and 2015) was used to
record the measurements of the cut distance of the toilet paper samples. The image
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acquisition of the performed cut distances was carried out with precise requirements of
lighting and magnification. After it was properly configured for the application in hand,
the optical system allowed the observation of the elements to be measured using processing
tools for this task. In this work, four different measurements were considered of each
sample, which were used for the calculation of the corresponding mean and standard
deviation for all the studied paper samples.

F F
Upper clamp

Tissue Paper
sample

100 £ 1 mm

Perforation line

Lower clamp -
F F

Fig. 2. Set-up of the tensile tests without and with perforation (Vieira et al. 2021)

All toilet paper samples were stored and tested at a temperature of 23 +£1 °C and a
relative humidity of 50 £ 2% according to ISO 187 (1990).

Numerical Model

In this work for the 2-ply toilet paper (BP2) the influence of the cut distance was
studied using mechanical simulation tools. The aim was to evaluate how the tensile strength
decreases with the cut distance and how it affects the perforation efficiency. A simpler
model was used to verify the stabilization of the perforation efficiency from a cut distance
of 6 mm.

A finite element model (FEM) was executed in the software Abaqus/Standard finite
element (Dassault Systémes®, version 14.1, Vélizy-Villacoublay, France), using a linear
elastic constitutive model to replicate the tensile tests on the 2-ply toilet paper BP> with 2,
3,4,5,6,7, and 8 mm of cut distances. The Young’s modulus used, 1.38 MPa, was
obtained by the tensile test performed in the sample without perforation and calculated as
the slope between two specific points in the initial linear part of the load-elongation curve.
An estimated value of 0.3 was used for the Poisson coefficient assuming that volume does
not change. The sample geometry was a single shell with a width of 50.0 mm, a length of
100.0 mm, and a thickness of 0.3 mm. An axial load was employed by controlling a uniform
elongation of 10.0 mm of the top surface. The lower surface was constrained to move and
rotate in all directions. The CPS4R elements used in these models were 23503, 16043,
15252, 13222, 13165, 12158, and 12139 for the cut distances of 2, 3, 4, 5, 6, 7, and 8 mm,
respectively. An ellipse was used for the cut’s geometry with 0.01 mm to the smaller
diameter and the longer diameter was matched to each cut distance. Perforation efficiency
was calculated based on the tensile strength of the toilet paper sample without perforation.
Load was increased iteratively, in several simulations, until this tensile strength value (Sup
=265.89 MPa in accordance with Table 1 for BP2) was reached in the most critical element.
The procedure was the same for each cut distance.
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RESULTS AND DISCUSSION

From the previous work by Vieira et al. (2021), these toilet papers (with the same
notation) were morphologically characterized. The fiber composition of the samples is
mostly composed by hardwood short fibers. However, small differences were found in
softwood long fibers content.

Tables 1 and 2 show the results for determining the perforation efficiency, as well
as the measurements of the cut and blank distances laboratory performed for the 2-, 3-, 4-,
and 5-ply toilet papers.

In Fig. 3, the cut distance measurements made on all toilet paper samples by cut
blade size are shown. All the effective cuts were inferior to the target cuts. Comparing all
the cuts for the same cut blade, they had an average coefficient of variation of 2.1% which
indicates that this is a good mechanical method of laboratory perforation for this kind of
tissue paper sample.
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Fig. 3. Evaluation of the cut distances for all study samples

The evolution of perforation efficiency with the variation of the cut distances is
presented in Fig. 4, by number of plies of toilet paper. It can be confirmed that for all
samples there was a stabilization of the perforation efficiency above a cut distance of 6
mm. Therefore, for cutting distances higher than this value, perforation efficiency is not
gained, which may impair the runnability of the paper sheet in the converting machine. In
the previous work Vieira et al. (2021), the authors concluded that with the increase of the
cut distance, stress concentration factor tends to increase asymptotically, physically
meaning that the stress gets more homogenously distributed. Because the samples are from
commercial papers of different brands, they have different fibrous compositions, which
justifies the gap between the curves for the toilet papers with the same number of plies.
Images obtained by the customized optical system are shown in Fig. 5, which represents
the 6 mm cut distance of the 2-, 3-, 4-, and 5-ply toilet papers. The figure verifies that
samples had uniform and clean cuts, and that with the increase of the number of plies the
cut was not affected.
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Table 1. Perforation Efficiency and Cut Distance for 2-ply and 3-ply Toilet Papers

< " Blank
Toilet 1;?:1:'? Tensile | Perforation ngf £ Cmtelzlsst:::: ° I\I:istanct:’
P::Ser (Nm/g) Strength Efﬁilency Bistasis (mm) e(a':f;r)e
- (N/m) (%) (mm) - -
X +c X ENo} X o]

QP2 | 587 | 0.19 | 175.38
QP2C2 | 3.49 | 0.24 | 104.34 40.5 2 1.92 0.05 1.15 0.03
QP2C; | 2.58 | 0.20 77.26 55.9 3 2.73 0.08 1.21 0.06
QP2Cs | 213 | 0.16 63.65 63.7 4 3.60 0.02 1.27 0.04
QP2Cs | 1.73 | 0.19 51.80 70.5 5 4.59 0.05 1.22 0.03
QP2Cs | 1.37 | 0.10 41.09 76.6 6 5.58 0.04 1.18 0.05
QP2C7 | 1.34 | 0.15 40.08 771 7 6.77 0.05 1.19 0.03
QP2Cs | 1.00 | 0.10 39.85 773 8 7.75 0.27 1.21 0.03

BP2 | 713 | 0.44 | 265.89
BP:C2 | 3.65 | 0.28 | 136.05 48.8 2 1.87 0.04 1.1 0.02
BP2C; | 2.83 | 0.26 | 105.72 60.2 3 2.82 0.07 1.20 0.05
BP:Cs | 2.14 | 0.31 79.67 70.0 4 3.75 0.09 1.19 0.06
BP:Cs | 1.78 | 0.19 66.33 751 5 4.75 0.10 117 0.07
BP2Cs | 1.23 | 0.13 46.82 824 6 5.75 0.10 1.12 0.05
BP:C7 | 1.22 | 0.12 45.51 829 7 6.60 0.08 1.20 0.03
BP:Cs | 1.12 | 0.13 41.82 84.3 8 7.88 0.17 1.14 0.07

HP; | 7.00 | 0.22 | 305.25
HP:C2 | 3.35 | 0.35 | 146.01 52.2 2 1.76 0.06 1.15 0.09
HP:Cs | 2.78 | 0.14 | 121.19 60.3 3 2.69 0.07 1.22 0.06
HP3:Cs | 212 | 0.09 92.53 69.7 4 3.55 0.06 1.22 0.04
HP:Cs | 1.85 | 0.23 80.65 73.6 5 4.63 0.07 1.21 0.07
HP:Cs | 1.32 | 0.10 57.39 81.2 6 5.65 0.16 1.09 0.07
HP:C7 | 1.20 | 0.14 52.54 82.8 7 6.57 0.05 1.22 0.01
HP:Cs | 1.13 | 0.15 50.06 83.6 8 7.79 0.18 1.19 0.07

JP; | 6.86 | 0.21 | 360.10
JP3C2 | 3.38 | 0.16 | 177.61 50.7 2 1.74 0.07 1.18 0.07
JP:Cs | 2.69 | 0.26 | 141.22 60.8 3 2.91 0.05 1.21 0.04
JP3Cs | 215 | 0.21 | 113.04 68.6 4 3.75 0.06 1.19 0.05
JP:Cs | 1.69 | 0.13 88.53 754 5 4.82 0.11 1.15 0.06
JP3:Cs | 1.19 | 0.13 62.46 82.7 6 5.83 0.17 1.1 0.06
JP:C7 | 1.21 | 0.16 63.63 823 7 6.86 0.10 1.13 0.06
JP:Cs | 1.29 | 0.18 63.60 82.3 8 7.81 0.17 1.15 0.06
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Table 2. Perforation Efficiency and Cut Distance for 4-ply and 5-ply Toilet Papers

. Tensile ) ) Target Cut Distance ng’:‘;e
Toilet Index Tensile Perfo_ratlon Cut Measured Measured
Pelxger (Nm/g) St(ﬁ;:ng)th Efﬁ((ille)ncy Distance (mm) (mm)

N g (mm) _ N
X +c X £} X e}
KPs | 6.78 | 0.29 | 410.05
KPsC2 | 3.71 | 0.22 | 224.70 45.2 2 1.85 0.03 117 0.04
KPsC; | 2.88 | 0.19 | 174.33 57.5 3 2.80 0.03 1.10 0.06
KPsCs4 | 2.29 | 0.10 | 138.44 66.2 4 3.64 0.08 1.25 0.07
KPsCs | 1.85 | 0.21 | 111.97 72.7 5 4.66 0.17 1.16 0.05
KPsCs | 1.48 | 0.18 | 89.47 78.2 6 5.75 0.15 1.12 0.04
KPsC7 | 1.29 | 0.08 | 78.30 80.9 7 6.62 0.08 1.14 0.04
KPsCs | 1.20 | 0.18 | 74.81 81.8 8 7.63 0.16 117 0.04
MP; |8.89 | 0.40 | 611.07
MPsC2 | 4.44 | 0.33 | 305.24 50.0 2 1.78 0.10 1.18 0.07
MP4C3 | 3.55 | 0.10 | 243.75 60.1 3 2.79 0.06 1.13 0.04
MP4Cs | 2.97 | 0.09 | 204.28 66.6 4 3.7 0.03 1.18 0.02
MPsCs | 2.26 | 0.24 | 155.20 74.6 5 493 0.09 1.11 0.06
MPsCs | 1.71 | 0.15 | 117.25 80.8 6 5.80 0.12 1.10 0.08
MPsC7 | 1.64 | 0.12 | 112.73 81.6 7 6.70 0.09 1.16 0.06
MPsCs | 1.52 | 0.21 | 108.33 82.3 8 7.91 0.14 1.11 0.08
OPs |7.53|0.27 | 572.06
OPsC2 | 3.60 | 0.31 | 273.28 52.2 2 1.85 0.05 1.13 0.08
OPsCs | 2.63 | 0.20 | 200.22 65.0 3 2.75 0.08 1.10 0.05
OPsC4 | 1.92 | 0.19 | 146.03 74.5 4 3.72 0.14 1.21 0.03
OPsCs | 1.73 | 0.16 | 131.60 77.0 5 4.63 0.06 1.13 0.03
OPsCs | 1.32 | 0.11 | 100.28 82.5 6 5.70 0.07 1.05 0.01
OPsC7 | 1.21 | 0.10 | 91.79 84.0 7 6.60 0.08 1.24 0.07
OPsCs | 1.08 | 0.16 | 87.97 84.6 8 7.86 0.18 1.15 0.05
RPs | 5.54 | 0.35 | 423.59
RPsC2 | 3.39 | 0.24 | 258.71 38.9 2 1.78 0.11 112 0.06
RPsC; | 2.60 | 0.22 | 198.85 53.1 3 2.7 0.04 1.18 0.04
RPsCs | 2.06 | 0.21 | 157.46 62.8 4 3.7 0.09 1.20 0.03
RPsCs | 1.53 | 0.16 | 116.95 724 5 4.84 0.08 1.14 0.07
RPsCs | 1.31 | 0.10 | 100.43 76.3 6 5.92 0.07 1.14 0.06
RPsC7 | 1.30 | 0.06 | 99.09 76.6 7 6.84 0.12 1.13 0.09
RPsCs | 1.12 | 0.12 | 95.90 77.4 8 7.57 0.13 1.13 0.07
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Fig. 4. Evolution of perforation efficiency with the variation of the cut distances: a) 2-ply toilet
paper; b) 3-ply toilet paper; c) 4-ply toilet paper, and d) 5-ply toilet paper
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Fig. 5. Optical images of the 6 mm cut distance from: a) 2-ply toilet paper; b) 3-ply toilet paper; c)
4-ply toilet paper; and d) 5-ply toilet paper
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Figure 6 presents the confirmation of the perforation efficiency stabilization to a
cut distance of 6 mm by the FEM simulation. This curve shows the same behavior as the
curves related to experimental data. The gap between the curves of simulation and
experimental data is due to the parameters assumed for the simulation, i.e., despite the
Young's modulus and the sample dimensions being the same, it was considered to be one
homogeneous and isotropic shell (although 2-plies in toilet paper), not considering the
fibrous orientation, friction between plies, volume changes due to creping, and embossing.
Another justification is the fact that the FEM simulation is performed for an exact cut
distance (target dimension) and the cut distance performed in the laboratory is always
smaller than the target dimension (according to the values presented in Tables 1 and 2).

100 2-Ply Toilet Paper

90

80
8
c 70
c
Q2
2
:,5 60
c
2
et
© 50
(=]
g —&— Perforation Simulation
o. |

40 ! —&—LAB Perforation BP2

4 IND Perforation BP2
30 ;
2 3 : 4 5 6 7 8

Cut Distance (mm)

Fig. 6. Comparison of the evolution of perforation efficiency with the variation of the cut distances
of the FEM simulation, laboratory (LAB) perforation, and industrial (IND) perforation results for a
2-ply toilet paper (BP2)

Figure 6 shows the industrial perforation of the same commercial toilet paper.
Comparing laboratory perforation with the same industrial perforation, the first achieves a
higher perforation efficiency; this can be justified by looking at Figs. 7(b) and 7(c),
respectively. Figure 7(c) shows a thinner and less marked cut, without affecting the fibrous
structure adjacent to the cut. In contrast, Fig. 7(b) shows a thicker and more marked cut,
weakening the structure nearby the cut. To achieve the same perforation efficiency of the
mdustrial 3 mm cut, a 3.5 mm cutting blade would need to be used. Therefore, to equalize
the efficiency of industrial perforation with laboratory perforation the cut distance of the
laboratory blade must be increased 15% when compared to the industrial cut distance.

In addition to the qualitative comparison of industrial and laboratory cuts, Fig. 7
illustrates the sequence of all cut distances (2 mm to 8 mm) that were laboratory performed
m this work, keeping the blank distance constant (1 mm).
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1 Industrial Perforation

f) cut distance = 6 mm ] g) cut distance =7 mm h) cut distance = 8 mm

Fig. 7. Optical images of the different laboratory cut distances for the BP- toilet paper and the
industrial perforation for the same toilet paper

Figure 8 compares the industrial and laboratory perforations in different
commercial toilet papers from the measurements of the cuts by the optical system.
Analyzing this figure, it is confirmed that the dimensions of the laboratory cuts are always
smaller than the industrial ones. In addition, both types of cut are inferior to the target
measure.

® Industrial Perforation w Laboratory Perforation
5

4
BP2 HP3 JP3 KP4 MP4 OPS

Fig. 8. Comparison of industrial vs laboratory cut distances for different toilet papers

N

Cut Distance Measured (mm)

In agreement with what was previously presented in Fig. 4, the stabilization for a 6
mm laboratory cut, and because this cut was inferior to the industrial one, it can be assumed
that industrially this stabilization will occur for a 5 mm industrial cut. In brief, industrially,
the maximum cut to obtain an optimized perforation efficiency without impairing the
runnability of the converting machine is 5 mm. Of the analyzed papers, the one with the
best perforation efficiency was a 4-ply paper with a cut distance of 5 mm (MP4). The
findings of this study suggest that the fibrous composition and the number of plies had a
small contribution in the perforation efficiency results. The cut distance had the biggest
impact in the results of the perforation efficiency.
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CONCLUSIONS

1. The optimization of the perforation efficiency was obtained for a 6 mm laboratory cut
distance, corresponding to an industrial cut distance of 5 mm.

2. The evidence from this study suggests that the major impact on perforation efficiency
1s related to the dimensions of the perforation cuts and not the fibrous composition and
number of plies of the toilet paper samples.

3. In general, the results of the finite element method (FEM) simulation analysis support
the idea that the value of perforation efficiency tends towards an establishment from a
specific cut distance of 6 mm.

4. The described laboratory approach applied to this set of samples, has the potential to
explain the perforation behavior on the converting machine, although for that a blade
with a cut distance 15% higher than the industrial cut distance must be used.
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Mechanical Behavior of Toilet Paper Perforation

Joana C. Vieira,** André C. Vieira,® Anténio de O. Mendes,* Ana M. Carta,°
Paulo T. Fiadeiro,? and Ana P. Costa ?

Perforation is used in multilayer tissue products, such as toilet and kitchen
papers, as part of the converting process. Perforation facilitates the
detachment of consecutive sheets by the user. The compromise between
the strength required to detach a perforated sheet and the strength
required to break a sheet affects the perforation efficiency. In this work,
the mechanical behaviors of 15 commercial papers from different
European producers were studied. A morphological analysis of the
materials was performed, followed by the determination of their perforation
efficiency (through tensile tests). A qualitative analysis of the cuts quality,
along with a quantitative analysis of the same cuts dimensions was
performed through an optical system. Finally, the stress concentration in
the holes and the influence of the cuts distance were analyzed using a
finite element model implemented in Abaqus/Standard finite element
software. The results showed that a cut distance of 2.0 mm should not be
used in these types of papers, and the perforation efficiency increased
with the cut distance, regardless of the number of plies in the toilet paper.
The stress concentration factor was also determined to have a limit value
of 0.11. Papers above this limit value tear at the perforation line, as
desired.

Keywords: Tissue paper; Perforation; Finite element methods (FEM); Mechanical behavior

Contact information: a: Fiber Materials and Environmental Technologies (FibEnTech-UBI), Universidade
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INTRODUCTION

Prior to the invention of toilet paper, people across the world had different methods
for personal hygiene. The first record of toilet paper took place in China around 851 AD.
Thereafter, no document was found on the use of toilet paper until the 14® century. During
the Ming Dynasty (1368 AD to 1644 AD), special sheets of toilet paper were made for the
Imperial court. These toilet paper sheets were made of soft fabric that was cut into 2 ft by
3 ft squares (Bennett 2009).

Joseph C. Gayetty invented the first packaged toilet paper in the United States in
1857. “Gayetty Medicated Paper” was sold in flat-leaf packages, and it contained a
hemorrhoid medicine and watermark with its name (Hendrickson 2000). In 1871 Seth
Wheeler became the official inventor of toilet roll as it is known today. From this invention,
Wheeler held the first patent of the perforated toilet paper roll (Wheeler 1894).

Converting technology produces consumable, finished products from large paper
rolls. Converting equipment can perform lamination, printing, embossing, perforation, and
packaging operations to produce multi-layer bathroom papers and towels, table napkins,
and other disposable products (de Assis et al. 2018).
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When a multilayer or single layer paper product such as toilet paper is produced, a
perforation process is generally used. Multilayer or single layer tissue papers should be
perforated to allow easy dispensing of the paper sheets (pieces of laminated paper between
two consecutive perforations) so that a consumer can use it incrementally. This process
allows a consumer to detach and use one or more sheets from a toilet paper roll (Schulz
and Gracyalny 1998; Paulapuro 2000).

Perforations are formed using a roll with several diagonally arranged blades to
perforate the paper sheet. This process occurs at a high speed in the converting machine.
Within the perforation line there exist bonding areas, i.e. the uncut area of the perforation
process. As the blade is pressed against the paper sheet, it cuts any point of contact. The
slots in the blade prevent certain areas of the paper sheet from being cut. The uncut areas
of the paper prevent the sheet from tearing prematurely (Baggot et al. 2006). Figure 1
shows a diagram of a perforation blade creating a perforated tissue paper sheet.

A — Cut distance
B B — Blank distance

Perforating Blade

i
E===

) o

Il
[[]

Perforated Tissue Paper

Fig. 1. The tissue paper perforation scheme

The tensile strength of perforation is the strength that is required to ensure that the
paper separates through its perforation zone. The tensile strength of the perforation should
be optimized to allow high-speed production of the multi-layer tissue paper product and to
allow the consumer to easily separate individual sheets. In a multilayer tissue paper, the
perforation must be done in all layers at the same time to facilitate the detachment of paper
sheets by the consumer (Schulz and Gracyalny 1998).

In converting operations, the machine is required to perforate the tissue paper under
consistent conditions. The machine should run without vibration or equipment failure and
at high processing speeds to reduce the maintenance requirements. In addition, a system
capable of changing the adhesion patterns, the sheet length, and the weight in a short time
1s desirable (Baggot et al. 2006).

The perforation zones must be strong enough to hold together under a certain
tension when the consumer wishes to use more than one sheet. The perforation zone must
also be weak enough to enable detachment from the roll easily and in a straight horizontal
line. This balance is measured using the perforation efficiency. A higher perforation
efficiency allows for easier separation of the sheets. The perforation efficiency is
determined according to the ISO standard 12625-12 (2010), as seen in Eq. 1,
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E,,=100x[ - 1)

np
where Ep is the perforation efficiency (%), §p is the average tensile strength of the
perforated papers (N/m), and §np is the average tensile strength of the unperforated papers

(N/m).

A hole will affect the stress field near the geometrical discontinuity, and the
maximum stress depends on the hole geometry. Therefore, the stress concentration factor
geometry due to the perforation geometry will affect the final efficiency. The stress
concentration factor is defined as the ratio between the highest value at a geometrical
discontinuity and the nominal stress at the minimum cross-section (Carvill 2015).

In this work, several commercial toilet papers with approximately the same blank
distance (theoretically 1.0 mm) and different cut distances were tested. The perforation
design was studied in terms of its final efficiency. To the authors knowledge, there have
been no other studies on this subject.

EXPERIMENTAL

Materials

Fifteen toilet papers with different cut distances were selected. Six of the toilet
papers were 2-ply, four of the toilet papers were 3-ply, four of the toilet papers were 4-ply
paper, and one of the toilet papers was 5-ply. These toilet papers were identified according
to the following legend: XP;, where X is the commercial toilet paper brand, P; is the number
of plies, and XP;C;, where C; is the cut distance (mm) of the perforation. The values of i =
2, 3, 4, and 5 represent the number of plies, and j = 2, 3, 4, and 5 mum represent the cut
distances.

It was previously verified that three of the 2-ply papers tear at other locations than
the perforation when they were loaded manually (toilet papers C, D, and E). All the other
papers tear at the perforation when they were loaded manually.

Methods

All the toilet tissue samples, and all performed tests were equilibrated in a
conditioned room according to ISO 187 (1990) (temperature of 23 + 1 °C and relative
humidity of 50 + 2%). The grammage of the toilet papers, defined as the mass per unit
paper area, was determined and expressed in g/m’>. The grammage was determined by
weighing the paper sample of a known area in agreement according to the ISO standard
12625-6 (2005) using a Mettler Toledo PB303 Delta range analytical balance (Mettler
Toledo, Columbus, OH, USA). The thickness was also determined using a FRANK-PTI
micrometer for tissue paper (FRANK-PTI GMBH, Birkenau, Germany), where a sheet of
paper or a stack of sheets of paper was compressed at a given pressure between two parallel
plates according to the ISO standard 12625-3 (2014). The bulk, which is the inverse of the
density, was determined by using the grammage and thickness according to the ISO
standard 12625-3 (2014).

The morphology of all the commercial toilet papers was evaluated using the MorFi
Fiber and Shive Analyzer from Techpap SAS (Giéres, France). The morphology analysis
provided the fiber length, the fiber width, the fiber distribution, the fiber coarseness, and
the fines percentage for the toilet paper samples.

Viera et al. (2021). “Toilet paper perforation,” BioResources 16(3), 4846-4861. 4848

173



PEER-REVIEWED ARTICLE bi oresources.com

The tensile tests were performed with a Thwing-Albert Vantage™ universal testing
machine (West Berlin, NJ, USA), according to the ISO standard 12625-12 (2010). Each
sample was prepared with the perforation in the center. The un-perforated area of the other
samples were also prepared and tested (Fig. 2). Both type of samples had a width of 50 mm
and a length of 150 mm, to allow a gauge length of 100 mm to cairy out the tensile tests
and a rate of elongation of 50 mm/min, according to above referred standard.

F F
Upper clamp

Tissue Paper
sample

100 £ 1 mm

Perforation line

Lower clamp B
F F

Fig. 2. The experimental set-up to test the non-perforated and perforated toilet papers

For the distance measurements of the papers, a customized optical system (Mendes
et al. 2013, 2014, and 2015) was used. This system consisted in the image acquisition of
the surface of the studied papers, with specific conditions of illumination and
magnification. After it was properly configured for the application in hand, the optical
system allowed for the observation of the elements to be measured using processing tools
for this task. In this work, the elements in study (cut and blank distances) were carried out
considering 10 different measurements, which were used for the calculation of the
corresponding average and standard deviation for all the studied papers.

Numerical Model

In this work, the influence of the cut distance was studied using mechanical
simulation tools. The aim was to evaluate how the increased cut distance affected the
mechanical strength and the stress concentration around the cuts.

A finite element model was implemented in Abaqus/Standard finite element
software (Johnston, RI, USA), using the linear elastic constitutive model to simulate the
tensile test on samples with 2, 3, 4, and 5 cut distances. Two Young’s moduli were used,
1.38 and 0.95 MPa, which represented the mechanical properties of the papers with
different behaviors AP> (tear at the perforation) and CP: (tear at other location than
perforation). The Young’s modulus values were determined from the respective tensile
tests without perforation, as the slope between two specific points in the initial linear part
of the load-elongation curve. The coefficient of Poison was estimated to the value of 0.3.
The sample geometry was 50.0 mm in width, 100.0 mm in length, and 0.3 mm in thickness.
An axial load was applied by controlling a uniform displacement of 10.0 mm of the top
surface. The lower surface was constrained to move and rotate in all directions. The CPS4R
elements used in these models were 7266, 6085, 5437, and 5194 for the cut distances of 2,
3, 4, and 5 mm, respectively. The geometry of the cuts was an ellipse with a smaller
diameter of 0.01 mm and the longer diameter corresponded to each cut distance.
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RESULTS AND DISCUSSION

The commercial toilet papers samples were first subjected to a physical and
morphological characterization. Table 1 shows the grammage, thickness, and bulk results
for all the toilet papers, which were determined according to the previously mentioned
standards.

Table 1. Characterization of the Toilet Papers in Terms of the Number of Plies,
Grammage, Thickness, and Bulk

;:;)l:: N'o. Grammage | Thickness | Bulk
D Plies (g/m?) (um) (cm?¥g)
APz 2 449 345 7.7
BP: 2 37.3 477 12.8
CP2 2 33.5 423 12.6
DP: 2 36.6 384 10.5
EP2 2 354 305 8.6
FP2 2 324 619 19.1
GPs3 3 43.9 419 95
HP; 3 43.6 464 10.6
IP3 3 50.1 429 8.6
JP3 3 52.5 482 9.2
KP4 4 60.5 486 8.0
LP4 4 63.6 375 5.9
MP4 4 68.7 394 57
NP4 4 64.2 519 8.1
OPs 5 76.0 725 95

The grammage ranged from 32.4 g/m? to 76.0 g/m’. These values corresponded to
a composition of the number of plies. The thickness and bulk values varied by 58% and
70%, respectively, due to the embossing type and the number of plies. Also, as can be seen
m Table 1, an increase in the number of plies did not imply an increase in thickness and /
or bulk. The highest bulk was found for the toilet paper (FP2) with the low number of plies,
the smallest grammage value, and the major thickness. On the other hand, the smallest bulk
was found for a 4-ply toilet paper (MP.), with the second largest grammage, and one of the
thicknesses with the lowest value. This analysis reinforces the impact that the embossing
operation has in the z-direction. Most of the lowest bulk values were found for the toilet
papers with a higher number of plies, and this reveals that the final structure of the toilet
paper is more compact, with a small expansion in the z-direction. Hermans ez al. (2009)
explain how the empty space between the different sheets on a toilet paper can be
maximized by the way they are combined. The combination of the plies with deco and the
micro embossing patterns, is where the greatest void volume is achieved, because between
layers with the same embossing pattern, the voids are mainly due to the creping of each
ply. The points of contact between them prevent the structure from collapsing when
compressed or wet. This is in line with the results obtained.

The morphological characterization and the fiber distribution, by length weighted
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in length and width, of the commercial toilet papers samples are presented in Table 2 and
Fig. 3. Analyzing the different morphological characteristics revealed that all the toilet
paper samples were composed mainly of short, hardwood fibers. These results are in
agreement with those found in the literature (Niskanen 1998). As a complement to the
mformation obtained in Table 2, Fig. 3 illustrates the percentages of the short and long
fibers in the toilet paper samples. As expected, this small percentage of long fiber is used
to improve the paper strength and machine runnability during the tissue paper production
process.

The toilet paper CP: stood out from the others for its higher average value of width
(23.2 pm) and coarseness (9.98 mg/100 m) of fibers. In addition, the CP2 sample also had
a notable width distribution, particularly above 30 um (Fig. 3). The CP> sample was not
the sample with the highest length distribution (>2000 um); it can be inferred that the CP-
paper was composed of some recycled fiber, which contributed to the sample’s low
Young’s modulus value (0.95 MPa).

Table 2. Toilet Papers Morphological Characterization
Length

Weighted in Width Coarseness Fines
0,
Length (mm) (um) (mg/100 m) | (% Area)
Toilet - _ B i
PaperiD | X =0 X | £0 | X tc X | o

AP2 0.871 | 0.009 | 20.7 | 0.0 | 847 | 045 | 119 | 11
BP: 0.889 | 0.003 | 20.0 | 0.2 | 882 | 0.34 | 130 | 0.8
CP2 0813 | 0.010 [ 232 | 0.1 | 998 | 039 | 143 | 0.6
DP: 0.745| 0.003 | 199 | 0.1 | 793 | 0.09 | 154 | 04
EP2 0.795 | 0.005 | 202 | 0.1 | 783 | 0.13 | 141 | 0.2
FP2 0.862 | 0.007 | 198 | 0.1 | 9.00 | 0.34 | 139 | 0.6
GP3 0.745| 0.002 | 201 | 0.1 | 828 | 0.04 | 147 | 0.2
HP3 0.761 | 0.009 | 202 | 0.1 | 853 | 0.07 | 140 | 0.3
IP3 0.796 | 0.005 | 201 | 0.1 | 761 | 0.14 | 134 | 0.5
JP3 0.878 | 0.011 | 208 | 0.1 | 931 | 094 | 124 | 1.2
KP4 0.729 | 0.004 | 204 | 02 | 832 | 0.11 | 154 | 0.6
LP4 0.840 | 0.001 | 216 | 0.1 | 9.00 | 0.04 | 134 | 0.2
MP4 0.781 | 0.002 | 204 | 0.1 | 790 | 0.12 | 147 | 0.6
NP4 0.754 | 0.007 | 204 | 0.1 | 7.86 | 0.03 | 148 | 0.4
OPs 0.768 | 0.004 | 196 | 0.1 | 873 | 0.11 | 159 | 0.6
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As shown in Table 3, the MP4 paper had the highest perforation efficiency and the
longest cut distance, at 79.4% and 4.92 mm, respectively. The DP2 paper had the lowest
perforation efficiency and the shortest cut distance, at 46.4% and 1.48 mm, respectively.
In general, for papers with the same number of plies, a greater cut distance yielded a higher
perforation efficiency. Of the studied papers, only the CP2, DP2, and EP> papers tore at
other locations than the perforation, as mentioned above. These papers had the lowest cut
distance, as did the AP> paper, which did not tear at the perforation. Although the AP> and
CP2 papers had the same cut distance (2.31 mm), they had different Young’s modulus
values of 1.38 MPa and 0.95 MPa, respectively. The CP> paper had the lowest Young’s
modulus value.

Table 3. The Perforation Efficiency and Cut Distance for the Toilet Paper
Samples

) Tensile ) _ Cut Distance D:sltaar:::e
Toilet Index Tensile | Perforation | Target Cut Measured
Paper (Nm/g) Strength | Efficiency | Distance (mm) Measured
ID (N/m) (%) (mm) (mm)
X o X EXe} X EN
AP2C2 1.36 | 0.08 61.19 2 231 | 0.07 | 099 | 0.07
AP2Co 4.04 | 0.23 181.26 %2
BP2C3 2.65 | 0.19 98.96 3 298 | 0.13 | 1.04 | 0.08
BP2Co 7.61 | 0.68 283.69 65-1
CP2C2 1.97 | 0.25 65.87 2 231 | 0.09 | 0.88 | 0.08
CP2Co 5.74 | 0.32 192.28 651
DP2C2 290 | 0.22 106.25 2 1.48 | 0.05 | 1.06 | 0.04
DP2Co 542 | 0.35 198.22 e
EP2C2 319 | 0.22 113.00 2 1.86 | 0.06 | 119 | 0.1
EP2Co 7.21 | 0.25 255.21 7
FP2C4 1.75 | 0.33 56.72 4 399 | 0.06 | 1.03 | 0.05
FP2Co 8.45 | 055 273.65 B
GP3Cs 2.37 | 0.17 104.25 3 295 | 0.05 | 1.07 | 0.07
GP:3Co 7.37 | 0.37 323.59 678
HP3Cs 2.67 | 0.20 116.61 3 293 | 0.05 | 1.08 | 0.05
HPsCo | 7.28 | 0.29 | 317.24 e
IP3Cs 2.27 | 0.16 113.83 4 3.81 0.19 | 1147 | 0.12
IP3Co 8.64 | 0.33 433.00 1
JP3Cs 1.68 | 0.17 88.53 4 3.87 | 012 | 099 | 0.10
JP3Co 6.87 | 0.10 361.17 2
KP4Cs 252 | 0.18 152.54 3 292 | 0.04 | 1.08 | 0.05
KP4Co 6.71 | 0.30 405.89 —
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LPsCs | 261 | 024 | 165.94 3 296 | 0.04 | 1.04 | 0.03
LP«Co | 813 | 025 | 517.01 B
MP«Cs | 219 | 0.15 | 150.13 5 492 | 014 | 113 | 0.16
MPsCo | 10.59 | 0.36 | 727.52 4
NP«Cs | 2.35 | 0.17 | 150.83 3 2.89 | 0.05 | 093 | 0.05
NPs«Co | 7.73 | 0.35 | 496.37 eab
OPsCs | 1.63 | 0.20 | 123.96 4 3.85 | 0.07 | 143 | 0.05
OPsCo | 7.78 | 0.41 | 591.11 0

Figure 4 shows the representative images of the four cut distances that were
obtained from the studied toilet papers.

~ \Azg‘ S

v

Fig. 4. Images of the a) Cs, b) C4, c) C3, and d) C2 cut distances that were obtained with the
customized optical system

During the perforation process, the blade passes through the paper sheet. The
perforating blade becomes dull during the process because of its physical contact with the
paper. This will cause incorrectly perforated or absent holes, so that when the user separates
a sheet from the toilet paper roll, tearing is likely to go off the designated pattern of
perforation, as illustrated in Fig. 5. The cellulose fibers are not cut but mashed and piled
up at the bottom of the perforated hole. This layer of mashed fibers closes the back of the
holes between the two services of the toilet paper. If the perforation is done with too much
pressure, it can damage the bonding areas. These experiments are in line with the previous
results of Gattuso (1989).
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Fig. 5. Image of an incorrect perforation

The cutting efficiency (measured cutting distance) was compared to the target
cutting distance if it was made with a perfect blade (without abrasion), as shown in Fig. 6.

As shown in Fig. 6, the cuts were effective despite some variability for the 2-ply
samples. This variability can be justified by the low mechanical resistance of its structure,
because of the reduced number of plies.

100
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Target Cut Fraction (%)
Fig. 6. Effectiveness of the cutting

Another important factor to understand is the perforation efficiency evolution with
the measured cut fraction, as shown in Fig. 7.
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Fig. 7. Perforation efficiency against the measured cut fraction of the toilet papers

Figure 7 shows the impact that the cutting distance had on the perforation
efficiency. Overall, the samples with a larger cutting distance had a greater perforation
efficiency. As mentioned before, the 2-ply papers negatively influenced this correlation
because the cutting distance was the smallest and some toilet papers had a tear at other
location than perforation.

When holes were present, they effectively reduced the cross-sectional area. Instead
of the full width, the resistant width was smaller. The nominal stress (N/m), which
considered the load per unit width, is the ratio between the average maximum force of non-

perforated papers F,, and the resistant length, as seen in Eq. 2,

F_‘np
Oy = ———
L-CDXNH

@

where o, 1s the nominal stress (N/m), an 1s the average maximum force of non-perforated
papers (N), L is the resistant width (mm) of the tensile test samples, CD is the cut distance
(mm), and NH is the average number of holes in the same test sample. Since the tensile
strength of non-perforated paper is higher than that of perforated paper due to a smaller
resistant width, it follows that the paper will tear along cross sections where holes are
present. While this correctly calculates the average stress, it assumes that the stress between
holes is uniform (and equal to the nominal stress). However, the stress field between holes
is not uniform. It is well known that a hole will lead to a heterogeneous stress field around
the geometrical discontinuity and this depends on the geometry of the hole (i.e. the ratio
between the width and the hole diameter). Therefore, the geometry of the cut will influence
the maximum stress near the hole. Stress concentrations describe the stress state at abrupt
changes in geometry, where the stress field is non-uniform. Figure 8 shows the effect of
the stress concentration where, analogous to lines of pressure in a fluid flow around an
immersed body, lines of force (or “flow”) around the holes become concentrated, where
the absence of material is unable to transmit force.
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A stress concentration factor (k) is applied to the nominal stress (o, ) to calculate
the maximum stress (0,4 ), as seen in Eq. 3,

Omax = k op 3)

When the stress at any location in the paper exceeds the paper's strength (_Sp), a tear
1s initiated and follows the line of highest stress, as seen in Eq. 4,

e 258 )

The resistant width is given by Eq. 5,

(L-CDXNH)= LxBDXNH ®)

where BD is the blank distance, which in this case is equal to 1.0 mm, and the stress
concentration factor is given by Eq. 6:
— EP
" Fap/NH

(6)

In Fig. 9, the stress concentration factor, calculated according to Eq. 5 based on the
results presented in Table 3, is presented as function of the cut distance. The perforated
papers that had a stress concentration above 0.11 were prone to tear at other location than
perforation.
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Fig. 9. Stress concentration factor (k) vs. the cut distance (mm)

The red line in Fig. 9 illustrates the stress concentration limit of 0.11. The AP: toilet
paper is the limiting case in this set of samples, as it is on the red line. The papers below
the red line tear at the perforation, as they were supposed to.

More accurate solutions can be obtained by Finite Element Methods (FEM), where
analytic solutions are not possible with complex geometries. Considering the elliptic
dimensions mentioned in the Numerical Model section, the software calculates the von-
Mises stress field.

In Fig. 10, the colored scale shows the regions in red that correspond to higher
equivalent von-Mises stress. The blue regions are the lower equivalent von-Mises stresses,
equal to the nominal stresses present in non-perforated stresses. As the cut distance
increased, the region of stress heterogeneity became wider due to a sharper geometry.
Hence, the transition from higher stresses to lower stresses is cushioned. In Figs. 10a, 10b,
10c, and 10d, the material was less rigid. This transition from higher stresses to lower
stresses was also more softened when compared to a stiffer material (Figs. 10e, 10f, 10g,
and 10h). Furthermore, for higher cut distances for the regions of higher stress (in red) were
visible, which indicates that this paper will preferably cut on this perforated region.
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Cut Distance—2mm

Cut Distance=3mm

Cut Distance—4mm

Cut Distance—5mm

Fig. 10. The von-Mises Stress fields where the tear at perforation of the APz paper is represented
by a), b), ¢), and d) at the cut distances of 2, 3, 4, and 5, respectively. The tear at perforation of the
CP2 paper is represented by e), f), g), and h) at the cut distances of 2, 3, 4, and 5, respectively.

CONCLUSIONS

1. In this work, 15 commercial toilet papers from different European suppliers with
various numbers of plies and cut distance were selected. The morphological analysis
of the papers revealed that they present several fibrous compositions that resulted in
different mechanical responses.

2. An optical method was used to measure the cut distance, the blank distance, and the
quality of the perforation for the toilet paper samples.

3. In general, the cut distance had a great influence on the result of the perforation
efficiency. The sample with the highest cut distance (4.92 mm) also had the greatest
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perforation efficiency (79.4%). It was also determined that a cut distance of 2.0 mm
should not be used in this type of paper, in order to minimize the tearing of the paper
away from the perforation.

4. The toilet paper samples with a stress concentration factor above 0.11 experienced tear
at other locations than at the perforation. The toilet paper samples with a stress
concentration factor below 0.11 tore at the perforation.

5. The FEM analysis revealed that the region of stress heterogeneity became wider due to
a sharper geometry, as the cut distance increased. Moreover, regions of higher stress
were visible for the upper cut distance, which indicated that the paper will preferably
cut on this perforated region.
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Chapter 5 — Conclusions

1. Main Achievements

The research and development of the tissue industry are now focused on understanding how the
converting machine affects tissue paper properties, in order to optimize operating conditions to
obtain the best quality products at the lowest cost. Contrary to the tissue paper machine, there is
less information available regarding the converting operations. Thus, the research presented
here proves to be of extreme importance and relevance for a better understanding of the
processes involved in the transformation of tissue paper and how they impact on its properties.
The major findings of this thesis are divided into four levels as follows:

v' Development of a laboratorial embossing system

v' Impact of the embossing process on tissue paper products
v' Development of a laboratorial perforation system
v

Perforation efficiency evaluation

1.1 Development of a laboratorial embossing system

The laboratorial embossing system has proved to be a versatile system, as it allows the use of
various types of rubbers with different hardness, testing all types of patterns intended to be
engraved on the steel plates, controlling the process parameters both individually and
combined, the use of different types of paper/cardboard, both industrial and laboratory, and
from the prototypes produced, it allows the evaluation of their papermaking properties. As the
results obtained with this laboratorial system do not depend on the equipment operator, high

repeatability, and reproducibility with low dispersion of results were achieved.

1.2 Impact of the embossing process on tissue paper products

The first three works made it possible to optimize the operating conditions of the developed
laboratorial embossing system. The first work allowed to conclude that there is an optimal
pressure of 2.8 bar for the embossing process, in which the mechanical strength is maximized
without losing much of the softness value. The effect of pressure when densifying the paper
sheet gives it a gain in mechanical strength, but without showing great differences in terms of
liquid absorption. The two embossing patterns presented different behaviors, the micro pattern
being the one that most affected the structure of the paper sheet, both in terms of structural
properties and in terms of mechanical strength. On the other hand, softness is more affected by
the deco pattern. For both embossing patterns, there was a loss of mechanical properties and
softness with the embossing process. This work also allowed to verify that the greater or lesser
loss of mechanical properties or softness depends on the fibrous composition of each sample.

The second work led to the conclusion that the best solution to obtain maximum softness is the

187



use of rubber rollers with an inner layer of low hardness and an outer layer of high hardness,
which agrees with the results obtained for the 2-ply prototype. 60_48 Sh-A. The results
obtained also point to an increase in softness with increasing rubber hardness, while the
mechanical property losses and bulk gain are more pronounced for lower rubber hardness and
for the micro embossing pattern. The third work, which focuses on the study of the impact of the
finishing geometry of the line and dots (straight or round) of the 3D steel plates in the
embossing process, allowed to conclude that although the plates individually present a higher
HF value for straight finish, in the 2-ply prototype the greatest softness was obtained for the
prototype with round finish geometry. Also, for individually engraved plates, it was found that
the HF value decreases with increasing bulk, being more accentuated for the micro pattern. As
the embossing process was carried out under ideal operating conditions for this laboratory
system, in relation to the mechanical properties the losses were minimal, having been slightly
higher for the micro pattern. It was also concluded that there are no marked differences in the
dispersion kinetics of liquid droplets over time. For the four types of steel plate finishing’s, the
area occupied by the drops and their shapes were very similar. The only parameter that presents
some differences is the “Ratio” of the shape assumed by the drops, which revealed a more
pronounced ellipse for the tissue paper sample engraved with the patterns with a round
finishing. Thus, it was found that the finishing geometry of the plates does not affect the

absorption kinetics of this type of tissue products.

The flexibility of this laboratorial embossing system allowed further studies to be carried out.
The first additional study was to compare embossing on industrial sheets and handsheets. This
work showed that embossing has a negative impact on mechanical properties and a high
increase in bulk, this effect being more pronounced with the micro embossing pattern. The
effect of the presence of long fiber in the samples translates into a gain in tensile strength. It was
also verified that the creping operation gives to the industrial paper a high elongation capacity,
being practically non-existent in handsheets. Furthermore, due to this operation, industrial
samples have a higher apparent porosity than handsheets samples. From the comparison
between the two types of handsheets (100% hardwood and a mixture of hardwood and
softwood), the handsheet with 100% eucalyptus composition presents greater softness, but
lower mechanical strength than the other with a mixture of fibers. The industrial and
handsheets samples with the same fibrous composition showed similar TSA softness results,
except for the flexibility parameter D due to the creping process. Another additional study
carried out is related to the impact of embossing on the absorption of this type of paper. The
base tissue papers were produced on the same industrial tissue paper machine under the same
conditions and similar fibrous compositions. It was concluded that the embossing operation
substantially increased the thickness and consequently the bulk of the toilet papers. In addition,
the embossing operation had no relevant implication on the water absorption time, because
when comparing the base tissue papers with their respective toilet papers, they showed similar
values with small variations within the standard deviations. However, the embossing operation

had a great impact on the water absorption capacity, promoting water absorption, due to the
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increase in bulk. Thus, with the embossing operation, the bulk increased by more than 150%,
resulting in an increase in water absorption capacity above 60%. A last additional study was
carried out related to the stacking sequence on an odd-numbered toilet paper. In this study, two
configurations were used on a 5-ply paper, where the deco:micro ratio was 3:2 and 2:3 for
configurations 1 and 2, respectively. For both configurations, the thickness and volume of the
toilet papers increased due to the embossing process. As in the previous study, the water
absorption times were similar without notable variation, so the embossing process had little
impact on these values. While bulk increased by 46% and 40% for configurations 1 and 2, water
absorption capacity increased by 2% and 17% for configurations 1 and 2, respectively. Therefore,
the stacking sequence of the finished toilet paper sheets influenced the water absorption
capacity. The tensile index, maximum strain and Young's modulus decreased considerably due
to the embossing process, where configuration 1 had smaller losses in tensile index and
maximum strain. However, configuration 1 had a greater Young's modulus loss than
configuration 2. The negative impact on mechanical properties was greater for the deco pattern
than for the micro in both configurations. This study found that the stacking sequence of sheets
on finished toilet papers influenced their final characteristics. For commercial purposes and to
meet end-user toilet paper preferences, configuration 1 was more suitable for mechanical

strength and configuration 2 was more suitable for absorbency.

Finally, for all studies, simulations using the finite element method (FEM) allowed a better
understanding of how the embossing process impacts the mechanical strength properties of the
final tissue products with the variation of operating conditions (pressure, rubber hardness and
finishing geometry of the engraved steel plates pattern). Through FEM, it was possible to
corroborate the results obtained experimentally, obtaining the same trends and evolutions.
Thus, the FEM proved to be a reliable tool to simulate the embossing process for the paper
industry and predict the final mechanical characteristics of the paper. The computational results
contribute to the understanding of how the shape pattern used in the embossing process affects
the stress field of the paper and the final mechanical properties of the paper such as paper
strength. Furthermore, this tool makes it possible to optimize process parameters in a virtual
environment, thus avoiding an expensive trial-error approach. In the end, it is essential to make

a compromise between the different properties in order to obtain a final product of excellent

quality.

1.3 Development of a laboratorial perforation system

The laboratory perforation system proved to be a small, light, portable and low-cost system. In
addition, it proved to be a versatile system, as it allows the use of various types of cutting blades
(straight or patterned) that can be adapted to the type of perforation desired (desired cut
distance). It also allows its use in various types of paper, namely tissue paper. As the results
obtained with this laboratory system depend on the operator of the equipment (pressure applied
to the perforation blade), in order to achieve high repeatability and reproducibility with low

dispersion of results, the same operator must always carry out a particular study.
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1.4 Perforation efficiency evaluation

Maximum perforation efficiency was obtained for a laboratory cut distance of 6 mm, which
corresponds to an industrial cut distance of 5 mm. This study allowed us to determine what
causes the greatest impact on perforation efficiency, reaching the conclusion that it is related to
the dimensions of the perforation cuts and not to the fibrous composition and/or number of
sheets that make up the toilet paper samples. This laboratory approach, in order to simulate
industrial perforation and potentially explain the perforation behavior in the converting
machine, requires the use of a perforation blade with a cut distance 15% greater than the
industrial cut distance. From the analysis of 15 commercial toilet papers, it was found that
samples of toilet paper with a stress concentration factor above 0.11 suffered tears outside the
perforation line, what corresponds to a cut distance equal to or less than 2.0 mm. All other toilet
paper samples with stress concentration factor below this limit of 0.11 tore at the perforation
line. The results obtained through the simulation analysis using- finite element method (FEM)
support the idea that the value of the perforation efficiency tends to an establishment from a
specific cut distance of 6 mm. Through the FEM analysis, it was also possible to verify that the
region of stress heterogeneity became wider due to a clearer geometry, as the cut distance
increased. In addition, regions of higher stress were visible at higher cut distances, indicating a

preferential cut in the perforated region.
2, Contribution of the Study

An in-depth understanding of the mechanisms of the embossing operation, allowed to optimize
its operating conditions and consequently improve the properties of the final tissue products.
Through extensive material characterization, an optimum pressure, rubber hardness and
finishing geometry of the embossing patterns were achieved, indicating the trends that are in
line with the maximization of the intended properties. Studies related to tissue paper embossing
may directly impact the industry, enabling the improvement of final products. The industry will
be able to achieve this by implementing small changes to the process, such as operating the
converting machine at the optimum pressure in which the mechanical tensile strength is
maximized, replacing the single hardness rubber counter-roll with one of variable hardness and
preferably use a round embossing pattern finishing geometry. The embossing laboratory system
developed will also help the industry, allowing studies to be carried out on new embossing

patterns and how they affect paper properties, on a reduced scale and at a lower cost.

Regarding the performance of the perforation operation and the evaluation of perforation
efficiency, based on the results achieved, it is possible to help the industry in avoiding this type
of paper to tear outside the perforation line. For this, the industry should not use cut distances
of less than or equal to 2 mm in this operation, with the optimized industrial cut distance being
5 mm. The 5 mm cut distance will be the best option for the producer as it is the point where the
perforation efficiency is optimal. The laboratory perforation system could also assist the

industry by testing new perforation patterns different from the straight ones currently used or
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evaluate perforation in existing products that are object of complaints, in that way reducing

costs.

For both studied operations, digital twining using finite element models, by being able to
reproduce numerically the same mechanisms of deformation and geometries that occur
industrially, proved to be an equally useful tool to find trends in process variables without

having to run it experimentally.
3. Directions of Future Research

At the level of the laboratorial embossing system, it would be interesting to proceed to the next
stage, developing a small pilot laboratory machine that operates in continuous mode and with

embossing and rubber rollers instead of plates.

Regarding the operating conditions of the embossing, it would also be interesting to study the
impact of temperature and humidity on the papermaking properties of this type of products,
since they are environmental conditions that are not controlled in the manufacturing facilities
and that may have decisive impacts. As a suggestion, these studies could be carried out by
heating the plates (embossers and rubbers) at different temperatures, later evaluating their
impact; and placing the paper sheets in an environmental chamber at different humidity
percentages or in a desiccator with a saturated atmosphere at different times and measuring the

amount of water absorbed, subsequently evaluating its impact.

Since no studies were found regarding the mechanical impact of the packaging and palletizing
section on the final properties of the finished products, it would also be interesting to do some

studies regarding this section.
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Appendix A — Additional Studies

A1. Article X — Experimental dataset supporting the
physical and mechanical characterization of
industrial base tissue papers

Vieira, J.C., Mendes, A.D.O., Carta, A.M., Fiadeiro, P.T., Costa,
A.P.

Data in Brief, 2020, 33, 106434
https://doi.org/10.1016/j.dib.2020.106434

Article X is a date article. It presents a compilation of untreated results from characterizing the
structural, physical and mechanical properties of 13 hygienic industrial base tissue papers. This
article served as a basis for the studies previously presented, allowing to complement the other

results obtained and making it possible to draw certain conclusions.

The overall contribution in Article X of Joana Costa Vieira was 75% to the concept development,
analysis, drafting and revising the final submission; Anténio de Oliveira Mendes contributed
10% with the TSA analysis, drafting and revising the final submission; Ana Margarida Carta,
Paulo Torrdo Fiadeiro and Ana Paula Costa contributed in reviewing, editing, and providing

important technical inputs by 5%, respectively.

A2. Article XI - Characterization of absorbency
properties on tissue paper materials with and
without “deco” and “micro” embossing patterns

Morais, F.P., Vieira, J.C., Mendes, A.O., Carta, A.M., Costa, A.P.,
Fiadeiro, P.T., Curto, J.M.R., Amaral, M.E.

Cellulose, 2022, 29(1), pp. 541-555
https://doi.org/10.1007/s10570-021-04328-1

The Article XI was created to understand better how the embossing operation acted on different
types of tissue paper sheets (industrial and handsheets) on absorbency final property and a
complementary study to the one presented in Article V. This study made it possible to verify that
the creping effect has a greater influence on the structural properties and liquid absorption
capacity in relation to the fiber mixture. The inverse was also verified for the Klemm capillary
rise properties and scattering kinetics of the liquid, being dependent on the crepe wave
alignment. The developed laboratory embossing system, proved to be a useful tool for this study.
On the other hand, the optical system proved to be very useful auxiliary tools for a better

understanding of the effects that occurred in this study.
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The overall contribution in Article XI of Joana Costa Vieira was 20% to the analysis, drafting
and revising the final submission; Flavia Morais contributed 50% concept development,
analysis, drafting and revising the final submission; Ant6nio de Oliveira Mendes contributed
15% with the optical system data, drafting and revising the final submission; Ana Margarida
Carta, Joana Curto, M2 Emilia Amaral, Paulo Torrao Fiadeiro and Ana Paula Costa contributed

in reviewing, editing, and providing important technical inputs by 3%, respectively.

A3. Article XII — Influence of Tissue Paper Converting
Conditions on Finished Product Softness

Mendes, A.O., Vieira, J.C., Carta, A M., Galli, E., Simoes, R.S.,
Silva, M.J.S., Costa, A.P., Fiadeiro, P.T.

BioResources, 2020, 15(3), pp. 7178—7190
https://doi.org/10.15376/biores.15.3.7178-7190

Another important and complementary study to the one presented in Article VII is presented in
Article XII and reports the impact on the softness final property of the stacking sequence in a
tissue finished product with an odd number of plies. This study made it possible to verify that in
a 5-ply toilet paper, having 2 or 3 sheets in the deco embossing and the rest in the micro
embossing, had a different impact on the final softness of the tissue product, so corroborate that

is another factor to consider when producing these types of products.

The overall contribution in Article XII of Joana Costa Vieira was 20% to the analysis, drafting
and revising the final submission; Anténio de Oliveira Mendes contributed 50% with the
concept development, optical system data, drafting and revising the final submission; Ana
Margarida Carta, Enrico Galli, Rogério Simoes, Manuel Santos Silva, Paulo Torrao Fiadeiro and
Ana Paula Costa contributed in reviewing, editing, and providing important technical inputs by

5%, respectively.
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Specifications Table

Subject Materials Science (General)

Specific subject area Industrial Base Tissue Paper

Type of data Tables

How data were acquired MorFi® analyzer (morphological analysis), ISO standards methods,

AccuPyc® II 1340 helium pycnometer (porosity analysis), TSA - Tissue
Softness Analyzer (softness analysis)

Data format Raw and Analyzed data

Parameters for data collection 13 industrial base tissue papers with different grammages were
obtained in situ on Portuguese factories

Description of data collection Techpap MorFi® analysis was performed to determine the industrial

base paper morphology.
Papers grammage, thickness and bulk were measured using paper tissue
standards ISO 12625-6 and ISO 12625-3 respectively.
The porosity was determined using a Micromeritics AccuPyc® 11 1340
helium pycnometer.
The absorption capacity was measured according to ISO 12625-8
applying the immersion method.
Tensile tests were done in machine and cross directions (MD and CD)
according with ISO 12625-4.
Handfeel, real softness, smoothness/roughness, and stiffness were
measured using the Emtec TSA - Tissue Softness Analyzer.
All these determinations were done at 23°C and 50% humidity (ISO 187).
Data source location FibEnTech - Fiber Materials and Environmental Technologies Research
Unit, Universidade da Beira Interior (UBI), Covilha, Portugal
RAIZ - Forest and Paper Research Institute, Eixo, Aveiro, Portugal
Data accessibility With the article

Value of the Data

- The data are relevant in tissue paper materials research to obtain premium tissue paper ma-
terials.

« These data allow to evaluate the relationship between the final properties of the paper and
the raw material.

- These data allow to evaluate the relationship between the raw material and the type of crepe
obtained with a specific creping angle and blade.

« These data could make an important impact in the industrial production of tissue paper.

1. Data Description

In this article are presented the mean values and the standard deviations for all the mea-
sured data for the characterization of 13 industrial base tissue papers (identified from A to M)
of different Portuguese factories. In Table 1 is showed the data of grammage, thickness and bulk
for all the industrial base tissue papers. The morphological data for all the industrial base tissue
papers, which is available in Tables 2 and 3, correspond to the number of fibers, length, width,
coarseness, kink, curl, broken ends, and fines. Table 4 presents the results of the measured data
in the porosity tests for all the industrial base tissue papers and the calculated apparent poros-
ity [4]. The obtained data for water absorption time and water absorption capacity are shown
in Table 5. In Tables 6 and 7 are listed the mechanical properties measured (tensile tests) in
the machine direction (MD) and cross direction (CD) for all the industrial base tissue papers.
The properties are the force, strength, tensile index, elongation at break, and Young modulus.
Finally, the handfeel tests results (HF) and the corresponding TSA parameters, in particular, real
softness/ fiber stiffness (TS7), paper surface roughness (TS750), frequency (fTS750), paper stiff-
ness (D), plasticity (P), hysteresis (H), and elasticity (E) for all the industrial base tissue papers
on top (Yankee side), bottom (Hood side), and globally are found in Tables 8,9,10,11 and 12. All
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Table 1
Mean values and standard deviations of the grammage, thickness and bulk tests data for all the industrial base tissue
papers.

Grammage (g/m?) Thickness (pm) Bulk (cm?/g)

Base paper X +0 X +0 X +0

A 19.1 0.1 1210 21 6.33 0.10
B 18.8 0.2 137.8 4.4 7.32 0.26
C 16.2 0.2 122.9 g o) 7.58 0.10
D 17.2 0.1 113.0 12 6.55 0.07
E 15.8 01 1133 0.9 7.16 0.06
F 16.3 0.2 126.2 19 7.74 0.10
G 15.7 03 116.2 27 741 0.25
H 158 0.2 116.3 2.7 7.37 0.24
I 15.7 0.3 110.0 24 7.03 0.22
J 16.0 0.3 1125 0.7 7.09 0.14
K 16.0 04 110.7 19 6.89 0.26
L 17.5 02 126.7 13 7.25 0.09
M 17.3 0.2 1314 23 7.62 0

Table 2

Mean values and standard deviations of the morphology test data for all the industrial base tissue papers.

Length weighted in

Fibers (million/g) length (mm) Width (pm) Coarseness (mg/100 m)
Base paper X +0 X +0 X +0 X +o
A 18.0 11 0.850 0.007 19.5 0.1 8.04 0.00
B 14.7 0.2 0.930 0.004 20.8 0.2 9.47 0.00
C 16.7 0.2 0.860 0.006 20.1 0.1 8.80 0.00
D 14.7 02 0.930 0.004 20.8 0.2 9.47 0.00
E 16.8 04 0.862 0.010 20.0 0.1 8.73 0.26
F 17.4 0.2 0.859 0.002 20.3 03 8.48 0.12
G 18.1 0.5 0.814 0.006 194 0.1 832 0.25
H 18.3 0.5 0.812 0.005 194 0.1 822 0.21
I 212 0.3 0.733 0.005 19.6 0.1 7.87 0.09
J 204 0.3 0.742 0.002 19.6 0.1 8n 01
K 20.8 0.1 0.732 0.001 19.8 0.1 8.04 0.06
L 224 0.1 0.740 0.001 19.3 0.0 7.14 0.03
M 17.3 0.2 0.784 0.003 20.7 0.1 9.25 0.06
Table 3
Mean values and standard deviations of the morphology test data for all the industrial base tissue papers.
Kink fibers (%) Curl (%) Broken ends (%) Fines (% area)
Base paper X +0 X +0 X +0 X +0
A 40.1 0.2 9.2 0.0 232 0.3 14.1 01
B 43.7 0.2 10.0 0.0 26.8 0.3 143 03
C 479 0.6 10.2 0.0 248 0.2 16.1 0.7
D 437 02 10.0 0.0 26.8 0.3 143 0.3
E 130.8 0.3 10.1 0.0 253 0.1 14.7 0.1
F 130.7 0.2 104 0.0 26.3 0.9 16.1 09
G 48.7 0.6 10.3 01 234 04 15.3 04
H 48.0 0.6 10.2 0.0 22.7 0.4 14.5 0.5
I 50.7 0.5 1.3 0.1 23.6 05 15.8 02
J 50.7 0.2 1n2 01 240 0.5 16.0 03
K 50.2 0.3 1.2 0.1 25.0 04 15.9 0.2
L 45.6 0.2 9.8 0.1 226 0.1 13.9 0.1
M 48.4 0.2 10.3 0.0 26.3 0.4 144 0.1
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Table 4
Mean values and standard deviations of the porosity tests data for all the industrial base tissue papers and the results
of the apparent porosity.

Porosity (%)
Base paper X . Apparent Porosity (%)
A 91.6 0.0 89.7
B 90.9 0.0 911
C 922 0.0 915
D 90.8 0.0 90.6
E 93.9 0.0 90.9
F 89.1 0.0 91.7
G 95.7 0.0 912
H 95.7 0.0 911
I 90.1 0.0 90.7
J 90.9 0.0 90.8
K 90.3 0.0 90.6
L 90.8 0.0 911
M 913 0.0 923
Table 5

Mean values and standard deviations of the water absorption time and water absorption capacity tests data for all the
industrial base tissue papers.

Water Absorption Time (s) Water Absorption Capacity (g/g)
Base paper X +0 X +0
A 4.688 0.420 6.862 0.310
B 4.644 0.370 7.573 0.310
C 3.969 0.030 8173 0.090
D 4.272 0.450 7.990 0.160
E 4.895 0.510 7.636 0.170
F 4158 0.640 8.180 0.390
G 4.852 0.060 9.007 0.190
H 4.856 0.070 8.642 0.270
I 4.606 0.060 7.850 0.130
J 4.262 0.410 7.908 0.170
K 4.727 0.510 7.883 0.210
L 4.641 0.400 7.436 0.090
M 4.852 0.510 8.614 0.250
Table 6
Mean values and standard deviations of the tensile tests data (MD and CD) for all the industrial base tissue papers.
Force (N) Strength (N/m) Tensile Index (Nm/g)
MD cD MD cb MD cD
Base paper X +0 X +o X +0 X +0 X +0 X +0o

1419 1.00 8.80 030 0284 0020 0176 0.006 1486 1.04 9.21 032
1052  1.06 6.48 023 0210 0.021 0130 0005 1119 112 6.89 024
8.71 045 440 023 0175 0.009 0.088 0.005 1062 055 5.37 0.28
9.82 0.33 478 0.18 0196 0.007 0.095 0.004 1169 040 5.68 0.21
8.60 0.60 437 029 0172 0012 0.087 0.006 1068 0.74 5.43 036
8.95 0.64 422 0.20 0179 0.013 0.084 0.004 1098 0.0 5.17 0.24
796 0.72 3.94 013 0159 0.014 0079 0.003 1014 092 5.02 0.16
797 0.64 412 0.14 0159 0.013 0082 0.003 1009 0.1 5.21 0.18
775 0.46 4.08 0.09 0156 0.010 0.082 0.002 9.87 0.59 5.20 on

7.51 041 3.54 0.24 0150 0.008 0.071 0.005 939 0.51 4.42 0.30
819 0.31 3.80 0.26 0164 0.006 0.076 0.005 1024 0.39 4.75 0.32
8.88 042 3.87 019 0178 0.008 0.077 0.004 1004 047 4.37 0.22
8.38 0.34 3.68 015 0168 0.007 0.074 0.003 1003 041 4.40 017
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Table 7
Mean values and standard deviations of the tensile test data (MD and CD) for all the industrial base tissue papers.
Elongation at Break (%) Young Modulus (MPa)
MD cD MD cD
Base paper X +0 X +o X +o X +0o
A 28.97 149 2.90 0.13 13.21 1.67 74.29 6.30
B 24.16 153 3.02 0.15 8.36 0.97 42.22 242
C 25.04 1.00 3.44 0.38 8.70 0.36 28.68 1.42
D 22.53 178 4.00 0.47 15.04 236 31.53 219
E 24.56 1.28 3.23 0.32 943 0.80 33.59 113
F 26.27 1.29 3.89 0.44 7.80 0.28 24.58 137
G 23.48 1.89 436 0.30 10.54 1.92 221 1.38
H 23.22 213 415 0.27 10.17 0.79 23.79 1.62
I 24.80 1.59 3.30 0.21 8.51 0.73 35.56 0.92
J 25.76 1.16 3.50 0.52 7.81 0.44 27.73 1.10
K 24.64 1.10 3.32 0.39 9.51 0.69 30.49 3.61
L 27.04 1.04 2.88 0.43 6.84 025 29.02 232
M 22.96 0.975 3.25 0.25 10.13 045 2234 1.16
Table 8
Mean values and standard deviations of the handfeel (HF) tests data for all the industrial base tissue papers.
HF
Top Bottom Global
Base paper X +o X +o X +0o
A 59.1 34 49.5 23 54.3 5.7
B 54.2 3.6 52.7 3.2 53.5 33
C 713 15 67.7 19 69.5 2.5
D 67.4 28 611 17 64.3 4.0
E 74.7 17 67.6 26 71.2 43
F 73.2 18 64.3 23 68.7 5.1
G 731 0.9 710 0.6 721 13
H 715 19 68.6 17 70.0 23
I 714 16 710 4.0 71.2 29
J 72.3 43 64.9 29 68.6 52
K 63.0 47 63.0 26 63.0 3.6
L 723 27 694 17 709 26
M 74.2 19 65.2 16 69.7 5.0
Table 9

Mean values and standard deviations of the TSA parameters tests data for all the industrial base tissue papers.

TS7 Parameter

Top Bottom Global
Base paper X +0 X +0 X +0
A 25.6 18 30.7 1.2 282 3.0
B 27.9 19 28.7 17 283 1.8
C 19.6 0.8 214 1.0 205 13
D 217 14 249 0.9 233 21
E 18.0 0.9 217 13 19.9 22
F 18.5 0.9 232 12 20.8 26
G 18.8 04 20.0 0.3 19.4 0.7
H 19.7 10 212 0.8 204 11
I 19.8 0.8 201 2.0 20.0 1.5
J 19.4 22 232 1.5 213 27
K 24.2 24 242 14 242 18
L 18.9 14 205 0.9 19.7 14
M 17.8 1.0 225 0.8 20.1 2.6
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Mean values and standard deviations of the TSA parameters tests data for all the industrial base tissue papers.

TS750 Parameter

fTS750 Parameter (Hz)

Top Bottom Global Top Bottom Global
Base paper X +o X +0 X +0 X +0 X +0 X +0
A 183 11 32.7 1.8 25.5 7.7 3998 554 3978 308 398.8 423
B 239 14 311 2.0 27.5 4.1 540.0 508 4464 4638 4932 675
C 151 0.5 174 11 16.2 14 8002 409 7850 452 7926 415
D 16.4 0.6 18.3 02 17.3 11 8618 465 828.0 1228 8449 893
E 118 02 16.9 12 143 2.8 9476 292 8290 614 8883 772
F 13.0 0.6 18.4 1.0 15.7 29 8418 172 6584 36.6 7501 1003
G 15.1 0.7 153 0.9 15.2 08 806.6 529 8218 785 8142 636
H 154 0.7 16.5 0.6 15.9 08 8058 353 8272 468 816.5 40.6
I 159 1.0 131 14 145 1.9 9104 319 969.2 417 939.8 46.8
J 13.0 12 172 04 151 24 9502 381 8786 635 9144 621
K 17.0 11 18.5 0.8 17.8 12 759.0 76.5 869.8 499 8144 844
L 14.7 0.7 20.5 0.6 17.6 3.1 773.8 491 5940 845 6839 115.0
M 15.8 0.9 19.1 0.6 174 19 7490 602 7360 116.0 7425 874
Table 11

Mean values and standard deviations of the TSA parameters tests data for all the industrial base tissue papers.

D Parameter (mm/N)

P Parameter (pm)

Top Bottom Global Top Bottom Global
Base paper X +o X +0 X +0 X +0 X +0 X +0
A 20 0.0 21 0.0 20 0.0 -30.2 95 -501 51 402 127
B 20 0.1 21 0.0 21 0.1 -178 53 -346 99 262 116
C 24 0.0 25 0.0 24 0.0 -282 109 473 124 -378 149
D 22 0.0 22 0.0 22 0.0 209 64 -248 126 -229 97
E 24 0.0 24 0.0 24 0.0 -301 438 542 191 422 182
F 25 0.0 25 0.0 25 0.0 484 63 528 84 506 74
G 24 0.1 25 0.0 25 0.1 229 125 -38.7 38 -30.8 121
H 25 0.0 24 0.1 25 0.1 -388 127 -202 70 -295 138
I 24 0.0 25 0.1 25 0.1 306 6.3 489 118 -39.8 131
J 26 0.1 25 0.0 26 0.1 =535 138 625 114 -58.0 128
K 25 0.1 24 0.0 24 0.0 =526 16.0 -498 6.9 512 1.7
L 26 0.1 26 0.0 26 0.0 -1052 148 -119.0 176 -1121 170
M 25 0.0 25 0.0 25 0.0 -850 204 913 115 -882 16.0

Table 12

Mean values and standard deviations of the TSA parameters tests data for all the industrial base tissue papers.

H Parameter (J)

E Parameter (mm/N)

Top Bottom Global Top Bottom Global
Base paper X +0 X +0 X +0o X +o X +o % +0
A 28.2 1.7 29.6 6.6 289 9.0 20 0.0 2.0 0.0 2.0 0.0
B 26.7 6.0 23.5 14.1 25.1 104 20 0.1 21 0.0 21 0.1
C 26.8 79 29.7 9.5 28.3 84 24 0.0 25 0.0 24 0.0
D 222 6.6 22.8 10.1 225 8.0 22 0.0 22 0.0 2.2 0.0
E 27.7 6.8 28.3 9.2 28.0 7.6 24 0.0 24 0.0 2.4 0.0
F 30.7 72 273 6.6 29.0 6.8 25 0.0 25 0.0 2.5 0.0
G 19.6 134 26.3 10.0 229 17 24 0.1 2.6 0.0 2.5 0.1
H 235 11.2 13.8 6.2 18.7 10.0 25 0.0 24 0.1 2.5 0.1
I 20.6 5.7 28.6 6.1 24.6 6.9 24 0.0 25 0.1 2.5 0.1
J 33.7 75 313 79 325 74 26 0.0 2.5 0.0 2.6 0.0
K 29.7 5.7 30.2 74 30.0 6.2 24 0.1 24 0.0 24 0.0
L 36.0 3.6 354 4.0 35.7 3.6 25 0.0 25 0.0 25 0.0
M 34.8 76 378 6.5 36.3 6.9 24 0.0 24 0.0 2.4 0.0
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the raw data presented in this manuscript is available in the Excel file attached as an appendix
supplementary material.

2. Experimental Design, Materials and Methods

An extensive characterization of the 13 different samples of the industrial base tissue papers
was carried out, using different methods. We started by determining the grammage, thickness
and bulk. The grammage, expressed in g/m? was determined in accordance with 1SO 12625-
6:2005 [5] and using a Mettler Toledo PB303 Delta Range analytical balance. The thickness was
also determined using a FRANK-TPI® Micrometer according to ISO 12625-3:2014 [G]. Finally, the
bulk, could be determined using the same standard as before, since it is the inverse of den-
sity. The morphology of all base papers was evaluated using the MORFI® Fiber and Shive Anal-
yser from Techpap SAS, that provides us the quantity of fibers in the structure, fiber length and
width, coarseness, kink fibers, curl, broken ends and fines percentage in area [7]. The Apparent
porosity (theoretical) was determined, for all the industrial base tissue papers samples, using
Eq. 1,

P (%) =100 x(l—M) (1)
Pcellulose

where pceiyiose iS the density of the cellulose (which is assumed to be 1.6 g/cm?) and pygmpe is
the density of the sample (g/cm?), which is the inverse of the bulk (cm?/g) [4]. The porosity was
determined using a Micromeritics AccuPyc Il 1340 helium pycnometer for all the samples too.
The water absorption time and the water absorption capacity was measured according to ISO
12625-8:2010 [8]using a FRANK-TPI® tissue absorption tester to apply the immersion method.
The industrial base tissue paper samples were cut, doing an adaptation to the above standard,
with the dimensions, width 7641 mm and length 100+1 mm, in the machine direction, since
the toilet base paper does not have a defined service length. Tensile tests were done in machine
and cross directions (MD and CD) for all the samples, according with ISO 12625-4:2005 [9],
on a Thwing-Albert® VantageNX Universal Testing Machine. For the measurements of HF, TS7,
TS750, fIS750, D, P, H, and E, the Tissue Softness Analyzer (TSA) from EMTEC was used [10]. The
handfeel (HF) is one of the parameters calculated by the TSA combining several measurements
of the samples to obtain a global quantification of softness of the papers. In this case the QA I
algorithm was used for the calculation of the HF. All the toilet base paper samples were prepared
accordingly with the machine specifications.
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Abstract Water absorption is a key property in
several tissue paper materials and can be a differen-
tiating factor in terms of consumer choice. The
converting modifications applied in the tissue industry
can improved absorbency properties. For this purpose,
the main goal of the present work is to study the
influence of “deco” and “micro” embossing on water
absorption capacity, Klemm capillary rise, and liquid
spreading kinetics in tissue papers. An industrial
never-dried bleached eucalyptus kraft pulp, a creped
industrial base tissue paper, and a disintegrated fibrous
suspension obtained from the same industrial paper
were used to produce structures with and without
“deco” and “micro” embossing patterns. The results
indicate that the “micro” embossing process promoted
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bulky and porous structures, enhancing water absorp-
tion capacity and Klemm capillary rise properties,
while the “dec” embossing pattern decreased water
absorption capacity properties. The creping process
also increased the water absorption capacity but
decreased Klemm capillary rise properties along with
the fiber mixtures. Regarding the liquid spreading
kinetics, both embossing patterns decreased this
property in uncreped isotropic structures, contrary to
creped anisotropic structures. The eucalyptus and
softwood fibers mixture improved the spreading
kinetics compared to the creping process. The perfor-
mance of structures with and without embossing
allowed to quantify the liquid retention properties,
combining ISO experimental methods and an optical
system that records the liquid interaction with fibrous
structures. In conclusion, this laboratory embossing
method can be used as an alternative method to
optimize converting operations and the final tissue
paper characterization, on a laboratory scale.

Keywords Absorbency materials characterization -
Creping/embossing operations - Hardwood/softwood
fibers - Liquid spreading kinetics - Optical liquid
droplet system - Tissue papers
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Introduction

In the last decades, the tissue paper industry has shown
high growth and competitiveness due to the high
hygiene products consumption worldwide. Tissue
paper materials are creped fibrous structures with a
low grammage between 5 and 40 g/mz, presenting an
elastic and porous structure, with good absorption
capacity and softness (de Assis et al. 2018a). These
materials are usually used to produce toilet papers,
facial papers, towel papers, napkins, among others (de
Assis et al. 2018a; Morais et al. 2019). High-quality
tissue papers must present factors such as bulk,
softness, strength, and absorption. Therefore, it is
important to find strategies to produce premium
materials to differentiate them in the market, under-
standing the relationship between their functional
properties, and in which sense the modification of one
property can affect others (de Assis et al. 2018a, b;
Morais et al. 2019, 2020a; Vieira et al. 2020a). The
development of optimized tissue paper properties is
related to the fiber selection and their modification
process steps, including enzymatic treatments, refin-
ing, and additives incorporation (Spiridon et al. 2003;
Gigac and FiSerovd 2008; Park et al. 2019; Guan et al.
2019; Zambrano et al. 2021; Morais et al. 2021a, b;
Debnath et al. 2021). In the production of tissue paper
materials, a mixture of eucalyptus fibers is used to
enhance bulk, porosity, softness, and absorption
properties, meanwhile, softwood fibers are also added
to ensure strength properties, and the paper machine
runnability. The proportion of this mixture depends on
the manufacturer and the desired type of product (de
Assis et al. 2018a, b; Morais et al. 2019, 2020a;
Stankovska et al. 2020).

One of the fundamental operations in the tissue
paper industry is the creping process, which consists of
the formation of a uniformly rough structure (de Assis
etal. 2020). In the paper machine, the Yankee cylinder
is coated with chemical additives to promote both the
wet paper sheet adhesion in the Nip, and the dry paper
sheet detachment at the Yankee exit (Boudreau and
Germgard 2014). In this phase, the doctor blade
scrapes/removes the paper sheet from the Yankee
cylinder surface, creating the paper rough folds. The
creping process also includes a change in the fiber
direction from the machine direction (MD) to the
Z-direction, which results in the breaking of inter-fiber
bonding, promoting higher softness and elongation

@ Springer

capacity (Raunio and Ritala 2012; Pan et al. 2019).
After the production of creped industrial base tissue
papers, those are subjected to converting operations to
produce the desired type of tissue paper materials. One
of these operations is the embossing process in which
surface deformations are carried out to the base tissue
paper by applying localized pressures. Embossing
occurs by placing multiple layers of base tissue paper
on top of each other, penetrating a pattern into each
layer, and holding them together in a final lamination.
Embossing patterns are applied to tissue papers to
improve porosity, hygroscopicity, thickness, flexibil-
ity, and liquid retention properties. Embossing can
result in raised or lowered patterns on the paper, using
heat, pressure, and stamping matrices (Spina and
Covalcante 2018; Mendes et al. 2020; Vieira et al.
2020b, 2c¢). To the best of our knowledge, there is an
absence of scientific data regarding the 3D tissue paper
structure characterization and absorbency properties
before and after the embossing operation.

As previously mentioned, the type of embossing
pattern applied to tissue paper materials has an
important impact on product perception. For example,
the use of a “deco” pattern gives a decorative effect to
the paper, while a “micro” circular pattern gives to the
consumer a more absorbent paper perception. For this
reason, water absorption properties are differentiating
factors in terms of consumer choice. The two funda-
mental parameters in these properties are the water
absorption speed and the global water absorption
capacity. The first parameter consists of the time that a
structure absorbs a quantity of water, while the second
parameter includes the total water content that the
paper can absorb in its 3D structure (Beuther et al.
2010; Gigac et al. 2019). The absorption properties
depend on factors such as raw materials used, the type
of 3D structure, fines content, bulk, porosity, sheet
formation, additives, creping, and embossing (Ashari
et al. 2010; Mullins and Braddock 2012; Stankovska
et al. 2019). Therefore, different innovative
approaches can be considered to optimize the tissue
absorption properties, including the 3D simulation of
these tissue structures, using 3D computational tools
(Curto et al. 2015; Morais et al. 2020b, ¢). Addition-
ally, an experimental optical prototype system, devel-
oped by our research members (Mendes et al. 2013),
has been used to collect liquid deposition data over
time, to characterize the liquid droplet spreading area
and Kkinetics, through image analysis (Mendes et al.
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2013; Fiadeiro et al. 2013; Sousa et al. 2014; Curto
et al. 2015). Different studies of liquid droplet
deposition and spreading kinetics have indicated that
porous structure knowledge is one of the key param-
eters for optimizing absorption properties since the
pore sizes influence the liquid droplet spreading and
equilibrium state (Senden et al. 2000; Wagberg and
Westerlind 2000; Clarke et al. 2002; Starov et al. 2003;
Kannangara et al. 2006; Wang et al. 2007; Hilpert and
Ben-David 2009; Rosenholm 2015; Chen et al. 2020).

In this context, the main goal of the present work
was to compare the performance of structures with and
without embossing made with eucalyptus fibers and a
fiber mixture from a disintegrated creped industrial
base tissue paper, investigating the effect of fibrous
composition, creping, and embossing process on the
water absorption properties. To address this objective,
a laboratory embossing method was used with two
embossing patterns, namely “deco” and “micro”
patterns, and an evaluation of water absorption
capacity, Klemm capillary rise, and liquid spreading
kinetics was performed on uncreped and creped
structures before and after embossing.

Materials and methods

Figure 1 presents the detailed diagram of the exper-
imental plan design executed in this study.

Fibers and Suspensions Properties Characterization

] i

Creped Industrial Base Tissue Never-dried Bleached
Paper. with 17 g/m* Eucalyptus globulus Kraft Pulp

[

Disintegration

! '

Production of Unoressed Isotropic Laboratory
Handsheets. with 17 g/m?

. .

Laberatory “Deco™ and “Micro™ Embossing

' {

Water Absorption Capacity, Klemm Capillary Rise, and Liquid Spreading
Kinetics Characterization

Fig. 1 Diagram of the experimental plan design

Table 1 Nomenclature of the tissue paper samples used in this
study

Nomenclature Composition Embossing
H,, Handsheet (hardwood) None
H,E, “Deco”
HpE. “Micro™
HDy, Handsheet of the Disintegration None

of Industrial Sheet

(hardwood + softwood)
HDy,.Eq4 “Deco™
HDy,.E,,, “Micro™
I Industrial Sheet None

(hardwood + softwood)
IEq4 “Deco™
IEn “Micro™
Materials

A never-dried bleached Eucalyptus globuluskraft pulp
(Hp) and creped industrial base tissue paper (Ip) were
selected for the present work. The Iy, sample was
produced, approximately, with 49% of eucalyptus
pulps, 27% of softwood pulps, and 24% of broke. The
nomenclature of all samples is identified in Table 1.
The HDy, samples, described in this table, resulted
from the disintegration of the I, sample.

Fibers and suspensions characterization

The fiber length/width ratio or slenderness ratio,
coarseness, and fines elements properties were deter-
mined by image analysis of a diluted sample suspen-
sion of 20 mg/L, through a flow chamber, using the
MorFi analyzer (TECHPAP, Grenoble, France). The
Schopper-Riegler degree, “SR method was used to
measure the sample drainability, according to ISO
5267/1. The water retention value, WRV method was
assessed using the method described by (Silvy et al.
1968).

Handsheets preparation and embossing operation

The samples were disintegrated according to the ISO
5263-1. The isotropic laboratory handsheets were
prepared according to an adaptation of the ISO 5269-1.
The Hy, and HDy,s samples were produced with 17 g/
m? and without pressing. This grammage is similar to

@ Springer
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the Iy sample. All the produced fibrous structures
were conditioned at 23 =1 °C with a relative
humidity of 50 £ 2%, according to ISO 187.

Meanwhile, samples of the produced fibrous struc-
tures were subject to the “deco” and “micro”
embossing process using an innovative laboratory
embossing prototype equipment. The nomenclature of
all samples with these embossing patterns is also
identified in Table 1.

Tissue structural and absorption characterization

The structural properties, water absorption capacity,
Klemm capillary rise, and liquid droplet spreading
kinetics of structures with and without embossing
were characterized.

The grammage was determined according to ISO
12625-6, and the thickness and bulk were determined
following the ISO 12625-3. For thickness measure-
ments, the FRANK-TPI® Micrometer equipment
(FRANK-PTI GMBH, Birkenau, Germany) was used.
Apparent porosity was calculated using the following
equation: P [%] = [1 — (Pceltutose/ Pstructure)] X 100,
where peepuose 18 the cellulose density (1.6 g/cm3)
and Pgrucrure 18 the structure density (g/cm3) (Costa
et al. 2016).

The water absorption capacity method was deter-
mined by the immersion method, using a FRANK-
TPI® Tissue Absorption Tester (FRANK-PTI
GMBH, Birkenau, Germany), according to an adap-
tation to ISO 1265-8.

The water capillary rise was determined using the
Klemm method, following an adaptation to ISO 8787.

An optical system (Prototype, Universidade da
Beira Interior, Covilha, Portugal), developed by our
research members (Mendes et al. 2013) and applied in
several materials studies (Fiadeiro et al. 2013; Sousa
et al. 2014; Curto et al. 2015) was used to study the
liquid droplet spreading kinetics. In this work, the
optical system is a unique device to analyze the 3D
structures on different tissue papers with and without
embossing. This system works by ejecting microliter
droplets toward the structure surface, whereas images
of the droplets are being recorded for a given period.
The liquid spreading kinetics and spreading dynamics
data were collected from 35.7 ms to 3 s, and the
snapshot images selected in this work were 35.7 ms
(initial time), 250 ms and 1 s (intermediate times), and
3 s (final time).

@ Springer

Computational studies

A computational tissue simulator, the SimTissue
(FibEnTech-UBI, Covilha, Portugal) was developed
specifically for tissue paper furnish materials and used
to study different scenarios of the influence of the fiber
mixtures, creping, and embossing processes on tissue
end-use properties. This simulator works by integrat-
ing the key tissue fiber and structure properties,
predicting the softness, strength, and absorption
properties of different furnish and tissue paper process
operations.

Results and discussion
Fibers and suspensions characterization

The eucalyptus sample, Hy,, presented a slenderness
ratio in the same range as the sample consisting of a
mixture of eucalyptus and softwood fibers, HDyy/Ing
(Fig. 2a), indicating that the Hy, sample had fiber
lengths and widths lower than the HDy,¢/I;,s samples.
These morphological properties of the HDpo/In
samples directly contributed to the development of
the mechanical properties, improving the tissue paper
machine runnability. This ratio is also related to the
paper structure density and pulp digestibility (Morais
et al. 2020a; Dutt and Tyagi 2011). Compared to our
previous study (Morais et al. 2019, 2020a), the Hy,
sample showed a low slenderness ratio compared to
other eucalyptus pulps. This result indicates that this
sample has shorter and thicker fibers, presenting a
negative effect on the pulp mechanical properties, not
ready for collapse, and providing less surface contact
for bonding. Coarseness is influenced by the fiber
thickness, width, and fiber pulp population (Morais
et al. 2020b). Because this parameter depends on
several factors, it should only be compared between
fibers of similar species. The samples showed a
difference of 48% for coarseness properties (Fig. 2a).
This result is due to the presence of softwood fibers in
the HDp/Iys samples. Additionally, the HDyyy/Ips
sample presented a higher fine content than the Hy
sample, with a difference of 22% (Fig. 2a). This result
is due to the presence of refined softwood fibers and
broken fibers in the HDy, /I, samples. These broken
fibers are obtained by the sheet breakage in the tissue
paper machine, which is collected and recirculated to a
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Fig.2 Pulp fiber morphological properties, namely slenderness ratio, coarseness, and fine elements (a), and pulp suspension properties,

such as "SR and WRYV (b), of the H;, and HDy,/I;,, samples

pulper and introduced again in the blend eucalyptus
and softwood pulps process. Regarding the water
drainage capacity (Fig. 2b), both samples showed "SR
values in the recommended range to produce high-
quality tissue papers (de Assis et al. 2018a), between
25 and 26 “SR. The small difference found in these
measurements may be due to the presence of refined
softwood fibers during the production process of the
HDy/Ins sample. Finally, the Hy sample showed a
higher WRV (+ 28%) than the HDy,y/I,s sample
(Fig. 2b). This result can be explained by the absence
of the hornification effect caused by the drying
operation of the Hy, pulp sample since this pulp is a

never-dried eucalyptus sample (Weise et al. 1996;
Giacomozzi and Joutsimo 2015).
(@) 25 98
mBulk e Apparent Porosity
-
5. I - 96
% 55 ] - L o4
g
=
= 10 A
= L 90
5 4
I | I I | I - 88
0 - 86

\\\(v \s,‘“ 9:\: \\&0 o ‘\5' ¥
o

Tissue structural and absorption characterization

The tissue paper’s structural properties, such as bulk
and porosity, influence the water absorption properties
(Morais et al. 2019; Stankovska et al. 2019). The bulk
and porosity properties of the structures with and
without embossing are shown in Fig. 3a. The SimTis-
sue was used to compare the influence of the furnish
mixture composition, and different tissue process
operations, such as the creping and embossing oper-
ations, and to predict the negative and positive trends
for different furnish, properties, and process opera-
tions scenarios, as shown in Fig. 4. When comparing
the samples without embossing, two effects must be
considered: fiber mixing and creping process. The
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Fig.3 Structural properties, namely bulk and apparent porosity (a), and water absorption capacity properties (b) of the samples without

and with “deco™ and “micro” embossing
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Fig.4 Percentage of variation in the tissue structural and absorption properties for Hy, sample (a), HDy,,, sample (b), and I, sample (¢),

predicted using the SimTissue

effect of the blend of eucalyptus and softwood fibers is
quantified by comparing the Hy, and HDy, samples,
indicating that these softwood fibers increase the
structure by 5% and the structure porosity by 1%. On
the other hand, the creping effect is quantified by
comparing the HDy,¢ and Iy, samples, indicating that
this operation increases the structure bulk by 30% and
the structure porosity by 3%. These results indicate
that creping promotes the production of more bulky
and porous structures compared to the fiber mixture.
The effect of “deco” and “micro” embossing on Hy,
structures increases, respectively, the bulk by 43% and
246%, and the porosity by 4% and 10%. In HDyy
structures, the effect of “deco” and “micro” emboss-
ing increases the bulk by 5% and 78%, and the
porosity by 1% and 5%, respectively. Finally, in the Iy
samples, the effect of “deco” and “micro” embossing
increases the bulk by 5% and 73%, and the porosity by
0.4% and 4%, respectively. Overall, “micro” emboss-
ing has a higher influence on structural properties than

@ Springer

“deco” embossing. In both patterns, the HDyy
embossed structures showed less bulk and porosity
than the Hy, and I, embossed samples. The “micro”
pattern promoted bulkier and more porous Hj, struc-
tures compared to the IE,, (“micro” embossed)
structures, while the “deco” pattern obtained H;, and
I embossed structures with the same range of bulk
and porosity. It was found that the structural properties
of embossed structures are modified not only by the
embossing pattern but also by the fiber mixture and
creping operation. In this case, eucalyptus fibers were
more suitable to produce more bulky and porous
structures with embossing. The bulk and porosity of
the embossed structures are decreased with the
presence of softwood fibers in the mixture and
increased with the creping process operation.

The water absorption capacity properties of the
structures with and without embossing are shown in
Fig. 3b, and its percentage of variation is shown in
Fig. 4. The fiber mixture effect reduced this property
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by 11%, comparing H;, and HDy, samples. Although
the structure bulk and porosity with a blend of
eucalyptus and softwood fibers are slightly higher
than those obtained with only eucalyptus fibers, the
higher fines content of the HDy,, sample may have
contributed to a water absorption capacity decrease,
since inter-fiber bonds and low pore size and distri-
bution prevailed in this property. Stankvska et al.
(2020) also reported that by increasing the softwood
fiber content in tissue formulations, the structure water
absorption was decreased. The higher fiber water
affinity (WRYV, Fig. 2b) of the H;, sample also can
explain this behavior. On the other hand, the creping
effect improved this absorption property by 25%,
comparing the HDy,, and Iy samples, which is in
accordance with the structural properties. The emboss-
ing process modified the absorption of tissue struc-
tures. In general, the “deco” pattern had a small
negative influence on the water absorption capacity
properties, while the “micro” pattern increased these
properties. The “deco” embossing decreased the
absorption capacity by 5%, 2%, and 1% of the Hy,
HDy,., and I, embossed structures. The “micro”
embossing increased the absorption capacity by 18%,
13%, and 6% of the Hy, HDy,, and I, embossed
structures. As in the structural properties, the HDyyq
embossed structures with both patterns showed less
water absorption capacity than the H, and Iy
embossed samples. In this case, the I, embossed
structures with both embossing patterns showed better
absorption properties than the H,, embossed structure.
This result indicates that the creping process

overcomes the water absorption compared to euca-
lyptus fibers, although the H,E,;, (“‘micro” embossed)
structures were bulkier than the I E, (“micro”
embossed) structures. Figure 5a also presents the
relationship between the bulk and the water absorption
capacity, in which it is possible to observe two distinct
zones in the graphic. From this analysis, it was found
that, overall, the structures without embossing and
with “deco” embossing are in a range with low bulk
(5.6-8.0 cm3/g) and water absorption (8.1-10.2 g/g),
while structures with “micro” embossing are in a
range with high bulk (10.5-19.4 cm?/g) and water
absorption (9.2-10.9 g/g).

The Klemm capillary rise depends on the adhesion
and cohesion forces of the water molecules that rise
through the fiber walls or between the pores. The
Klemm capillary rise properties of the structures with
and without embossing and their percentage of
variation are shown in Figs. 4, 6, respectively. This
assay was performed on the machine direction, MD
(perpendicular to crepe folds), and cross direction, CD
(parallel to crepe folds) of the Iy, sample. The results
indicated that the CD direction enhanced a better
Klemm capillary rise (+ 75% at 10 min) compared to
the MD direction (Fig. 6a). The crepe lines improved
this property. Klemm capillary rise studies for I ;Ey
and I,E,, samples were performed only in the MD
direction. The fiber mixture effect decreased this
property by 22% (Figs. 4b, 6b), comparing H; and
HDyy, samples, which is in accordance with the water
absorption capacity properties. The creping effect also
decreased the Klemm capillary rise by 58%,
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Fig. 6 Klemm capillary rise as a function of time of the I
structures in MD and CD direction without embossing (a), all
handsheets without embossing (b), H,, structures with and

comparing the HDy and I samples (Figs. 4c, 6b).
The intermolecular bonding between fibers and water
molecules in Iy, structures with higher pores may have
decreased capillary rise. Additionally, in the case of
very narrow channels due to creping process, the water
progression may have been strangled by the limited
space for capillary rise (Mullins and Braddock 2012).
Regarding the embossing effect, capillarity absorption
presented a different behavior to immersion absorp-
tion. In all samples, both “deco” and “micro”
embossing increased capillary rise compared to sam-
ples without embossing. The “deco” embossing
increased the capillary rise at 10 min by 9%, 12%,
and 44% of the H,E4, HDy,Eq4, and I, E4 embossed
structures (Figs. 4, 6¢c—). The “micro” embossing
also increased the capillary rise at 10 min by 15%,
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without “deco™ and “micro” embossing (¢), HDy, structures
with and without “deco™ and “micro” embossing (d), and I,
structures with and without “deco™ and “micro” embossing (e)

16%, and 59% of the HyE,,, HDyE,,, and IyEy,
embossed structures (Figs. 4¢c, 6¢—e). These results
indicate that the “micro” pattern has a higher influ-
ence on the capillary rise properties than the “deco”
pattern. In both patterns, capillarity absorption was
more pronounced in the H, embossed structures,
followed by HDyy,, and Iy, embossed structures. It was
found that eucalyptus fibers present a higher influence
on the water capillary rise than the fiber mixture,
followed by the creping process, both in structures
with and without embossing. Additionally, Fig. 5b
also presents the relationship between the apparent
porosity and the capillary rise at 10 min, in which it is
possible to observe three distinct zones in the graphic.
From this analysis, it was found that, overall, the
structures without embossing are in a range with low
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porosity (88.1-91.3%) and capillary rise (32-99 mm).
The “deco” embossed structures are in a range with
intermediate porosity (89.5-91.7%) and Klemm cap-
illary rise (46-108 mm), while structures with “mi-
cro” embossing are in a range with high porosity
(93.8-96.5%) and Klemm  capillary rise
(51-114 mm). Therefore, the pores of the structures
should present uniform dimensions, since the contri-
bution of the gravity force should not be higher than
the force exerted by the water molecules that allows
the molecules to ascend the channels. Hence, there
must be a balance between the pore dimensions and
distribution to promote the Klemm capillary rise
efficiency (Beuther et al. 2010).

The kinetics of the liquid droplet spreading area
over time in papers with and without embossing is
presented in Fig. 7 and Table 2. This liquid spreading
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embossing (d). In graphic (a), the colors blue, red, and green
correspond to the structures Hy,, HDy,, and I, respectively. In
graphic (b—d), samples without embossing are represented in
blue, with “deco” embossing in red, and with “micro”
embossing in green

area of all samples is defined by initial fast kinetics for
times below 0.5s, followed by slower Kkinetics,
towards a stabilization value for the liquid spreading
area. The response of the liquid droplet deposition into
the 3D fibrous structure made from fiber mixtures,
HDyy, indicates that the liquid spreading area is higher
compared to 100% eucalyptus structure, Hy, (Fig. 7a).
These results indicated that the eucalyptus and soft-
wood fiber mixture increased the liquid spreading
kinetics properties by 15% (Fig. 4b), corresponding to
a higher porous and bulky structure (Fig. 3a). How-
ever, this result is not in accordance with the
immersion and capillary absorption properties
(Figs. 3b, 6b). The liquid droplet spreading area of
the creped structure, I, was smaller (— 16%, Fig. 4c)
than the laboratory-made structures produced by
disintegration of this sample, HDy, (Fig. 6a). This
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Table 2 Kinetics of the liquid droplet spreading area overtime in structures with and without embossing
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Table 3 Evolution of the liquid droplet spreading dynamics overtime in structures with and without embossing
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result is following the Klemm capillary rise properties.
The creping lines enhance the tortuosity phenomenon
since the liquid droplet presented higher difficulty to
intrude into or pass through the cellulosic fibers,
compared to the HDy, structure. Additionally, the
phenomenon of anisotropy was observed in Iy struc-
tures, and isotropy in Hy and HDy, structures
(Table 2). The liquid droplet spreading area was
direction-dependent of the creping lines in the creped
industrial base tissue paper sample, presenting an
elliptical shape. On the other hand, the liquid droplet
spreading area tends to have a circular shape for
isotropic laboratory samples without embossing. It
was found that the fiber mixture in these structures
improved the liquid droplet spreading kinetics over
time, followed by eucalyptus fibers and the creping
process. The “deco” embossing effect decreased the
liquid spreading kinetics in both H,E; and HDy,(E4
structures by 4% and 3%, respectively (Figs. 4, 7b, ¢),
being in accordance with the water absorption capac-
ity properties. However, this decrease is in the same
range as structures without embossing. This result was
also reported in Fig. 5a. Additionally, the same
behavior was also observed for the “micro” emboss-
ing in these two samples (Fig. 7b, c¢). The “micro”
embossing also decreased the liquid spreading kinetics
by 11% and 23% of the HyE,,,, and HDy,<E,,,, embossed
structures (Fig. 4a, b). The “micro” embossing pre-
sented a negative influence on the liquid spreading
kinetics compared to the “deco” embossing. This
absorption property is modified by the creation of 3D
effects of the embossing patterns on the structures,
changing the water flow, initially around and then
within the “deco” linear pattern and “micro”™ circular
dots. Due to this 3D effect, the liquid has difficulty
passing through the cellulose fibers, as seen in creped
structures without embossing. This effect can be
observed, for example, for t = 3 s in H,E; and H{E,,
structures (Table 2). Additionally, the liquid droplet
spreading area can yield random and irregular shapes
considering the embossing pattern present on the
structure surface (Table 2). Regarding the Iy, sample,
the structures with embossing showed a higher liquid
spreading area than the structures without embossing
(Fig. 7d). The “micro” pattern presented a higher
influence (+ 12%, Fig. 4c) on the liquid droplet
spreading kinetics compared to the “deco” embossing
pattern (4 8%, Fig. 4c), being in accordance with the
Klemm capillary rise. In this case, the structure bulk
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and porosity enhanced this property. However, the
differences found for both patterns in the creped
structure are in the same range. With this study, it was
found that the embossing pattern presents higher
differences in liquid spreading kinetics of the isotropic
laboratory samples than in anisotropy creped indus-
trial samples.

In addition, Table 3 presents the liquid droplet
spreading dynamics of the structures with and without
embossing. The blue shaded area corresponds to the
red line that circles the droplet outline in each
structure, in Table 2. The number of profiles starts at
the largest Euclidean distance between the centroid
and the red line and extends in the clockwise direction.
In isotropic structures, the blue shaded area is
practically a rectangle with few irregularities, which
is not the case for anisotropic structures. These
differences are due to the circular and elliptical shape
of the isotropic and anisotropic samples, respectively.
For both “deco™ and “micro” embossing patterns, an
irregular area of the liquid droplet spreading dynamics
for all samples is observed. This result is due to the
random and irregular shapes presented in the
embossed structures, in Table 2.

Conclusions

Our research highlights the importance of the
absorbency properties characterization of different
structures with and without embossing using standard
methods, and an innovative optical liquid droplet
system to quantify the liquid spreading kinetics. The
characterization methodology developed and imple-
mented on this study allowed the quantification of the
influence of isotropic and anisotropic tissue papers
formation, fiber mixtures, creping, and embossing
operations, separately.

Overall, the creping effect has a higher influence on
the structural and water absorption capacity properties
compared to the fiber mixture; however, the reverse
was verified for the Klemm capillary rise and liquid
spreading kinetics properties. The “deco” embossing
operation decreased the water absorption properties
compared to the “micro” embossing. The water
capillary rise overtime was higher in structures with
“micro” embossing, followed by “deco™ embossing.
The same behavior was verified for the liquid spread-
ing kinetics in the I, embossed structures, while an
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inverse relationship was observed for the H,, and HDyy,
embossed structures. Considerable insight has been
gain using the optical system to obtain the liquid
spreading area kinetics and its spreading shape. With
these findings it was proved that the type of 3D
structure in which the liquid drop is deposited, the
isotropic/anisotropic tissue structures, and the creping/
embossing process operations are key parameters on
the liquid/materials interaction.

The characterization methodology proposed in this
work constitutes valuable information to optimize the
embossing operation and the absorption properties,
combining the water absorption capacity, Klemm
capillary rise, and liquid spreading kinetics properties
of tissue paper materials. In conclusion, the combina-
tion of the laboratory embossing method, 3D model-
ing, and optical liquid droplet system establishes an
innovative approach to quantify and represent the 3D
embossing effect of tissue structures, on a laboratory
scale, to be used in the process optimization and
furnish management, to enhance absorbency materials
properties.
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Influence of Tissue Paper Converting Conditions on
Finished Product Softhess
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Tissue paper conversion consists of the transformation of base tissue
papers into finished tissue products to meet specific demands. When base
tissue paper arrives at the converting line, it already holds different
requirements that were met during its manufacture in the paper machine
(e.g., grammage, bulk, tensile index, etc.). However, what happens during
converting can still influence the performance and quality of the finished
products. The current work addresses this topic and aims to evaluate the
influence of converting conditions on the final softness. For that, two 5-ply
finished tissue products were analyzed using different methodologies for
their proper characterization in terms of softness and surface analysis. The
analyzed products are composed by the same base tissue papers, but
some changes were applied on their settings in the converting line. In
particular, the base tissue papers arrangement and the embossing
pressure affected the finished products, resulting in one of them being
softer and more pleasant to touch, with a global handfeel (HF) value of
75.3 units, and the other revealed to be rougher and less pleasant, with a
global handfeel (HF) value of 68.0 units.
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INTRODUCTION

Tissue is a special and unique type of paper, as its most important use is in hygiene
daily routines. Examples of tissue products include bathroom tissue, kitchen towels,
industrial wipes, table napkins, facial tissue, and many others (Kimari 2000). Commonly,
tissue is very well distinguished from other paper grades, due to its low grammage,
typically lower than 25 g/m? according to Hollmark (1983), and because of its creped
structure, yielding a rather distinctive surface (Hollmark 1983; Abbott and Schnabel 2000;
Kimari 2000; Ramasubramanian and Shmagin 2000; Ho et al. 2007; Gigac and FiSerova
2008; Ramasubramanian et a/. 2011; Raunio and Ritala 2012; Boudreau and Germgard
2014; Anukul et al. 2015).

Depending on product end use, specific characteristics are targeted to achieve the
desired requirements. In this sense, a wide variety of products exist with specific features
for different applications. Examples include products designed to have extra-absorption,
extra-resistance, or extra-softness (Kimari 2000; de Assis ef al. 2018a).

Concerning bathroom tissue, a subcategory in which toilet papers are included,
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softness is a key feature for consumers (Hollmark 1983; Abbott and Schnabel 2000; Kimari
2000; Furman et al. 2007; de Assis et al. 2018a). A paper that does not meet a certain level
of softness, by being too rough or unpleasant to touch, may be rejected and replaced by
others. Therefore, the proper assessment of softness is of the utmost importance in this
category.

During production, many aspects influence tissue paper softness, such as the type
of fibers, refining additives used, creping process, and converting process (Kimari 2000;
Ramasubramanian and Shmagin 2000; Ho et al. 2007; Gigac and FiSerova 2008;
Ramasubramanian ef a/. 2011; Raunio and Ritala 2012; Boudreau and Germgard 2014;
Rosen et al. 2014; Anukul ef al. 2015; de Assis et al. 2018a; de Assis et al. 2018b; Raunio
et al. 2018; Spina and Cavalcante 2018). This last aspect consists of a series of operations,
such as unwinding, embossing, printing, perforating, rewinding, cutting and packaging, as
shown in Fig. 1, performed on base tissue paper sheets to form a multilayer finished
product, ready to be placed into the market (Kimari 2000; Vieira et al. 2020).

[ startofLine | | CONVERTING PROCESS | | End of Line |

Unwinding Printing Rewinding Packaging

e
_

= -~ |

Embossing  Perforating Cutting ‘

Finished

Base Tissue Paper Tissue Product

Fig. 1. Converting process operations performed on base tissue paper to obtain the finished tissue
product

As already stated, before entering the converting process, the base tissue paper
bears specific requirements, and the finished products will depend on these requirements.
However, in the converting line, the performance and quality of the finished products may
still be altered, depending on the applied converting conditions.

The current work 1s focused on this topic. Specifically, two commercial toilet tissue
products composed of the same base tissue papers were made with changes on the settings
in the converting line. All other aspects of base paper manufacture were the same. The
main goal was to identify differences in both finished products in terms of softness, caused
by their different converting conditions. The product characterization was carried out using
two different methodologies.

EXPERIMENTAL

Materials

Two commercial toilet tissue products, identified as P2T and P3T, were collected
in a factory line and used as the objects of this study. These products were formed using 2
different mother-reels, from which some samples were also collected. One of the mother-
reels, identified as M2, was a 2-ply arrangement of a base tissue paper, whereas the other
mother-reel, identified as M3 was a 3-ply arrangement of a different base tissue paper.
These two base tissue papers were produced using mixtures of 85% hardwood eucalyptus
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and 15% softwood pine and spruce European bleached kraft pulps. Although M2 and M3
were produced in different paper machines, both mother-reels have the same composition
described above, with each tissue sheet having approximately the same grammage, 15 to
16 g/m? (ISO 12625-6 2005), and thickness, 110 to 116 pm (ISO 12625-3 2014).

Regarding the two finished products, the first P2T was converted having M2 on top
and M3 on the bottom, whereas the second product P3T was converted having M3 on top
and M2 on the bottom, as shown in Fig. 2. Overall, both commercial products P2T and P3T
are 5-ply, with an inversion of the arrangement of the mother-reels defined at the start line
of converting, in the unwinding step.

M2 - Top / M3 - Bottom M3 - Top / M2 - Bottom

M2 ' M3

M3 M2

Converting Converting

L .

Finished Product P2T Finished Product P3T
Fig. 2. Mother-reels arrangement in the converting of the 2 finished products P2T and P3T

T/B (M2-T/M3-B) TIT (M2-T/M3-T)
M2-T M2-T
M2-B M2-B
M3-T M3-B
M3-B M3-T
M2-B , M2-B
M2-T M2-T
M3-T M3-B
M3-B B/B (M2-B/M3-B) M3-T B/T (M2-B/M3-T)

Fig. 3. The 4 tested assembled configurations T/B, T/T, B/B, and B/T using the mother-reels M2
and M3 without passing through the converting line
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It is also noteworthy that products P2T and P3T consist of finished toilet tissue
products, meaning that the samples of these commercial products were collected at the end
of the factory converting line. However, the base tissue papers of the mother-reels M2 and
M3 were completely free of any operation, as the corresponding samples of these 2 mother-
reels were collected at the start of the factory converting line. Both mother-reels M2 and
M3 were also assembled to create samples of all the 4 possible combinations used for
production of P2T and P3T. In particular, they were simply stacked without adhesive nor
any other operation conducted on them, respectively, top with bottom (configuration T/B),
top with top (configuration T/T), bottom with bottom (configuration B/B), and finally
bottom with top (configuration B/T), as shown in Fig. 3. These configurations were
assembled to analyze if the top and bottom surfaces of the mother-reels M2 and M3, being
oriented inwards or outwards in the final configurations, affect the softness results.

As a general experimental procedure rule, 10 samples of each product and of each
of the 4 assembled configurations using the mother-reels were conveniently prepared
according to the proper dimensions required for each equipment to be used for their
characterization. Normally, from these samples, 5 were used to analyze the top surface,
while the other 5 were used for analysis of the bottom surface. The results of the performed
essays were expressed in terms of mean and standard deviation for the top and bottom
surfaces, and in global.

Methods

Several experiments were conducted for analysis of the softness and surface
properties of the samples collected and prepared for the products P2T and P3T and for the
assembled configurations T/B, T/T, B/B, and B/T. There are many different approaches for
the evaluation and assessment of these properties (Hollmark 1983; Rust er al. 1994;
Hollmark and Ampulski 2004; Furman et a/. 2007; Lima et al. 2009; Ruiz et al. 2010;
Rosen et al. 2014; Rastogi et al. 2017; de Assis ef al. 2018a; Ko et al. 2018; Perng et al.
2019; Wang et al. 2019). Based on those studies, two different methodologies were
followed in the current work. The tissue softness analyzer (TSA) from Emtec Electronic
GmbH (Leipzig, Germany), laboratory equipment, which is used in the tissue paper sector
for quality control purposes, was used to perform the measurements of softness. The TSA
works by simulating the sensation of the fingertips by touching the tissue samples with
vertical lamella, fixed in a rotating disk, under a defined load and rotation speed. The
vibrations generated during the rotation are detected by the equipment and are then
processed to provide information about the samples. After this first measurement, a vertical
displacement of the samples is also realized. Then, all the measured parameters, namely,
the real softness (TS7), the felt smoothness/roughness (TS750), and the stiffness (D) are
computed through specific algorithms to obtain a global quantification of handfeel (HF) of
the analyzed samples (EMTEC Innovative Testing Solutions 2018).

A customized optical system previously used in research for other purposes was
also considered for observation of the samples surfaces using specific magnifications and
illumination conditions (Mendes et al. 2013, 2014, 2015). First, a tissue paper sample is
fixed in a proper holder connected to a motorized XY motion stage, allowing the movement
of the sample in both horizontal and vertical directions and for the scan of the sample across
its entire area. The sample is observed from both sides (top and bottom surfaces) by two
different image detectors. The registered images were set with a field of view of = 10 x 10
mm?, a resolution of 1024 x 1024 pixels, a bit depth of 10 bits (1024 gray levels), a gain
of 1024 arbitrary units, and an exposure time of 6 milliseconds. The magnification used in
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the system is controlled by two macro-objectives, making it possible to observe both
surfaces of the sample with specific magnifications, depending on the application in use
and of the required level of detail. Finally, the sample can be illuminated from only one
side, from the other side, or from both sides through use of two LED light sources. These
conditions were used to optimize the system for a convenient and correct observation of
the samples in analysis. All the elements of the system are connected to several hardware
control units and to a computer, being operated through a graphical user interface software
application implemented using the MATLAB® programming language and the Toolboxes
for Image Acquisition and Image Processing (Mendes ef al. 2013, 2014, 2015).

Three experiments (A, B, and C) were performed in this work with the presented
methods. Experiments A and B were focused on the TSA measurements, TS7, TS750, D
and HF, this last calculated using the algorithm TPII of the equipment, to evaluate products
P2T and P3T and the different assembled configurations T/B, T/T, B/B, and B/T.
Experiment C was focused on the visualization of the samples surfaces with the customized
optical system.

RESULTS AND DISCUSSION
Experiment A — TSA Measurements of the Products P2T and P3T

Table 1 contains the HF results for the products P2T and P3T, obtained using the
TSA (EMTEC Innovative Testing Solutions 2018).

Table 1. HF for the 2 End-use Products P2T and P3T

Product Top Surface HF Bottom Surface HF Global HF
P2T 755+15 75120 753 %17
P3T 732+14 62.9+26 68.0+5.8

Note: Values shown are the mean % standard deviation

Considering the top surface of P2T and P3T, similar values of HF are shown for
both cases. However, the case differed considerably for the bottom surface of each paper.
For the product P3T, a value of 62.9 HF units was obtained, which is a large drop compared
to its top surface (difference of 10.3 HF units) and compared to the bottom surface of P2T
(difference of 12.2 HF units).

In terms of global results, the product P2T has a HF of 75.3 units, whereas the
product P3T has a HF of 68.0 units. The global HF standard deviation of the product P3T
is also very different and the highest, which is caused by the difference noted in the HF
results between the top and bottom surfaces of the product.

These results raise a question. What happened in product P3T, more specifically on
its bottom surface? Both products P2T and P3T are composed by the same mother-reels
but with inverted arrangements. Was this the cause that led to a HF decrease in P3T
comparatively to P2T, or something else? To further explore this question, let us consider
the caliper (thickness), grammage and the remaining parameters measured by the TSA
(Table 2).
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Table 2. Caliper, Grammage, TS7, TS750 and D for the 2 End-use Products P2T
and P3T

Product| Surface | Caliper (um) G’?;,‘:j;ge TS7 TS750 | D (mmIN)
Top - - 141+09 | 61.2+7.2 | 1.720.0

P2T Bottom - - 14.7+0.9 | 504+71 | 1.7£0.0
Global 695 + 14 764+ 0.5 144+09 | 558+88 | 1.7£0.0

Top - = 15.2+0.7 | 70.2+54 | 1.8+0.1

P3T Bottom - - 19.4+1.1 [123.4+26.2| 1.820.1
Global 725 £ 16 76.0+0.2 173+24 | 96.8+33.2 | 1.8+0.1

Note: Values shown are the mean % standard deviation

From Table 2, it can be seen that P2T and P3T reveal similar values of caliper,
grammage, and stiffness (D), although P3T was slightly thicker (30 ym more), and had a
slightly lower grammage and stiffness (higher value of D indicates lower stiffness) than
P2T. Regarding the other two parameters, TS7 and TS750, they are both higher for both
surfaces of P3T comparatively to P2T, especially for its bottom surface. Higher values for
these two parameters indicate lower surface softness and lower smoothness, respectively,
being concordant with the HF values presented in Table 1.

At continuation, a second experiment was conducted considering now the 4
possible assembled configurations T/B, T/T, B/B, and B/T used for production of P2T and
P3T.

Experiment B — TSA Measurements of the Arranged Configurations T/B,
T/T, B/B and B/T

The HF for the assembled configurations T/B, T/T, B/B, and B/T are shown in
Table 3.

Table 3. HF for the 4 Assembled Configurations T/B, T/T, B/B, and B/T

Configuration Top Surface HF Bottom Surface HF Global HF
T/B 76.8+ 0.6 78.0+ 2.1 774+ 16
TIT 77617 79.8+0.7 787117
B/B 78.6+0.9 80.1+1.1 794112
B/IT 79117 79.3+26 79.2+21

Note: Values shown are the mean % standard deviation

From Table 3, only small variations of HF were noted for the four assembled
configurations T/B, T/T, B/B, and B/T. After analyzing the results of each configuration,
the maximum difference registered between the top and bottom surfaces was 2.2 HF units
associated to the configuration T/T, which was very far from the 10.3 HF units registered
for the product P3T in the previous experiment. The minimum difference registered from
top to bottom was 0.2 HF units associated to the configuration B/T. The maximum
difference registered between configurations was 2.3 HF units on the top surface and 2.1
HF units on the bottom surface. To further explore the four assembled configurations, their
values of caliper (thickness), grammage, and of the remaining parameters measured by the
TSA were also considered (Table 4).
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Table 4. Caliper, Grammage, TS7, TS750, and D for the Four Assembled

Configurations T/B, T/T, B/B, and B/T

Configuration | Surface | Caliper (um) G'gmf;ge TS7 TS750 |D (mm/N)
Top 2 = 13.9+0.4355+1.3| 1.5+0.0

T/B Bottom - - 135%1.1|264£25| 1.5£0.0
Global | 497+4 79.0% 1.1 13.7+0.8|31.0£52] 1.5+0.0

Top . . 13.7+1.0|31.3%1.0] 1.5£0.0

TIT Bottom . - 12.6+0.4|24.0£3.0| 1.5%0.0
Global | 495%3 79.0% 1.1 131+0927.7+4.4]| 1.5+0.0

Top " - 131205281 %1.7| 1.5%0.0

B/B Bottom - 2 123+06]|27.2+1.4] 1.5+0.0
Global | 496%5 79.0% 1.1 12.720.7|27.7£1.6]| 1.520.0

Top - - 12.9£1.0|26.3£2.0] 1.5+0.0

BIT Bottom - - 12.9+1.4(226+1.1]| 1.5+0.0
Global | 495%6 79.0% 1.1 12.9+1.1|245+25| 1.5%0.0

Note: Values shown are the mean * standard deviation

From Table 4, it can be seen that all four assembled configurations had the same
grammage and stiffness (D) and had practically the same caliper. A special remark must
be made to the lower caliper of the four assembled configurations comparatively to the
finished products P2T and P3T, and also of their higher stiffness, both of them caused by
the absence of embossing. The embossing operation usually increases the caliper and
decreases the stiffness of the samples. Regarding the other two parameters, TS7 and TS750,
they revealed fluctuations for the four assembled configurations. However, were shown to
be concordant with the HF values, that is, higher HF values were globally associated with
lower values of TS7 and TS750, whereas lower HF values were globally associated with
higher values of TS7 and TS750.

Overall, this experiment showed two different things. First, the HF values presented
in Table 3 only reveal small variations for the four assembled configurations. Therefore,
whether the surfaces of the mother-reels are positioned inwards or outwards in the final
configurations does not seem to be a crucial point that justifies the detected decrease in HF
registered in the previous experiment. This can also be confirmed from the other
parameters measured for the four assembled configurations presented in Table 4. There are
cases in which relevant differences can be noted in softness on both surfaces of a mother-
reel and therefore, how the mother-reel is positioned in the finished product can be a very
relevant point. However, that is not what happened in this case since the tested surfaces
were all very similar with analogous characteristics.

Second, the HF values obtained in the four assembled configurations are higher
than those obtained in the two products P2T and P3T. This means that converting had a
negative effect on the softness values, however, to different extents. Product P2T only
showed a slight decrease in HF compared to the assembled configurations. Regarding
product P3T, its top surface also suffered only a slight decrease in HF in comparison to the
assembled configurations, although higher than P2T. The huge difference in HF, which
deserved our attention, was clearly associated with the bottom surface of the product P3T.
Once again, this can be confirmed from the other parameters measured for the four
assembled configurations presented in Table 4. In particular, although some differences
can be identified in the values of the parameters TS7 and D for the four assembled
configurations comparatively to the finished products, it was the TS750 parameter that
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revealed very large differences in the values obtained for the four assembled configurations
in comparison to the finished products, this parameter being related with the surface
geometry and with the embossing process.

In such way, this experiment strongly supports that the differences noted in
softness, between products P2T and P3T, were generated in the converting process.
Therefore, the next step will be to investigate what happens in the converting line. What
exactly causes the considerable difference in HF between the top and bottom surfaces of
product P3T? To further explore this question, a third experiment was conducted using the
optical system for observation of the products surfaces of P2T and P3T and identify
possible differences that might explain their distinct behaviors.

Experiment C — Image Analysis of the Products P2T and P3T

In this last experiment, both products P2T and P3T were analyzed using a
customized optical system (Mendes et al. 2013, 2014, 2015). For the two products P2T and
P3T, a set of 8 images was registered.

Fig. 4. Images of the embossed patterns engraved on the products a) star on top surface of P2T,
b) star on top surface of P3T, c) small holes on bottom surface of P2T, and d) small holes on
bottom surface of P3T. The images of c) and d), area ME1were captured in the same exact
location of the images of a) and b), area DE+, but seen from the opposite side of the papers (size
of images = 10x10 mm?).
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Fig. 5. Images of the embossed patterns engraved on the products a) deep holes on top surface
of P2T, b) deep holes on top surface of P3T, c) small holes on bottom surface of P2T, and d)
small holes on bottom surface of P3T. The images of c) and d), area ME2, were captured in the
same exact location of the images of a) and b), area DE2, but seen from the opposite side of the
papers (size of images = 10x10 mm?).

The images correspond to distinct areas of the “deco” (top surface) and “micro”
(bottom surface) embossing drawings that were engraved on P2T and P3T at the converting
line. The “deco” embossing shown in the images is composed of a star (area DE;) and a
pattern of deep holes (area DE>). The “micro” embossing shown in the images is composed
of a grid of small holes in the place where the star was engraved (area ME;) and where the
deep holes were engraved (area ME»). The images in Fig. 4 and Fig. 5 correspond to these
drawings’ areas as seen from the corresponding top and bottom surfaces on both products.

Several interesting conclusions were made for both products. As shown in Fig. 4 a)
and b), the top surface of P2T shows a flatter area for the embossed star, whereas P3T
shows a curlier area for the same drawing (see red arrow 1 in Fig. 4 b). In addition, some
details of the “deco” embossing appear to be a little deeper in PT3 than in PT2 (see red
arrow 2 in Fig. 4 b). From Fig. 5 a) and b), the top surfaces of P2T and P3T show the
pattern of deep holes embossed with practically the same aspect, but also some details of
the “deco” embossing appeared to be deeper in PT3 than in PT2 (see red arrow in Fig. 5 b
indicating the 5 holes located in the right inferior quadrant of the image). These
observations are consistent with the similar values of HF on the top surfaces of P2T and
P3T. Although, a slight decrease of HF was noted on P3T comparatively to P2T, the deeper
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details do not affect seriously the top surfaces of the product.

Some differences were identified on the bottom surfaces of the products P2T and
P3T. As shown in Fig. 4 and 5 c) and d), the grid of small holes embossed directly in the
bottom surfaces of P2T and P3T is similar for both cases, yet slightly more pronounced in
P3T than in P2T. However, the considerable difference between P2T and P3T lies in the
“deco” engravings of P3T being seen more prominently from the bottom surface,
comparatively to P2T. In Fig. 4 c) a slight curvature is noticed in P2T on the location on
which the embossed szar was engraved, whereas in Fig. 4 d) well defined marks coincident
with the limits of the embossed star are easily noticed in P3T (see red arrow in Fig. 4 d).
In Fig. 5 ¢) and d) the limits of the embossed pattern of deep holes are barely noticed in
P2T, whereas in P3T they are a lot more pronounced and their limits are easily identified
in the image (see red arrow in Fig. 5 d). In such way, the observations made for the bottom
surfaces of the products P2T and P3T appear to be consistent with the results of HF which
revealed a huge drop for the bottom surface of the product P3T comparatively to P2T.

Having in consideration these observations, the same question raised earlier can
still be posed. Why do the products P2T and P3T have such different bottom surfaces? The
answer is actually simple. In the converting line, the mother-reel placed on top is embossed
with the “deco engravings” whereas the mother-reel placed on the bottom is embossed with
the “micro engravings”. The two mother-reels are then subjected to a last operation that
joins together the entire set of tissue sheets (ply bonding). In the case of the two products
addressed in this work, more pressure was applied in the “deco” embossing of P3T (= 38
to 40 kg/cm) than in P2T (= 20 to 30 kg/cm). This additional pressure resulted in the curlier
star, the more pronounced pattern of deep holes, and in the deeper details engraved in the
top surface of P3T relatively to P2T, as can be seen in Fig. 4 and 5 a) and b). This also
resulted in the “deco engravings” of P3T being more prominent from the opposite side
comparatively to P2T.

When the top surface of the products is under evaluation, either by an equipment
or by touch, the “deco engravings” in its surface are perceived as depressions, and
therefore, neither the equipment nor the consumer will notice them very negatively, since
they do not affect considerably the global touch of the surface. The “micro engravings” in
the bottom surface are not prominent, therefore not perceived on the top surface of the
products, and also do not affect the top surface results. However, when the bottom surface
of the products is being evaluated, the case differs. The “micro engravings” are not noticed
overly by the equipment or by touch on the bottom surfaces, since the product P2T shows
a softness comparable to that obtained in the top surfaces of P2T and P3T, suggesting that
it has little effect on softness. In both products, similar values of pressure were applied in
the “micro” embossing (= 20 to 30 kg/cm). However, a second effect happened in this case.
The “deco” embossing drawings perceived as depressions in the top surfaces, were
perceived as elevations from the other side. In such way, these embossed drawings were
seen and felt from the bottom surface of the products. Notably, because the product P2T
has the 3-ply mother-reel (M3) on bottom, it has an additional tissue sheet functioning as
a protection minimizing the effect of the “deco” embossing on the bottom surface of P2T.
On the other hand, the product P3T has the 2-ply mother-reel (M2) on the bottom, meaning
that the additional sheet is not present in this case, leaving its bottom surface more exposed
to the “deco” embossing. Therefore, this will result exactly in what was registered and seen
through the performed experiments presented in this work, an overall softer and more
pleasant to touch product P2T, and an overall rougher and less pleasant product P3T.
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CONCLUSIONS

1. Two objective methodologies were used in this work to perform a complete analysis of
two 5-ply finished tissue products for their softness and surface characterization. Both
products were composed by the same base tissue papers, but with some changes made
in their converting conditions.

2. The bottom surface of P3T exhibited the lowest softness. The remaining three surfaces,
both tops of P2T and P3T and bottom of P2T, revealed similar values of softness.

3. The customized optical system enabled, through image analysis, the identification in
both products of the causes behind the obtained differences in softness. In particular, it
was found that the “deco” embossing was seen and felt differently in the bottom surface
of both products. This occurrence depended on the embossing pressure and on the
number of plies present in the bottom surface.

4. For this particular case, having the 2-ply mother-reel (M2) placed on top and the 3-ply
mother-reel (M3) placed on bottom, instead of the other way around, and with lower
pressure used to engrave the “deco” embossing drawings, resulted in a finished product
with better overall performance in terms of softness. It is true that if only the top surface
of the end-use products is assessed, the differences between products are not very
relevant. However, if the products are analyzed as a whole, assessing both surfaces of
the products, the differences between both products are relevant, and the product P2T
is more pleasant to touch, having a better softness quality than the product P3T.
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At this moment, the importance of tissue paper should be highlighted because of its
high production increase in the last 10 years at a rate of 3.6% per year. Tissue paper is a
product composed with virgin and /or recycled fibers, manufactured with low grammage,
creped, and depending on the application, embossed. Embossing is a converting process in
which the surface of a tissue paper sheet is changed under high pressure, allowing different
functions such as toilet paper, kitchen towels, napkins, and facial paper. In this work, the
authors intend to study how the embossing pressure affects the main properties of tissue
paper, using a laboratory embossing system (see Figure 1) with two embossing patterns as
shown in Figure 2. To perform this work, industrial base tissue paper (only creped) from
two different Portuguese factories were used. Both papers are composed of a mixture of
bleached hardwood (Eucalyptus globulus) and softwood (Pinus) kraft pulps, with hardwood
being present in greater quantities. These two papers were selected because they have a
very similar grammage and because the respective paper machines operate differently. The
industrial base tissue paper designated by A was produced on a machine with a double
headbox and steel creping blade, and the industrial base tissue paper designated by B was
produced on a machine with a single headbox and ceramic creping blade.

JIPRESSURE , €]

THICKNESS:

* Sheetitself
I

+ Sheet with embossing
7]

Embossing Steel Plate

Figure 1. Schematic of the embossing process with pressure action effects.
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Figure 2. Photographs of steel embossing plates: (a) deco embossing and (b) micro embossing.

The behavior of the density and mechanical strength of the two samples for different
pressures and without embossing patterns was studied. The effect of pressure when
densifying the paper sheet provides a gain in mechanical strength as shown in Figure 3.
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Figure 3. Results obtained for: (a) density and (b) tensile index with the pressure increase in the base
tissue paper densification of the samples A and B.

Looking at the cross-section Scanning Electron Microscope (SEM) images in Figure 4, it
is clear that in both cases, with increasing pressure, crepe waves decrease its height. In the
case of sample B, the visible destruction of the crepe wave should be noted. These images
corroborate the results discussed above in which sample B has a more fragile fibrous sheet
structure.
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Figure 4. SEM images of cross-sections in samples A and B, at two magnifications (x100 and x300),
at pressures 2.4, 2.8, and 3.2 bar. In the images with x300 magnification, the distances from the base
to the crepe of the crepe wave are shown.

As aresult, there is an optimal pressure for the embossing process, where the effect of
pressure when densifying the paper sheet can be advantageous, as the gain in mechanical
strength can counterbalance the losses with the embossing operation. The liquid interaction
with the different densified paper structures was also considered in this study to evaluate
the spreading dynamic.

As expected, the structural properties of the paper sheet are more affected by the
micro embossing pattern than by the deco. It should be noted that the structural property
most affected is thickness, where, for the micro embossing pattern, an increase of 147%
was obtained, while for the deco embossing pattern, it remained practically constant with
increasing pressure. As the remaining structural properties are directly related to the
thickness, they did not undergo major changes for the deco embossing pattern, but for
the micro embossing pattern, the changes were in accordance with those obtained for the
thickness. These findings were verified in both samples, A and B.

The mechanical strength behavior with the pressure for the two embossing patterns in
samples A and B are represented in Figure 5.

—m— SampleA, —m- SampleA, —g— SampleBy Sample B,

9.00 =
850
8.00

750

6.00 '
22 24 26 28 3 32 34

Tensile Index (Nm/g)

Pressure (bar)

Figure 5. Results obtained for the tensile index, with the pressure increase in samples A and B with
deco and micro embossing.
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(a)

Comparing the industrial toilet base tissue paper with and without embossing, for
the micro embossing pattern, we obtained a loss of about 10% and 2% for sample A and
B, respectively. Regarding the embossing deco pattern, as expected, this loss is smaller,
obtaining about 8% and 0% for samples A and B, respectively. These results are in line
with what was previously discussed, proving that the densification of the sheet was
advantageous so that the loss of mechanical properties by the embossing operation was
minimized for the pressure of 2.8 bar.

This behavior was also studied using the Explicit Finite Element Method (FEM),
considering densification as an associative isotropic hardening associate with an anisotropic
elasto-plastic model. This model was implemented as a VUMAT (Vectored User M ATerial),
which is linked to Commercial Finite Element Software AbaqusTM version 6.14 (Waltham,
MA, USA) to simulate the embossing process. The displacement fields can be observed in
Figure 6 for both embossing patterns.

u, v

o

SEEEREsE

g

’ (b)

Figure 6. Displacement fields for both embossing patterns: (a) deco and (b) micro.

Finally, Figure 7 shows the behavior of the important softness property with embossing
pressure for the two patterns alone and combined in a final 2-ply product.

—& SampleA, —B— SampleA,. W SampleA,,, —@— SampleBs Sample By @ Sample By,

60 "//—0—\

S

Handfeel (HF)

22 24 26 28 3 32 34

Pressure (bar)

Figure 7. Results obtained for handfeel (HF), with the pressure increase in samples A and B with
deco and micro embossing.

The handfeel (HF)value for a 2-ply final product with the two patterns can be located
between the HF values obtained for each pattern separately. Furthermore, the embossing
deco pattern, in both cases, has lower HF values than the micro pattern. Contrary to
what happens with mechanical strength, it is not at 2.8 bar that the highest HF values are
obtained. It is only for the case of the embossing deco pattern of sample B that the highest
HEF value is obtained for the pressure of 2.8 bar. Comparing the HF of industrial toilet base
tissue paper with and without embossing, for the micro embossing pattern, a loss of about
9% and 12% was obtained for samples A and B, respectively. Regarding the embossing
deco pattern, as expected, this loss was slightly higher, obtaining about 11% and 13% for
samples A and B, respectively.

In conclusion, an optimum pressure was achieved at 2.8 bar to this embossing labo-
ratory set-up for both embossing patterns. The two embossing patterns present different
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behaviors, but both demonstrate losses in mechanical and softness properties. At the end,
to achieve a final product with excellent quality, it is important to make a compromise
between the various properties.
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ABSTRACT

Premium tissue paper products are obtained with an optimized combination of softness, strength and
liquid absorption properties, for each type of end-use product. The ability to predict the converting
influence on the final paper properties, for different eucalyptus-based fibrous mixtures, constitutes
valuable information to manage the furnish and to optimize end-use tissue paper properties. To the
best of our knowledge, there is an absence of scientific data regarding the 3D paper structure before
and after the tissue paper converting operations, such as embossing. The purpose of embossing is to
change the physical properties of the materials and in some cases, it is used to bond two or more plies
of material. Embossing tissue paper improves absorbency and flexibility, it increases the bulk, but it
also changes their mechanical properties.

This work aims to study the embossing influence on the 3D structure and key properties of tissue
paper. Distinct sources of materials, namely, eucalyptus bleached kraft pulp, never dried, and a
deconstructed industrial machine tissue base paper, were used to produce tissue paper handsheets,
and were compared to the industrial anisotropic creped base paper. The fibrous materials were char-
acterized in terms of its morphological properties, as well as, drainage resistance, water retention
value and chemistry-related properties. Isotropic laboratory handsheets were produced with a gram-
mage of 17 g/m?2 using an adaptation of the ISO 5269, non-pressed, to mimic industrial tissue paper.

To study the embossing influence on eucalyptus-based tissue paper, a laboratory embossing proto-
type was designed allowing to modify the pressure applied between rolls and the influence of the deco
and micro pattern designs. A complete experimental plan was executed using ISO standards and
innovative complementary characterization methods. Laboratory handsheets and industrial tissue
base papers were characterized and compared in terms of their physical properties before and after
embossing. Besides these essays, the fiber structure interaction with water was evaluated using a 3D
liquid drop prototype. This system enables liquid drop deposition, and the quantification of its kinetics,
such as absorption spreading area on the paper porous structure over time.

The embossed patterns and the process operation conditions have a major influence on the 3D struc-
ture, resulting in a paper bulk increase, which impacts differently on final end-use tissue properties.
The embossing process had also an impact on the absorption spreading area, reflecting the influence
of the two used patterns and process conditions.

Therefore, the development of an original embossing laboratory prototype constitutes an important
achievement of this study. The experimental data obtained with controlled embossing process param-
eters constitutes valuable information, not only for the study and quantification of the embossing
effect on eucalyptus-based papers, but also for the 3D representation of these structures and conse-
quently 3D modeling with predictive capability to be used in process optimization and management.

Keywords: 3D Paper Structure; Eucalyptus; Embossing Prototype; 3D Liquid Drop Prototype; Tissue
Paper Properties
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