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Abstract

The most well-known and commonly used printing techniques made the inkjet
printing technology more popular among manufacturers for its simplicity and
flexibility. Demand for printing products is increasing in such areas as textile
printing, microchip production and personalised production, raising quality re-
quirements. Thus, inkjet printing is continuously enhancing its capabilities. With
the printing market expected to grow, there are many propositions to improve the
productivity of inkjet process. The dissertation aims to study the dynamics of an
inkjet droplet at different stages of its formation, considering its interaction with
the surface to improve the quality and speed of high-class inkjet printing and im-
prove inkjet printhead testing applications. The present dissertation reviews theo-
retical and numerical techniques of inkjet printing process modelling by applying
the Computational Fluid Dynamics (CFD) module using the finite elements
method. Inkjet printing inks are calculated as Newtonian fluid. The ink flow is
modelled by the incompressible Navier—Stokes equations. The presented simula-
tion model is solved using a level set method to determine the ink and air interface.
Experimental investigation results are reported on the inkjet printing process col-
our reproduction on different linen fabrics, and modelling results are given for
droplet ejecting, printing and interaction processes with the flat surface and the
interaction with the inkjet droplet with physically treated polymer surfaces.

Based on systematic and analysed numerical simulations of research on the
operation of inkjet printing heads, Article 1 describes the inkjet printhead models,
which analyse how different inks impact droplet formation and movement at dif-
ferent time steps.

Acrticle 2 presents an experimental realisation of colour reproduction by inkjet
printing possibilities on different materials in different printing settings.

Article 3 presents the physical and numerical experiments on the impact char-
acteristics of inkjet printhead droplets with flat surfaces. Different surface treat-
ment methods were investigated to increase droplet adhesion with flat surfaces.

Acrticle 4 investigates the numerical model of the print head modelled in three-
dimensional space. Various parameters of drop formation and fall were experi-
mentally determined with a change in the time of the excitation impulse. A nu-
merical analysis was carried out regarding the influence of the excitation time on
the droplet formation and further movement.

The supplemented articles were published in four peer-reviewed scientific
journals listed in the Clarivate Analytics Web of Science database with an impact
factor. The study results were presented at three international conferences.



Reziumeé

Atsizvelgiant j zinomus ir dazniausiai taikomus spausdinimo budus, i§lieka svarbi
raSalinio spausdinimo technologija, kurig gamintojai vis dazniau taiko dél jos pap-
rastumo ir lankstumo. Didéjanti gaminiy spausdinimo paklausa tokiose srityse
kaip audiniy marginimas, mikroschemy gamyba ar individualizuota gamyba kelia
vis didesnius reikalavimus spausdinimo kokybei. Taigi, rasalinio spausdinimo ko-
kybé ir spausdinimo proceso galimybés nuolat ple¢iasi. Tikimasi, kad spausdi-
nimo rinka augs, todél yra daug pasitilymy gerinti rasalinio spausdinimo proceso
efektyvuma. Disertacijos tikslas — istirti skaitmeninés rasalinés spaudos metu su-
sidariusio laselio dinamika skirtingais jo formavimosi etapais, apimant $io laselio
saveika su pavirSiumi, siekiant pagerinti spausdinimo kokybe ir greitj bei tobulinti
spausdinimo galvuciy testavimo programas. Disertacijoje aptariami teoriniai ir
skaitmeniniai rasalinio spausdinimo proceso modeliavimo metodai taikant skai-
¢iuojamaja skys¢iy dinamika (CFD) ir baigtiniy elementy metoda. Rasalo laseliai
modeliuojami kaip niutoninis skystis. RaSalo srautas modeliuojamas remiantis
nespuidziam skysciui tatkomomis Navjé-Stokso lygtimis. Pateiktas skaitinis mo-
delis taikomas rasalo ir oro sgsajai nustatyti, pasitelkiant lygio nustatymo (angl.
level set) metodg. Pateikiami rasalinés spaudos ant jvairiy lininiy audiniy spalvy
atgaminimo proceso eksperimentiniy tyrimy rezultatai bei laselio i$stimimo,
spausdinimo ir sgveikos su plok$¢iuoju pavir§iumi, rasalo laselio sgveikos su fi-
ziSkai apdorotais polimeriniais pavirsiais procesy modeliavimo rezultatai.

Atlikus skaitinj eksperimentg, 1 Straipsnyje aprasomas sudarytas skaitmeni-
nés spausdinimo galvutés modelis. Modelis pritaikytas nagrinéti spausdinimo ra-
Saly parametry jtaka, spaudos laselio parametrus.

2 straipsnyje aprasomas fizinis eksperimentas, atliktas nagrinéjant spalvy at-
gaminimo savybes ant skirtingy audiniy esant skirtingiems spausdinimo paramet-
rams.

3 straipsnyje pristatomi skaitinio ir fizinio eksperimento rezultatai, kai spaus-
dinama ant skirtingy lygiy pavirsiy. [$nagrinéti skirtingi pavirSiaus apdirbimo me-
todai, siekiant nustatyti laselio ir paviriaus sgveikos aplinkybes.

4 straipsnyje sudarytas skaitinis spausdinimo galvutés modelis trimatéje erd-
véje. Eksperimento buidu nustatyti skirtingi laselio formavimosi ir kritimo para-
metrai esant skirtingiems galvutés suzadinimo parametrams (t; Vin). Atlikta skai-
tiné analiz¢ ir nustatyta suzadinimo laiko jtaka generuojamam spausdinimo laselio
formavimuisi, kritimo grei¢iui ir masés pokyc¢iams.

Disertacijoje isvardyti straipsniai yra publikuoti 4 recenzuojamuose moksli-
niuose Zurnaluose, jtrauktuose j Clarivate Analytics Web of Science duomeny
bazg, su cituojamumo rodikliu. Disertacijoje apraSomi tyrimy rezultatai pristatyti
trijose tarptautinése konferencijose.
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Notations

Symbols

m; — mass of the particle I (liet. dalelés masé);

Xi — position vector of the particle | (liet. dalelés pozicijos vektorius);

0; — orientation vector of the particle | (liet. dalelés krypties vektorius);

Fi — resultant force acting on the particle | (liet. dalele veikianti atstojamoji
Jjéga);

Ti —torque on the particle | (liet. dalelés sukimo momentas);

li — inertia moment of the particle | (liet. dalelés inercijos momentas);

d — diameter of the nozzle (mm) (liet. purkstuko skersmuo);

Dg.max— maximum droplet diameter (um) (liet. didziausias laselio skersSmuo);
Dp — droplet height (um) (liet. laselio ilgis);

Fst — surface tension force (N) (liet. pavirsiaus jtempimo jéga);

mq — the mass of the droplet (kg) (liet. laselio masé);

n — unit vector in the normal direction (liet. vienetinis vektorius normaline kryp-
timi);

Z- ?nk printability number (dimensionless coefficient) (liet. rasaly spausdina-

mumo rodiklis);
Oh — Ohnesorge number (dimensionless coefficient) (liet. Onesorgo skaicius);
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p — pressure (Pa) (liet. slégis);

r — radius of the droplet (mm) (liet. laselio radiusas);

g — gravitational constant (m/s?) (liet. gravitacijos konstanta);

Re — Reynolds number. Dimensionless coefficient (liet. Reinoldso skaicius);
t—time (s) (liet. laikas);

u — vector of fluid velocity (m/s) (liet. skyscio greicio vektorius);

Vg —droplet volume (pL) (liet. laselio tiris);

We — Weber number (dimensionless coefficient) (liet. Véberio skaicius);

W. — work of the adhesion (J/m?) (liet. adhezijos darbas);

S — maximum spreading factor (liet. didziausias skiaidos koeficientas);

y — parameter which determines the repetition of initiations (liet. parametras, ku-
ris lemia iniciacijy pasikartojimgq);

o0 — Dirac delta function (liet. Dirac delta funkcija);

& — representative mesh size in the area passed by the droplet (liet. atvaizduoja-
mas tinklo dydis per kuri praeina laselis);

K — curvature (liet. kreive);

1 — dynamic viscosity (Ns/m?) (liet. dinaminé klampa);

p — density (kg/m?) (liet. tankis);

o — surface tension coefficient (mN/m) (liet. pavirsiaus jtempimo koeficientas);
¢ — coefficient of level set interface between air and ink (liet. sgveikos koeficien-
tas tarp oro ir rasalo);

s — standard deviation (liet. standartinis nuokrypis);

V — Nabla operator (liet. Nabla operatorius);

Vin — ink velocity at inlet (m/s) (liet. rasaly jtekéjimo greitis);

6 — droplet contact angle with surface (°) (liet. laselio drékinimo kampas pavir-
Siuje);

AE — colour measurement difference (dimensionless number) (liet. spalvos poky-
tis);

L* — colour value of the lightness parameter (liet. spalvos Sviesumo verté);,

a* — colour value from greenness to redness (liet. spalvos verté kintant nuo Zalios
iki raudonos spalvos);

b* — colour value from blueness to yellowness (liet. spalvos verté kintant nuo
mélynos iki geltonos spalvos).

Abbreviations

DOD - drop on demand (liet. laselis pagal poreik);

DEM - discrete element method (liet. diskreciyjy elementy metodas);

FEM — finite element method (liet. baigtiniy elementy metodas);

CFD — computational fluid dynamics (liet. skaic¢iuojamoji skyscio dinamika);
NS — Navier-Stokes (liet. Navjé—Stokso);

viii



HDPE — high-density polyethylene (liet. didelio tankio polietilenas);
IPA — isopropyl alcohol (liet. izopropilo spiritas);

PET - polyethylene terephthalate (liet. polietileno tereftalatas);

PP — polypropylene (liet. polipropilenas);

SE — surface energy (liet. pavirsiaus energija);

ST —surface tension (liet. pavirsiaus jtempimas);

GT — the classification value (liet. klasifikacijos verté);

OBR - linen textile abbreviation (liet. lino tekstilés abreviatiira).
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Introduction

Problem Formulation

The interaction behaviour of different matter states is important to understand
from the viewpoint of mechanics. Microparticle handling is important for the
pharmaceutical, food, chemical, printing and other industries. The improved un-
derstanding and the ability to simulate them numerically may help to better un-
derstand flow processes for science and industry. The microparticle considered in
the investigation is a droplet that can deform and stick to the surface when moving
and interacting. It is also important to understand droplet behaviour when it loses
shape interacting with a surface. Quantification of particle behaviour requires ex-
perimental evidence. The printing industry is no exception.

According to Smithers. (2020) report, the inkjet printing industry will con-
tinue to expand faster than other printing forms, with decreasing circulation in
existing markets and more flexible printing options. The expanding inkjet printing
market proposes researching the productivity and quality of printing processes.
Nowadays, inkjet printing technology is used globally in many manufacturing ap-
plications (Castrejon-Pita et al., 2013; Takagi et al., 2019; Huang et al., 2020;
Maisch et al., 2021; West and Yoo, 2023).

Many research efforts are available, focused on different inkjet printhead
structures, various jetting parameters, and inkjet droplet movement and impact
with various surfaces (Son et al., 2008; Bussmann et al., 2000; Kang et al., 2020;
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2 INTRODUCTION

Yang et al., 2022; Li et al., 2022; Xiao et al., 2022; Mau and Seitz, 2023; Wang,
and Chiu, 2023). Researchers are thereby concentrated on developing new print-
head applications and ejection methods (Okuyama and Yoshida, 2018; Aqgeel
etal., 2019; Shah etal., 2019; Yoshida et al., 2019; Sabu, 2022; Wang et al.,
2023). Many works explore the properties of the printhead nozzles, such as di-
mensions, orifice parameters, and droplet excitation parameters that determine the
velocity and parameters of the formed droplets, as well as the conditions for the
formation of satellite droplets (Jiang and Tan, 2018; Driessen, 2018; Li et al.,
2019; Khan et al., 2021; Rump et al., 2023). Nowadays, there is growing interest
in variable fluid inkjet droplet formation and movement control, reflecting many
practical applications such as high-quality printing without the loss of speed
(Wang and Chiu, 2020; Kamis et al., 2021; Peng et al., 2022; Wang et al., 2023).

Numerical experimental modelling could help evaluate droplet ejection,
shape-changing droplet motion, various initial parameters, and effects influencing
droplet motion, which are key components in the inkjet process. This dissertation
concentrated on the experimental and theoretical investigation of the formation
and movement of inkjet droplets. It is characterised by aspects of numerical sim-
ulation and characteristics of the conditions for their development.

Relevance of the Dissertation

The digital ink print method quickly gained popularity in the world as the printing
circulation volumes decreased, yet the need to print on different materials re-
mained. To match the high levels of print quality and print speed, it is necessary
to provide the corresponding parameters of ink droplets, their movement and in-
teraction. The studied parameters allow for determining which print speed can be
chosen without losing print quality.

Aspects of the digital ink parameters and their numerical research are the
novelty of this work. Relevance is based on the recommendations of the printing
process and numerical studies related to the quality of the press.

Research Object

The object of the research is a droplet of ink used in the process of digital inkjet
printing.
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Aim of the Dissertation

The dissertation aims to investigate the dynamics of an inkjet droplet at different
stages of its formation, considering its interaction with the surface.

Tasks of the Dissertation

Considering the review of well-known scientific literature in the collection of dis-
sertation publications during the preparation of the dissertation, the following
novelty was established in modelling and analysing the behaviour of the move-
ment of an inkjet droplet in the process of digital inkjet printing:

1. To investigate the conditions of formation and movement of an inkjet
droplet by physical and numerical research methods; determine the pa-
rameters according to which the ink droplet is formed and evaluate the
influence of different factors on the ink printing process; to analyse drop-
let movement modelling methods.

2. To numerically investigate the modelling capabilities of the inkjet print-
head, including droplets ejection parameters, droplets formation and
movement as the droplet leaves the nozzle, so that to study their velocity,
volume, shape variation, and satellite formation, as well as the influence
of different surface parameters on the interaction of the droplet with the
surface.

3. To determine the influence of ink physical parameters on droplet for-
mation and movement towards the surface. Physically examine the influ-
ence of printing parameters on colour characteristics and investigate the
circumstances of droplet interaction with different surfaces according to
surface characteristics.

4. To create a numerical model to study the droplet formation of the ink
printhead and the droplet movement in the air, including the parameters
of different ink and ejection parameters such as droplet generation time
and ink feed velocity. To offer solutions for developing inkjet print heads
and improving print quality without performance loss.

Research Methodology
Experimental and numerical research methods were used to study the object of

this research. Digital inkjet printing ink is generated in the form of a droplet,
which is modelled by applying the finite element method using the COMSOL
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Multiphysics software. Reproduction of colour characteristics on different sur-
faces on different printing parameters was measured using a spectrophotometer
and processed in the Barbieri Rasterlink software. Dyes of Plasmatreat, which
have different surface tension, are used to determine changes in the surface energy
of the printing surface. The adhesive properties of the printed surface were
checked in accordance with the standard DIN I1SO 2409. The obtained results are
analysed by changes in various parameters depending on the initial parameters.

The Scientific Novelty of the Dissertation

During the preparation of the dissertation, the novelty of modelling the droplet
formation and movement in digital inkjet printing was determined:

1. The effect of different printing inks on the printing process was numeri-
cally investigated. The results show that depending on the physical prop-
erties of the inks, the droplet interaction parameters and interaction dura-
tion change. The initial stages of the droplet formation in the inkjet
printing process were determined, and the turnover at the droplet’s shape
and movement speed were recorded through the vertical axis.

2. The effect of different printing parameters on the reproduction of colour
characteristics on surfaces of different characteristics was physically de-
termined by evaluating the spectral properties of the print in the CIE
L*a*b* scale.

3. Physical changes were determined in the parameters of polymeric mate-
rials with different processing methods, and the adhesive properties of the
inks were evaluated according to the DIN 1SO 2409 standard. The inter-
action of an inkjet droplet with surfaces of different surface energy was
numerically modelled by recording the droplet’s dipping angles and
movement speeds.

4. The ejecting process, formation, movement and interaction of inkjet drop-
lets were modelled using COMSOL simulation CFD module software.
The model allows for studying the droplet thread length and the moment
when it is pulled out of the thread, as well as the shape, mass, volume and
behaviour of the droplet when it hits the surface and its final state. In ad-
dition, the numerical model made it possible to configure different nozzle
parameters and different ejection pressures and test different ink types.
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The Practical Value of the Research Findings

The dissertation explains multiple issues, including experimental and theoretical
studies, to determine, analyse and understand the ongoing processes of formation
and movement of inkjet droplets under various operating conditions. A few im-
portant parameters, such as ink mass, droplet size and the shape of the ink droplet,
have been obtained, and the contribution of different factors, such as ink charac-
teristics, printhead ejection parameters and the nozzle form/shape, has been stud-
ied. The proposed numerical model of the inkjet printhead could be easily imple-
mented/realised by using the COMSOL Multiphysics CFD software.

Applying the 3D CFD simulation model studied in the dissertation could help
investigate the development of ink, the design of inkjet printheads and the creation
of new digital printers. The presented numerical model and methods appreciate
such parameters as the ejection dwelling time, the mass and diameter of the drop-
let, falling speed, and the change in the shape of the droplet.

The Defended Statements

The following statements are based on the results of the present investigation and
may serve as the official hypotheses to be defended:

1. The proposed numerical model of the printhead allows for investigating
the influence of parameters (u; Damax; Dn; mMa), which determines the
shape of the ink droplet at each time step.

2. Regulating the ejection settings of the inkjet printhead allows for getting
the same droplet covering area on the surface by different ink types.

3. According to the numerical experiment, the physical properties of the ink
(w; p; o; Oh; Z) have a decisive influence on the drop behaviour during
printing, especially when the drop interacts with different surface types.
This way, the effect on the formation and movement of the droplet was
investigated by changing the physical ink properties.

Approval of the Research Findings

The results of the dissertation have been published in 6 scientific publications: 4
were published in journals, included in Clarivate Analytics Web of Science data-
bases with a citation index, 2 publications in conference proceedings.

The author has made 3 presentations at international scientific conferences:

— International Conference of Numerical Analysis and Applied Mathemat-
ics 2020 (ICNAAM 2020), Rhodes, Greece.
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— International Conference of Numerical Analysis and Applied Mathemat-
ics 2021 (ICNAAM 2021), Rhodes, Greece.

— 10" International Conference on Conveying and Handling of Particulate
Solids (5-9 July 2022), Salerno, Italy.

Structure of the Dissertation

The dissertation includes an introduction, analytical literature review, discussion
of research methodology, summarized investigation results and conclusions, ref-
erences, four appended scientific articles and a summary in Lithuanian.

The first chapter reviews the studies of inkjet printhead structures, working
principles and droplet formation parameters.

The second chapter reviews theoretical, numerical, and experimental study’s
methodology to identify the droplet formation of an inkjet droplet, modelling the
movement of the ejected droplets and the impact condition of the droplet with
different surfaces.

The third chapter summarises the experimental results of experimental and
numerical investigations of appended articles 1-4 in general perception.

The total scope of the dissertation is 118 pages, and contains 34 equations,
15 figures, 3 tables and 104 references.



Review of Inkjet Printhead Structures
and Simulation of Droplet
Movement Applications

This chapter provides a general review of the working principles of inkjet tech-
nology, discusses ink requirements and droplet formation fundamentals, deliber-
ates on the constitutive models of numerical simulation, reviews the mathematical
model of the particle movement, introduces the discrete element method model-
ling, investigates the movement of solid microparticle as a droplet by finite ele-
ment method and applies computational fluid dynamics by COMSOL. Based on
the published articles, various possible modelling methods are presented. The pos-
sibilities of modelling a micro-object are indicated, taking it as a solid and liquid
object. Both cases are described in the chapter. The emphasis is on inkjet technol-
ogy, which is the main focus of this work. This chapter concludes by the formu-
lated main objective and tasks of the investigation Tofan, etal., 2021; Tofan,
etal., 2022.
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1.1. Constitutive models for numerical simulation of
solid microparticle movement

Before analysing the droplet motion, the microparticle should also be mentioned
as a solid. Microparticles are considered to be microfine particles. Representing
microparticles as a modelled object, a solid particle is also an important compo-
nent in modern modelling, which can provide knowledge about contact mechanics
(Tomas, 2000, 2004, 2007; Antonyuk et al., 2006; Dowding et al., 2020; Sarmadi
et al., 2020; Leontev et al., 2023).

Particle handling is especially significant in pharmaceutical, food, cement,
chemical, printing and other industrial processes (Jiang et al., 2021; Paul and Roy,
2022). Particle size reduction elevated particle adhesion to a new level of im-
portance; therefore, understanding the underlying fundamentals is particularly es-
sential in particle technology (Tykhoniuk et al., 2007; Maramizonouz et al., 2021;
Kim and Lee, 2022; Wang et al., 2023)

Quantification of particle behaviour requires experimental evidence. For ex-
ample, direct measurement of surface and contact forces by an Atomic Force Mi-
croscope. Experiments on colliding spheres with a particular emphasis on silica
particles were conducted (Tofan, 2022; Rotter et al., 2023). Despite huge progress
in experimental techniques, direct addressing of individual particles is still limited
and expensive. In addition, the solution of an inversed problem is necessary for
particle characterisation.

The stiff spherical particle is modelled by applying the Discrete Element
Method, while initially, the spherical droplet was simulated with COMSOL soft-
ware. Emphasis is put on studying various microparticle impacts by considering
different matter states. The following paragraphs comprise problem motivation
and description, simulation methodology and discussion of numerical results.

1.1.1. Concept of modelling with the discrete element method

The discrete element method (DEM) introduced by Cundall and Strack (1979) has
become a powerful alternative for solving scientific and engineering powder tech-
nology problems. This numerical method is based on the Lagrangian approach
applied to a multi-particle system, meaning that particles are treated as individual
objects, and all dynamical parameters (position, velocity, orientation, etc.) of each
particle are tracked during the simulation (Zhu et al., 2008; Peng et al., 2020; El-
Emam et al., 2021; Kuang et al., 2021).

With the discrete element method, the microparticle motion is described in
the context of a Lagrangian framework influenced by nonlinear interaction forces.
Based on DEM simulations, microparticle interaction models will be applied,
which allow a description of the general characteristics of the particle behaviour,
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such as the coefficient of restitution for an elastic and elastic-plastic solid particle
(Tofan et al., 2022; Wu et al., 2022; Zhu et al., 2023).

Thereby, the assumption is made that the microparticle behaviour during its
impact is governed by mechanical deformation processes. Interaction models will
be applied for the simulation of the liquid droplet movement when the initial in-
teraction velocity with the surface is similar to that of the solid particle. From the
modelling point of view, the microparticle behaviour can be described throughout
the motion towards a surface, interaction at a distance and interaction when the
microparticle has made contact.

1.1.2. Mathematical model of the particle movement

The DEM methodology based on the Lagrangian approach is applied to simulate
the dynamic behaviour of the cohesive particles under normal impact.

The motion of the arbitrary particle i is characterised by a few global param-
eters: particle position velocities (1.1) and accelerations of the mass centre and
force applied (1.2).

dZXi _

iz = Fi(0); (1.1)
I; % = T;(0). (1.2)

Translational motion is described by Newton’s second law applied to each
particle i, where m; is the mass, x; is the position vector; 0; orientation vector
while vector F; presents the resultant force acting on the particle i and T; present
torque acting on the particle i during the contacts with j neighbour particles. I; is
the inertia moment of the particle i. Fi may, thereby, comprise prescribed and field
forces. The analysis and implementation of basic forces, which act on a particle,
can be realised as part of a particle interaction model.

1.1.3. Modelling the motion of a solid microparticle

Independently of the development of the DEM, a general contact model has been
introduced for small particles comprising elastic-plastic, adhesion and dissipative
behaviour (Jasevicius etal., 2007). Regarding the observation that ultrathin
d <0.1 pum, lijima (1985) noted that there is no consensus. Many research efforts
on microparticles are based on the theory (Tomas, 2007, 2009) of defining the
diameter of ultrafine particles 0.1 pum <d < 10 um.

There are two different cases of particle motion in Fig. 1.1 (Jasevicius et al.,
2015).
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Fig. 1.1. Representation of non-attractive and non-dissipative particle movement
(Jasevicius et al., 2015)

Fig. 1.2 represents particle motion, where adhesion and dissipation are not
considered. Here, positive displacement h > 0 means contact compression, while
negative h < 0 means approach or detachment. Ho is the initial height. In this sit-
uation, the particle will rebound to its initial position. Such a situation could be
characteristic of larger than ultrafine particles, for which the effect of adhesion is
insignificant.

Fig. 1.2. Representation of attractive-dissipative particle movement
(Jasevicius et al., 2015)

If a microparticle is modelled, the attractive zone in which the van der Waals
force is applied must be considered during the particle motion. Due to the small
microparticle mass, the attractive force can be large enough to bring such a small
particle to a surface and let it stick there.

All main required forces for interaction, such as adhesive, viscous, elastic
and elastic-plastic contributions, can be considered part of a unified model. Even
deformations of biological microparticles, such as cells, can be described with the
dissipative mechanism related to adhesion, which was originally developed for
non-biological microparticles (Miiller et al., 2013; Creton and Ciccotti, 2016).
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The 3D extension of the deformable discrete element method (DDEM) de-
veloped for 2D problems partly evaluates the deformation of the particles’ de-
formability (Rojek et al., 2021).

1.2. Movement of a solid particle as a droplet

Unlike the solid particle movement modelling, not all methods can be applied to
study the droplet motion. Such motion additionally requires an assessment of the
change in particle shape during its motion. Many scientific works have examined
solid particles (Derby, 2011; Yoo & Kim, 2015; Hoath, 2016; Sun et al., 2020;
Wang et al., 2022.). Meanwhile, when analysing the motion of the droplet, the
change in the droplet shape and the possibilities of modelling are still unclear (Das
etal., 2017; Zhang et al., 2023). Droplet motion analysis is associated with a print-
ing process in which a droplet is ejected onto the surface. Therefore, the relevance
of a droplet/surface contact is based on printing process recommendations and
mechanical research related to print quality.

With the rapid growth in demand for printing on different materials, the dig-
ital inkjet printing method is becoming increasingly relevant in the manufacturing
process. This presentation is related to the application of the digital inkjet printing
method and the study of droplet mechanics applied in the printing process. An ink
droplet is generated only when an image element needs to be formed. Appropriate
droplet formation (ejection) settings must be selected to ensure print speed and
quality. By controlling them, it is possible to maximise the print speed without
losing print quality.

The ink droplets are not electrified and always move directly to the surface
of the substrate point, so the writing head can be positioned at different heights to
the surface (from 1 to 5 mm). The print head configuration and the frequency
range of the piezoceramic element allow for precise droplet positioning and result
in high print quality.

1.2.1. Modelling with computational fluid dynamics
by COMSOL

Computational fluid dynamics is an integral part of a constantly growing number
of development processes and is a well-established field within many different
engineering disciplines: mechanical, chemical, civil, aeronautical, and more spe-
cialised areas, such as printing, biomedical engineering (Makowski et al., 2021;
Mbanjwa et al., 2022; Lei et al., 2022).

Often, the flow itself is not the focus of a simulation. Instead, it is important
to know how the flow affects other process and application parameters. In many
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situations, while the flow can add necessary operational parameters to a process
or application, it is also affected by them (Nguyen et al., 2021; Wang et al., 2022).

A description combining multiple physical fields is often needed to produce
precise models known as fluid flow applications. Being able to effectively simu-
late such models increases the understanding of the studied processes and appli-
cations, which in turn leads to the optimisation of the flow and other parameters.
Today’s engineers can easily use these software modelling tools and create real-
istic models.

Simulations can be useful to improve the understanding of the fluid flow and
to predict the optimal design of an inkjet for a specific application. The purpose
of this application is to adapt the shape and operation of an inkjet nozzle for a
desired droplet size, which depends on the contact angle, surface tension, viscos-
ity, and density of the injected liquid. The results also reveal whether the injected
volume breaks up into several droplets before merging into a final droplet at the
substrate.

1.2.2. Inkjet printhead structures and working principles

Inkjet printing technology has gained prominence as the dominant printing tech-
nology for home, office and manufacturing. In addition, over the past decade,
inkjet technology has acquired acceptance in the technical community as a high-
performance tool for micromanufacturing processes (Korvink, 2012; Chen et al.,
2013; Fischer et al., 2020; Giusti, 2022). The inkjet droplet physics description
while in motion and its practical applications have been investigated and described
in detail (Wijshoff, 2010; Lee, 2018; Liu and Derby, 2019; Huang, 2020).

The fundamental advantage of inkjet printing technology is the possibility of
generating various-sized droplets with precision predetermined locations on the
surfaces of many different materials without contact. The inkjet printing technol-
ogy can produce low-quantity prints at high-quality requirements.

In the drop on demand (DOD) mode, an inkjet technology droplet is created
only when preferred. It can be realised in two different ways: a piezoelectric trans-
ducer or heated resistor which, while heating, produces a bubble inside the nozzle
(Oktavianty et al., 2019; Kang et al., 2020; Zhao et al., 2021; Shah et al., 2021;
Garduno et al., 2023). These techniques trigger a pressure wave at the ink reser-
voir, which expels a droplet ejection from the printhead nozzle (Das et al., 2021;
Oktavianty et al., 2022; Lohse, 2022;)

Since a droplet is created only when it is needed, DOD systems are concep-
tually far less complex than continuous mode systems. This system can generate
different-size droplets by different signal data of the piezo driver to the piezoelec-
tric transducer, regulating the dwelling time and energy magnitude (Fig. 1.3).
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Fig. 1.3. Schematic of a demand printing system and droplet (Korvink, 2012)

1.2.3. Inkjet droplet turnover during printing processes

During the ejection of a droplet from the inkjet nozzle, it falls by changing its
shape and physical parameters. A numerical simulation can be applied to observe
different parameters, such as shape, falling velocity, transformation speed, mass
and volume turnover (Solanki et al., 2022; Sinha et al., 2023; Segura et al., 2023).

The droplet’s form changes at different time steps, which are represented by
considered periods (Fig. 1.4). These steps help to define what a droplet will look

like over time.
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Fig. 1.4. Main steps of droplet formation and impact on the surface (Tofan, 2021)
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Droplet formatting phases are represented by the following steps: the first
step (A) represents the maximum droplet velocity when ink is ejected; the second
step (B) is when the droplet thread pitches off from the inkjet nozzle; at this point,
the droplet has the maximum length size, and satellites could appear from the
thread if incorrect parameters are set; the third step (C) represents the droplet in a
sphere form; then, the droplet thread and satellites shrinking into the droplet by
connecting to the final droplet; the fourth step (D) represents the droplet before
the start of the interaction with the surface; the fifth step (E) represents the droplet
at a maximum spreading diameter size; and the final point step (F) represents the
droplet in the final-stable form after the oscillation processes.

1.3. Conclusions of the First Chapter

Based on the literature investigation, the following conclusions have been drawn:
1. A stiff particle can keep the spherical shape during impact (of the stiff
particle with a soft contact), and the discrete element method can be ap-
plied. During movement and impact, a droplet continually changes shape.
Thus, for a single particle motion as a droplet, numerical modelling of

FEM and CFD software must be applied.

2. By observing the changing shape of the droplet over time, the droplet mo-
tion and interaction can be better explained by considering the separate
periods. It is suggested to divide the movement of a droplet into six stages:
droplet ejection, droplet thread pull off the nozzle, droplet sphere form
formation, droplet before interaction, droplet interaction (spreading) at the
substrate surface and droplet stability phase.

3. During the droplet ejection and movement in the printing process, it is
important to observe the droplet form and velocity turnover at the falling
phase. The second important part is the droplet’s impact on the surface.
These parameters could be obtained and examined by applying the nu-
merical simulation of the inkjet nozzle model,;

4. The creation of a numerical model for studying the droplet formation and
motion behaviour of droplets could be helpful for developers to improve
inkjet printhead structure and inkjet ink creation. Using the numerical
model of the inkjet printhead, it is possible to observe the droplet thread
length turnover, the droplet parameter changes while detaching from the
nozzle, the droplet form, mass and volume turnover, the droplet impact
conditions, and the droplet characteristics at the stable state on the surface.
Additionally, numerical modelling is reliable for examining different inks
and ejection settings and configuring different nozzle parameters.



Inkjet Printing Process Research
Methodology

This chapter conducts a significant number of theoretical, numerical, and experi-
mental studies to identify the most important parameters influencing the formation
of an inkjet droplet, modelling the movement of the ejected droplet and the inter-
action condition of the droplet for such practical applications as printing. The dis-
sertation methodology discusses and explains the data collection and analysis of
numerical modelling methods used in this research. This chapter provides a relia-
ble and fundamental technique of numerical modelling of the inkjet printhead
working principles considering CFD. Research was performed by using the finite
element method numerical simulations (COMSOL Multiphysics) and physical ex-
periments published in the author’s publication Tofan et al., 2022.

2.1. Experimental evidence of numerical modelling
The Navier—Stokes equation defines the momentum conservation equation of a

viscous incompressible fluid in movement. The dynamics of droplet motion were
modeled using the Navier—Stokes (N-S) equation.

15
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2.1.1. Application of the Navier-Stokes equation for droplet
movement

Numerical simulation based on the continuity equation and the N-S equation rec-
onciles two-phase flows of incompressible substances. The continuity equation
for an incompressible fluid is calculated by the equation:

cu = ey Ouy  Oup
Vu_6x+6y+az_0' (2.1)
here, V is the vector differential operator, and u is the vector of fluid velocity. By
the definitions of calculus, the gradient operator (V) is calculated by the following

equation:
a.,0., 0
V_£l+0_y]+£k' (2.2)

Here, i, j, and k are the unit vectors in the directions of the x, y and z coordinates,
respectively. The Navier-Stokes equation is intended to describe the momentum
conservation equation for a viscous incompressible fluid in motion as follows:

p(u-Vu = p(V(V-u+ (V-u"))) - Vp+opg (2.3)

here, p is the substance density; p is the pressure; g is the acceleration due to grav-
ity; p is the substance viscosity.

2.1.2. Interface between the ink and air phases

To describe the interface between the ink and air phases, the convection of the
reinitialised level-set function is considered:

Vo =y (eV4 - b1 - ) ), (2.4)
here, the coefficient ¢ represents the specified set level of the ink—air interface.
Accordingly, ¢ = 0 represents air and ¢ = 1 represents ink. In the transition layer
close to the interface, ¢ changes fluently/smoothly from 0 to 1. The vector of fluid
velocity u represents the motion of the interface as it interacts with the environ-
ment. Here, € represents the thickness of the transition layer. For the simulation,
€ is taken as half the typical cell size in the region through which the falling drop
passes. The interface thickness is controlled by default and set to 1.25 um.

The parameter v is the amount of stabilisation of the levelling (set level) func-
tion. The appropriate value of y is the maximum value in the velocity field. This
re-initialisation parameter vy is set (by default) to y = 10 m/s for the current simu-
lation.
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2.1.3. Density and dynamic viscosity

When defining an interface between different substrates, the levelling (level set)
function is used to stabilise density and viscosity calculations across the interface
(Osher & Tsai, 2003; Sethian & Smereka, 2003; Lesage et al., 2007). In the nu-
merical simulation, it is necessary to consider the dynamic viscosity (shear vis-
cosity) . It shows the interface between shear rate and shear stress in the sub-
strate. The density and dynamic viscosity in various finite elements depend on the
interface coefficient ¢. Dynamic viscosity and density are written as:

p=0p1+ (P2 —p0); (2.5)

L=p + (2 — 1), (2.6)

here, p1 is the air density, and p; is the ink density; 1 is the viscosity of air, and
W is the viscosity of the ink.

2.1.4. Numerical realisation of the droplet motion

In numerical simulations, ink and air are studied as substrates, starting from a flow
where viscous stresses appear at each point. The Navier—Stokes equations de-
scribe mass and pulse/momentum transfer in an incompressible fluid. Surface ten-
sion and gravitational forces are considered. The droplet motion is based on the
conservation of mass and is calculated using differential equations:

V-u=0; (2.7
P (Z—: +u-Vu-— g) -V (u(Vu + VuT)) + Vp = F. (2.8)
The surface tension force is calculated according to the equation:

F;; = odkn, (2.9)

here, c — surface tension coefficient; & — the Dirac delta function; kK — curvature;
n — the unit vector (normal direction). The unit vector is calculated according to
the equation:
- Vo
n= oo (2.10)
At the fluid interface & equals a Dirac delta function approximated by the
following equation:

8 = 6ld(1 - PV, (2.11)

Mass conservation must be considered to calculate droplet motion and an
adaptive mesh refinement function is used to refine the ink—air interface mesh
locally. To calculate droplet motion using FEM, the initial 3D FEM mesh within
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both chambers was generated automatically. To reflect the real change of droplet
shape, the re-meshing and adaptive local mesh refinement are involved in improv-
ing the mesh at the ink-air interface. Mesh properties during simulation. The var-
iation of the element number, the mesh quality factor and the average elements’
skewness is shown in Fig 2.1.

x10°
. 10.662
i {0.66
*E 6.5- s B
£ |
£ {0.656 5
g et &
- w)
5 {0.654 =
2 sst 5
& : loes2 &
S o
y {065 &
2 ast g
§ i 10.648 Z
E L
10.646
35f
{0.644
3_
{0.642
2.5} i

Mesh number

Fig. 2.1. Representation of an adaptive mesh refinement sequence (Tofan, 2022)

This function will essentially divide the simulation run into multiple time in-
tervals and refine the mesh at the point (locally) of a phase interface in each inter-
val to improve computational accuracy. At the beginning, there are about 220,000
finite elements, and the drop mesh changes 12 times during ejection. During the
second mesh refinement, the number of finite elements reaches 800,000.

The average quality of the elements diminishes with the increase in the num-
ber of finite elements.

2.1.5. Droplet final mass calculation

Several important characteristics, such as ink mass, droplet sizes and/or shape of
the ink droplet, were obtained, and the contribution of different factors, such as
inks, ejection parameters, nozzle shape sizes, and surface properties, were ana-
lysed. The final mass of the droplet could vary depending on different dwelling
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periods and fluid intake velocity. The droplet mass turnover is calculated using
the level-set interface by the following equation:

mg = p(V). (2.12)

2.1.6. Dimensionless numbers in inkjet printing parameters

Several dimensionless parameters are crucial to the stable DOD inkjet working
process. The Reynolds number (Re) determines the proportion of an ink’s inertia
to its viscosity, while the Weber number (We) identifies the proportion of an ink’s
inertia to its surface tension (Seipel et al., 2020). These adjustable numbers char-
acterise the initial spreading dynamics after the impact. These dimensionless num-
bers are calculated using the following equations:

_ pdu,
Re =224 (2.16)
We = 24 (2.17)

here, d is the length of the inkjet printhead nozzle diameter and u is the droplet
movement velocity.

Several effects have been observed during the motion of the droplet. The
fragment of a vertical droplet falls with the mesh, and a contour plot of the velocity
magnitude and Cell Reynold’s number is illustrated in Fig. 2.2.

Fig. 2.2. Vertical droplet falls with a mesh and distribution
of velocities (Tofan, 2022)
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Droplet velocity effects during inkjet printing can be eliminated by generat-
ing (forming) the Ohnesorge number (Oh). A solution based on the Navier—Stokes
equations expresses droplet ejection constraints/limitations in terms of fluid inter-
faces, viscosity, and inertial properties (Seipel et al., 2020). It is independent of
the waveform extraction impulse that controls the speed (Wang and Hasegawa,
2023). The Oh greatly influences the behaviour of the expanding droplet from the
print head nozzle. The Oh value can be defined from the physical properties of the
ink and the nozzle size scale or from the Re and We numbers.

U Vwe
Oh = Josd = Re (2.18)

Ink printability specification can be characterised by the dimensionless (Z)

number:

1
Z= (2.19)

The initial specification of the printing ink is necessary for stable droplet ejec-
tion and should be within the acceptable range of 1 <Z <10 (Fromm, 1984; Derby
and Reis, 2003). If the number Z > 10, satellite droplets will form during printing,
reducing the quality of the print. If the number Z < 1, then the viscous forces of
the liquid will not allow the droplet to expand.

A proper printing process in a DOD inkjet printhead requires the right com-
bination of physical parameters, which will also depend on the droplet size and
velocities (through the value of Reynolds or Weber number). Some of the results
include empirical data that are incorporated into numerical simulation calculations
considering the dimensionless numbers Oh, We, Z, and Re.

2.1.7. Contact angle calculated from the stability of forces
according to Young’s equation

The terms surface free energy (SFE) and surface free tension (SFT) are physically
corresponding. SFE is usually used to describe energy for solid surfaces, and SFT
is used for liquid surfaces. SFT is accordingly defined as the work required to
isothermally and reversibly increase the surface area by unit size/amount (Eb-
nesajjad, 2014; Zhang et al., 2022). Irregularly, however, the SFT of a solid is
also referred to. The SFE has the unit mJ/m? (millijoule per square meter) as the
energy per area, whereby the equivalent unit mN/m (millinewton per meter),
which is commonly used for the SFT (Ebnesajjad, 2014; Tiyyagura et al., 2021).
Surface free energy o respectively represents the tensions between the solid-air,
liquid—air and solid-liquid substrates. The relation of these components is calcu-
lated by Young’s equation:

05 = 04 + 0 ' cos6, (2.20)
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here, o is the surface free energy of the solid, o, is the surface free energy of the
liquid, o is the interfacial free energy between the solid and the liquid, and 6 is
the solid and liquid contact angle. The following illustration (Fig. 2.3) shows drop-
let height h, droplet diameter d, and contact angle calculated from the stability of
forces according to Young’s equation at the stable phase:

0, cos©,

* Gas phase
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Fig. 2.3. Droplet on a substrate indicates the surface tension and
contact angle of three media (Kinloch, 1980)

In this system, the strength of adhesion may be calculated through the work
of adhesion (W,). This was defined by the Dupre definition, which is calculated
as:

W, =05+ 0, — 04 (2.21)

The droplet’s interaction with the surface was modelled with COMSOL Mul-
tiphysics software. The height and base of the droplet were taken from program-
ming results, and the contact angle was calculated as (Bonadiman et al., 2008):

6 =2tan' (%) (2.22)

where h is the height of the droplet, d is the diameter of the droplet, and 6 is the
contact angle.

2.2. Characterisation of the colour reproduction
measurement

To determine the difference in colour reproduction by CIE L*a*b* values, AE
was taken as a reference. The colour difference is calculated according to the fol-
lowing equation:

AE = \J(AL*)? + (Aa*)? + (Ab¥)?, (2.23)
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where L* is the lightness value (0 for black and 100 for white); a* — the position
between the red and green value (negative—green, positive-red); b* — the position
between the blue and yellow value (Sidaravi¢ius, 2012). CIE L*a*b* colour sys-
tem is represented in Fig.2.4.

L=100

L=0

Fig. 2.4. CIE L*a*b* colour system (Sidaravicius, 2012)

2.2.1. Differences in AL*, Aa* and Ab* values

Differences in colour characteristics AL* Aa* Ab*between two samples are cal-
culated using the following equation:

AL = (L5 — Ly)?; (2.24)
Aa* = /(a] —a3)? (2.25)
Ab* = /(b] — b3)?, (2.26)

where, depending on the comparison, L7, aj, by represents the primary measured
colour values and L3, a5, b; represents the second measure of colour values. These
values must be found to calculate differences.

2.2.2. Mean value and standard deviation measurement

The mean value x is calculated using the following equation:
Tx
—.

The standard deviation is s (or variance, which is the standard deviation
squared, s?). This quantity is defined as that deviation value equal to the square
root of the sum of the squares of all the deviations divided by the total number of
such deviations n, or mathematically:

X = (2.27)
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_ Y1 X2
s= /—n : (2.28)

here, s represents the variance or deviation for a sample. From the definition of
this quantity, its formula can be written for a finite sample of deviations rather
than the infinite parent population as in the previous section:

s= |22 (2.29)

n

where s replaces o since we are dealing with a sample rather than a population.
Here, s represents the variance or standard deviation for a sample: x —the deviation
of an independent variable from the correct value; n — the total number of devia-
tions.

When the correct or best value must be found, statistical theory shows that a
more exact value of the standard deviation results from:

s = E—fi (2.30)

The (n — 1) is used because the best estimate found by averaging x will cer-
tainly deviate from the correct value by some amount unless a complete popula-
tion is used instead of a selection. Using (n — 1) instead of n partially corrects for
this situation because the true value is not independently known.

The standard mean value error is calculated as (Crowle, 2017):

SEz = (2.32)

S
\/_H.

The colour difference is described by the AE value. This value is character-
ised by the numbers: 0-1 is the imperceptible difference; 1-2 has a very small
difference, which could be evident only to a trained eye; 2-3.5 has a medium dif-
ference and could be evident to an untrained eye; 3.6-5 is a visible difference and
coefficient larger than 5 is very noticeable.

2.3. Characterisation of the surface of polymers
evidence of the inks and surface adhesion
measurement

The DIN 1SO 2409 test was performed by cross-cutting and taping the printed
surface directly after printing and in 24 hours to assess the adhesion between
printed inks and the surface. Cross-cut test classification is shown in Table 2.1.
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Table 2.1. DIN ISO 2409 test classification (Tofan, 2021)

Classification

GTO GT1 GT2 GT3 GT4
Value

Cross-cut
result I

Percent of area

- <5% 5-15% 15-35% 35-65%
removed

To realise the differences in DIN ISO 2409 test classification, printed and
tested PET samples with values GT2 and GT4 are illustrated in Fig. 2.5.

L]
1T mm

18 mm

(@) (b) (©

Fig. 2.5. Printed layer tested on PET material. (a) Test classification value (GT2);
(b) test classification value (GT4); (c) cross-cut mesh dimensions
(made by the author)

The purpose of the test is to quickly test the adhesion of the coating by ap-
plying simple methods. It is recommended to test samples directly after printing
and within 24 hours after printing. The DIN 1SO 2409 test shows the sample that
can obtain strong adhesion with a classification value GTO, and the opposite value
GT4 shows poor adhesion of inks to the surface.

The free energy change of the substrate during the physical experiment was
measured using Plasmatreat test inks (A series) called PLASMATREAT “Surface
Test Inks C28 to C72”. This ink is suitable for the SE determination of plasma-
treated and untreated (non-treated) polypropylene (PP), high-density polyethylene
(HDPE) and polyethylene terephthalate (PET) surfaces. To determine the surface
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energy of a particular surface, the experiment started with the lowest ST C28 ink
and progressed to the higher C72 test ink, which was quickly applied to the surface
using a built-in (integrated) bottle brush. If the brush stroke edges remained stable
for 2 seconds, the surface was easily wetted. The surface energy of the substrate
is then equal to the value of the test ink. Thus, in this work, the surface energy
values of the substrates are gradually approached. This test ink was used to ana-
lyse/determine changes in surface energy. Experiments were performed at room
temperature of 23 °C and 55% humidity.

2.4. Conclusions of the Second Chapter

The presented methodology of theoretical, numerical, and experimental investi-
gations in this chapter includes the following findings:

1. The COSMOL numerical model using the finite element method can be
used to predict the physical effects found/detected in the printing process,
such as the maximum velocity of the droplet at the moment of ejection,
when the pressure inside the nozzle is the highest and when the thread of
the droplet unhooks/detaches the nozzle of the inkjet, and the droplet ve-
locity exchange/turnover during falling and colliding/impact with the sur-
face.

2. The colour reproduction measuring research contains the formation of the
required experimental facilities and the proper collection and processing
of CIE L*a*b* value data using mathematical-statistical methods.

3. Following the test procedure DIN 1SO 2409, the ink layers’ resistance to
separation/detachment from the substrate when cut at a right-angle lattice
pattern must be evaluated. This procedure does not directly measure the
adhesion force but helps to empirically determine the adhesion of the
inkjet-printed layer to the surface.






Investigation Results and
Conclusions of the Inkjet Droplet
Formation and Movement Modelling

This chapter presents an experimental and numerical investigation of appended
articles 1-4. The aim is to link the conclusions of the articles with the results of
the final dissertation objectives. It is impossible to improve the printing quality
and speed without analysing the formation of an inkjet droplet and movement
modelling. Article 1 presents the numerical modelling aspects and inkjet printhead
process modelled with different impact of ink parameters. Article 2 describes the
physical investigations of the inkjet printing colour reproduction by different
printing properties. Article 3 elaborates on the research of inkjet droplet impact
with the different characteristics of the surface. Article 4 presents the inkjet print-
ing process using different printhead ejection parameters. The research results
presented in this chapter were published in the author’s publications Tofan, et al.,
2021; Tofan, et al., 2022; Tofan, et al., 2023.

3.1. Investigation results of Article 1

When performing inkjet printing, it is critical to observe the droplet form turnover,
its velocity prior to the interaction with the surface and the final shape in the stable

27
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phase on the substrate. Technically, all these characteristics have been achieved
and realised in the numerical model of inkjet nozzle application. The movement
of the droplet was modelled using Navier—Stokes equations. The droplet ejection,
motion, and impact were investigated using the COMSOL CFD module. The pre-
sented model of the droplet ejection from the nozzle can calculate process param-
eters or even early stages of future issues of the ink or inkjet printhead developing
process. The numerical model was used to evaluate every important step of the
inkjet printing application.

Acrticle 1 provides the occurrence comparison of the different inks with dif-
ferent viscosity and density values. The droplet velocity and length parameters of
different inks are represented at different time steps during the printing process.
The main phases of the printing process (Fig. 1.4) of droplet formation and move-
ment to the surface are illustrated in Table 3.1.

Table 3.1. Characteristics of the different inks at different steps in time (Tofan, 2021)

Ink: Ink> Inks
(%)
§ t u Dd.max Dh t u Dd.max Dh t u Dd.max Dh
£ |us  mis pm  pm |(pus mM/S  pm  um us  mfs pm pm
A |2 138 263 92 |2 138 258 97 2 138 235 99

B |11 851 204 1109 |13 7.88 20.2 1153 | 14 728 20.0 1187

C |26 705 233 262 |32 677 249 263 | 39 593 240 266

D (143 4.48 222 217 (150 428 222 218 | 169 3.60 219 220

E [149 0.18 477 43 [161 012 428 7.2 | 183 0.05 375 116

F [174 O 36.0 116 172 0 361 121 | 181 O 36.3 119

After the droplet is generated, it is important to observe all these steps
during the period while the droplet stagnates in the final state on the surface.
The comparison of the printing processes of all three ink types revealed that
Ink2 shows the most suitable result. A droplet from Ink- has the smallest oscil-
lation effect and has the lowest period to reach a stable phase on the surface.
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Droplets from Ink, reach the surface faster but, in the case of the lowest viscos-
ity and density parameters, oscillate more strongly before they take their final
form on the surface. For UV-curable inks, it is vital to undergo this step in the
stable phase of the droplet.

The associated graphs illustrated the characteristics of turnover of the droplet
during the formation and movement to the substrate, whereby no wettability is
considered. The velocity turnover is an important factor for the control of print
quality, as, for instance, the droplet velocity turnover plays a direct role in the
distribution of the ink on the surface. Fig. 3.1 demonstrates the droplets from dif-
ferent inks and velocities during the ejection, fall and impact processes.

14 An; Az As Ink:
B: Ink>
T\n\ 12 B2 Inks
£
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Fig. 3.1. Representation of the different inks formed droplet velocities turnover
(Tofan, 2021)

The droplet reaches the highest velocity values at phase A when the pressure
wave inside the nozzle reaches the highest level. After, the droplet velocity de-
creases while the droplet is stretching and finally pitches off from the nozzle at
phase B. The velocity still decreases during the droplet transformation to the
sphere form at phase C. During the droplet fall, the velocity of the droplet de-
creases continuously while the droplet reaches the surface at phase D, and the
interaction with the substrate begins. Phase D illustrates the droplet’s spread on
the surface. The droplet diameter is the biggest. Phase F illustrates the droplet at
the final stable stage when the velocity equals zero. Also, differences in the drop-
let forming parameters can be addressed depending on time steps. Fig. 3.2 illus-
trates the turnover of parameters Dgmax (the maximum droplet diameter by the
horizontal cross-section calculated in Table 3.1) and Dy (a droplet height by ver-
tical cross-section calculated in Table 3.1).
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Fig. 3.2. Representation of size parameters’ turnover of a droplet formed
from different inks (Tofan, 2021)

The results show that different behaviours of droplets and the duration of inter-
action can be expected depending on inks. The comparison of different ink behav-
iours showed that inks with the lower viscosity and density have the biggest oscilla-
tion on the surface and the smallest jet size. The droplet’s maximum spreading
diameter on the surface is at phase E: = 47.7 um. The sphere diameter of different
droplets during the flight equals 22 um. After the impact with the substrate, the drop-
let loses its spherical shape and takes a different form on the surface. The minimum
spreading diameter is particular to the droplet of Inks, with the highest density and
viscosity parameters. This ink droplet does not oscillate at all and takes the final form
immediately after the impact with the smallest oscillation parameters.

Even though numerical studies of a moving droplet have been carried out, the
guestion remains not only about the dynamic behaviour but also about the colour
characteristics. Numerical experiments showed that further physical studies are
needed to analyse the effect of inkjet colour reproduction on various surfaces us-
ing various printing parameters applied.

3.2. Investigation results of Article 2
Experiments with digital inkjet printing on different linen textile surfaces were

performed to find the best printing parameters of colour reproduction on the sur-
faces. To obtain more accurate results, it was considered that reproduced colours
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should be compared with digital colour values under daylight illuminance. Also,
the inks’ physical properties directly affect the printing quality.

Shades of linen fabrics were chosen in different colours: bleached, melange
and natural linen. The surface colour and structure have a significant effect on the
reproduction of the colours by printing with different colours of paint.

Printed colour L*a*b* parameters were compared with reference digital col-
our parameters.

The whitened linen fabrics (OBR 840, OBR 0114, OBR 491, OBR 1542)
have similar colour reproduction characteristics as white paper, and the natural
linen fabrics (OBR 166, OBR 051, OBR 1041) have very restricted colour repro-
duction limits. While printing on whitened linen fabrics, the colours are the best
reproduced on the thickest bleached linen fabric (OBR 1542) and the worst on the
thinnest natural linen fabric (OBR 1041). The background colour of the material
strongly affects the reproduction of inkjet colours. Colour reproduction on linen
fabric by printing in four passes and two ink layers is illustrated in Fig. 3.3.

* Reference
© Paper

+ OBR 840
+ OBRO114
+ OBR491
+ OBR 1542
= OBR 052
= OBR831
= OBR 482
OBR 166
OBR 051
+ OBR 1041

Fig. 3.3. Colour reproduction on linen fabric in two-dimensional space a*b*
printing in four passes and coating in two ink layers (Tofan, 2021)

Parameters were measured over a period of 90 days for the evaluation of ink
stability and suitability for digital inkjet printing. This was considered for the eval-
uation of ink stability and suitability.

The a*b* values of digital reference colours (black line in Fig 3.3) show that
it is possible to reach the limits of maximum intense colours, and the range of
colours was reproduced in the print on paper (white line in Fig 3.3). The following
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are six colours for reproduction: Y — yellow, R —red, M — magenta, B — blue, C —
cyan, and G — green. Limited colour impregnation reproduction on all types of
linen fabrics is visible. The most affected are C and B colour saturations. Colour
reproduction in prints on bleached linen fabrics is the closest to colour reproduc-
tion on paper, while there are very limited reproduction limits of colour saturation
in printing on natural linen fabrics.

The research focus was on the investigation of different printer parameters
(the number of printing layers 1-5 and printing passes 4, 8, 16) to affect colour
reproduction on different natural linen textile surfaces. Colour L*a*b* value re-
production by printing at different passes is very corresponding. Printing by dif-
ferent pass numbers does not affect colour reproduction parameters, but printing
with a smaller pass number significantly increases printing speed. The colour dif-
ference AE between the different passes printing is not greater than three.

Whitened linen fabric (OBR 840) was selected to better identify changes in col-
our characteristics depending on different ink layers and the printing pass number.
The number of applied ink layers has the most influence on the change in lightness
(L*) parameters. There is a relevant difference between printed layers from 1 to 5
(AE from 3% to 55%), while there is an insignificant difference between layers 3 and
4 (AE < 5%) and between layers 4 and 5 (AE < 4%). Printing with one layer of ink
produces the worst colour reproduction, and the best colour reproduction is achieved
with two ink layers. Using 4 or 5 ink layers increases colour characteristic AE, and
colour reproduction is less effective than using 2-3 ink layers.

Comparing the 4 and 16 pass printing settings, the same patterns of AE colour
characteristic changes remain. Comparing the difference in colour reproduction from
the number of passes, the colour variation is inconsequential (AE < 3), except for the
green colour.

After physical experimentation with different print settings and their effect on
colour rendering, it was noted that further research is needed to analyse the effect of
droplet impact from inkjet printers with various surface energy. This is necessary to
find out the tendency of the droplet to stick to the surface. Further numerical studies
should include droplet formation, movement velocity, and impact on various treated
and untreated polymeric surfaces to analyse how quickly droplets reach a stable
phase on the surface, droplet covering plot, and droplet wetting angles.

After conducting preliminary studies related to the movement of the droplet
and the reproduction of colour characteristics by various printing parameters, fur-
ther studies of the interaction of droplets are needed. Previous studies, given the
main line of research, i.e., ensuring the quality of printing, require additional re-
search indicating not only the cases mentioned but also cases of the droplet impact
on the surface. This study will complement two previous publications and answer
the question of the influence of surface energy on the spreading of a droplet over
the surface. This will directly affect the improvement in print quality.
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3.3. Investigation results of Article 3

To better analyse droplet impact on the surface, it is important to obtain appropri-
ate droplet deposition conditions. For example, by applying and adjusting the
droplet impact, it is possible to maximise the print speed without losing print qual-
ity. The impact of droplets during the inkjet printing process application can be
characterised by the sequence of five consistent phases: interaction, spreading,
relaxation, wetting and equilibrium.

Table 3.2 provides the results of the DIN ISO 2409 test method for the re-
sistance of paint coatings and varnishes to separation from substrates. The change
in free energy of the surface was measured with Plasmatreat test inks. The contact
angles of the droplet and surface were modelled by using the COMSOL Mul-
tiphysics software.

Table 3.2. Results on the resistance of paint coatings and varnishes to separation from
substrates (Tofan, 2021)

Contact | Cross-Cut Test | Cross-Cut
'II;Iej.t Salilno?le (mSNEm) Angle | Direct after Test after S;gﬂ'i;;g’g'
(©) Printing 24 h
1 32 82.3 GT1 GT4 -
1 2 28 83.8 GT3 GT4 -
3 32 78.1 GT4 GT4 —
4 38 79.7 GT3 GT4 -
1 32 - GT1 GT4 Cleaned with IPA
2 2 28 — GT2 GT4 Cleaned with IPA
3 32 — GT2 GT4 Cleaned with IPA
4 38 - GT2 GT4 Cleaned with IPA
1 70 52.4 GTO GTO Plasma treated
3 2 58 55.3 GTO GTO Plasma treated
3 72 48.7 GTO GTO Plasma treated
4 72 49.1 GTO GTO Plasma treated

The objective of this test is the adhesion of the printed layer and surface of
different materials using different treatment methods. The cross-cut test shows
which material can achieve stable adhesion by classification values of GTO-GTA4.
The classification GTO means stable adhesion with 0% of the ink layer removed,
and GT4 is used when all printed layers are fully removed. All samples had dif-
ferent results directly after the printing, but the final measuring was applied after
24 hours. Excellent adhesion results were noticed when samples were treated with
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open-air plasma. This pre-treatment process gives all samples a stable GTO clas-
sification value.

By applying the numerical modelling, the droplet velocity turnover is inves-
tigated at the impact on non-treated and treated surfaces (Fig. 3.4).

4

Non-treated poly (ethylene
terephthalate) surface

Treated poly (ethylene
terephthalate) surface

Droplet velocity (m/s)
(]

1357 91113151719212325272931333537394143454749
Time (pus)
Fig. 3.4. Droplet velocity turnover during the impact on
different surfaces (Tofan, 2022)

The velocity changes during the contact of the droplet with different surfaces
are represented by every us. Before reaching a stable phase on the surface, several
processes of oscillation damping pass, and the droplet action appertains to the
properties of the surface. It is important to note that the behaviour of droplet os-
cillations at the impact also depends on the properties of the fluid, but this numer-
ical experiment used the same inks with the same properties. Different surface
parameters determine a different droplet movement velocity during impact. At the
end of the impact, when the velocity extends to zero, the droplet takes on its final
form on the surface. The results show that on the non-treated surface, the velocity
of droplet oscillations is twice as much as on the treated surface. The treatment
methods that increase the surface energy affect the inkjet droplet’s final form and
reduce the splashing effect of the impact.

Droplets on the surface have different wetting (contact) angles by the differ-
ent surface parameters. The droplet coverage area on the surface can be twice
bigger and cover four times more area if the treated polyethylene terephthalate
surface is considered. After the impact of a droplet with the untreated polyethylene
terephthalate surface, the droplet diameter during the oscillation grows to 48 um
and afterwards decreases to 32 um at a stable shape. In the case of a treated sur-
face, the droplet slowly expands and stays in its final shape with a diameter of
64 um. The reduction of the droplet’s contact area on non-treated surfaces can be
predicted by processing the surface energies and interfacial energy.

In the process of inkjet printing on different surfaces, it is important to know
the surface energy of the polymer to better understand the adhesion properties.
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The atmospheric pressure plasma treatment method was investigated to reach the
GTO stable adhesion classification value while testing the adhesion between the
printed layer and the surface by the DIN 1SO 2409 test. The investigated numeri-
cal modelling with COMSOL was used to examine the inkjet droplet velocity and
diameter during the impact with treated and non-treated polymer surfaces. The
oscillation of the droplet at the impact phase depends on the properties of the inks,
printhead jetting parameters and the characteristics of the surface energies.

Regarding demanding plastics regulations, it is very important to investigate
the recycling processes for printing applications on different polymer surfaces to
safely use them for post-consumer recycling. It has been observed that the adhe-
sion between the ink layer and the polymer surface should be appropriate for the
application of circular economy.

Numerical modelling is related to improving the structure of printheads, print
quality, print velocity and the study of new inks for inkjet printers. In future stud-
ies, this research information may be extended to other materials, combined sur-
face treatments, and mixed adhesives. For additional research, it is important to
analyse the droplet ejection process deeply and what parameters in control of the
inkjet printhead play a direct role in droplet formation.

3.4. Investigation results of Article 4

This Article aimed to investigate the droplet ejection parameter impact on droplet
formation and movement parameter turnover over time. An understanding was
gained of the droplet behaviour at different ejection parameters while explaining
the influence of dwelling time on the droplet formation process. The droplet mass
and speed turnover were also observed. It is important to investigate the trajectory
of the jet and the mass of the droplet to understand the final position and area
covered by the droplet on the surface. These aspects affect the final printing qual-
ity. The numerical modelling in the three-dimensional space evaluates the impact
of such components as the waveform dwelling time and fluid inlet velocity. If the
inlet pulse and fluid velocity at the nozzle are too low, the droplet shrinks back to
the nozzle. The kinetic energy is not high enough to jet the droplet from the nozzle.
If the impulse for jetting the droplet is too strong, the droplet forms many malig-
nant satellites and impacts the surface by splashing hard and harming the printing
quality by uncontrolled impact at the surface.

The droplet ejection progress was taken from numerical simulation using the
COMSOL Multiphysics software. The droplet formation behaviour is predicted
by the strength and period of fluid inlet velocities. For these simulations, the inlet
velocity was set to 0.5 m/s with different dwelling times of 1 ps, 3 us, and 12 us.
The results of droplet formation and movement are represented in Fig. 3.5.
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a) i b) _ o) L

Fig 3.5. Representation of the droplet formation and movement by different ejec-
tion parameters of waveform dwelling time: (a) 1 ps; (b) 3 us; (c) 12 ps (Tofan, 2022)

The droplet mass at the ejection phase increases proportionally to the print-
head inlet velocity. The droplet moves forward to the surface and pitches off from
the nozzle at different time steps after the waveform dwelling period ends. The
droplet with the formatting time of 3 us reaches the surface at the same time step
as the droplet with the formatting time of 12 pus, but an obvious difference in the
impact with the surface is observed. The droplet with the waveform dwelling time
of 3 us forms a perfect shape on the surface, while the droplet with 12 ps splashes
a lot. This result shows that depending on the printed image’s resolution, it is
possible to use all three different dwelling times to increase printing speed and
quality. If it is necessary to print in high-quality resolution, it is better to use the
small dwelling period to reach small dots without any harmful satellites; but if
high quality is not required and the need is to cover a thick layer of the same ink,
the big dwelling period can be used.

The droplet mass formatting was investigated by different dwelling periods.
The mass turnover of droplets is shown in Fig 3.6.
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Fig. 3.6. Representation of the droplet mass turnover with different ejection
parameters. Mass versus formatting time (Tofan, 2022)
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The different dwelling times specify a direct effect on the droplet mass for-
mation. The large formatting time of 12 us impacts the mass reduced at 30 pus by
droplet break up and increases after 35 us by jet tail connecting the main droplet.
The mass of the different dwelling periods generated droplets before the impact
are 1 ps (2.5:10° ug), 3 pus (16:10° pg), 12 us (65-10° ug). The presented numer-
ical simulation is an important alternative to the quality improvement analysis of
different printhead settings.

3.5. Conclusions of the Third Chapter

1. The known effects of printing inks in the physical process of DOD inkjet
printing were discovered and numerically investigated. The changed
physical properties (p, p) of the ink directly affects the droplet formation
time, falling velocity turnover, shape turnover, and the droplet surface os-
cillation after the impact.

2. Itis observed that inks with lower viscosity and density have the largest
surface oscillation and the smallest jet size. The minimum spreading di-
ameter is characteristic for a droplet with the highest density and viscosity
parameters. This ink droplet does not oscillate at all and takes its final
shape immediately after impact with the smallest oscillation parameters.

3. The effect of different printing parameters on the reproduction of colour
characteristics on surfaces of different characteristics was physically de-
termined by evaluating the spectral properties of the print on the CIE
L*a*b* scale. Printing with different pass numbers does not affect colour
reproduction parameters, but printing with a smaller pass number signifi-
cantly increases printing speed. The difference in colour AE between dif-
ferent printing passes does not exceed three. The greatest influence on
change in lightness (L*) parameters is exerted by the number of applied
layers of ink.

4. The interaction of an inkjet droplet with surfaces of different surface en-
ergy was simulated numerically by recording the dipping angles and the
movement speeds of the droplet. After a droplet impact an untreated pol-
yethylene terephthalate surface, the diameter of the droplet increases to
48 um as the oscillation increase, and then decreases to 32 um as the shape
stabilizes. In the case of a treated surface, the droplet slowly expands and
maintains its final shape of 64 pm in diameter. Oscillations in droplet ve-
locity are more significant on surfaces with lower surface energy.

5. The presented numerical simulation model is an important alternative to
analyse the quality improvement of different printhead settings. A notice-
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able difference in the formation of a droplet and its impact with the sur-
face is observed at different dwelling periods. If high-quality resolution is
required, it is recommended to use a short dwelling period to generate
small droplets without any harmful satellites; but if high quality is not
required and it is necessary to cover a thick layer of the same ink as
quickly as possible, a longer dwelling period can be used.



General Conclusions

. As a result of a numerical experiment, it was found that the following
parameters affect the process of inkjet printing: how fast the droplet forms
a sphere during step C (Fig. 1.4) and what speed it will have before inter-
acting with the surface during step D. It is also important to predict the
results of the interaction of a droplet with a surface at steps D—F.

. The impact of various inkjet inks on a flat surface was investigated. The
results show that depending on the ink (u; p; o; Oh; Z), different behav-
iours of the droplets and the duration of the interaction can be expected.
Changes in the presented parameters are important for controlling the
printing process and for checking the print quality.

. The turnover of droplet ejection in time has been studied. The main goal
of understanding the behaviour of the droplet at various waveform ejec-
tion parameters has been achieved. The turnover of the droplet mass is
also observed. It is important to investigate the droplet trajectory and
droplet mass to understand the final location or place and diameter of the
droplet on the surface.

. The graphical results demonstrate that the change in droplet shape over
time can be better explained by considering different time intervals. It is
proposed to divide the droplet motion into six stages: droplet ejection,
separation of the droplet thread from the nozzle, droplet sphere formation,

39
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droplet before interaction, droplet interaction (spreading) over the sub-
strate surface, and droplet stability phase. The proposed six-stage study
allows for faster detection of changes in the shape of the ejected droplet
during the corresponding time interval when it freely falls towards the
interacting surface.

. Droplet ejection, motion, and impact were analysed using the COMSOL

CFD simulation software module, and the inkjet model was improved.
The numerical experiments showed that the presented study is important
for the analysis and improvement of behaviours of different inks, different
ejection parameters and different nozzle parameters.

. Anumerical model was created for studying the behaviour and parameters

of the motion of an inkjet droplet. Using the COMSOL software, the
length of the droplet thread and the moment of separation of the droplet
from the thread were found, as well as the spherical shape, droplet mass,
droplet volume, droplet condition on impact, and final droplet state. In
addition, it became possible to adjust different nozzle parameters and dif-
ferent ejection pressures and test different inks.

. The use of 3D CFD modelling makes it possible to estimate such compo-

nents as the ejection time of the ejection of the drop, the mass and diam-
eter of the drop, the fall velocity of the droplet, and the parameters of its
impact. In this work, the direct influence of various performance param-
eters was found on the impact of a droplet on the surface, the impact on
the surface of a different dwelling period, i.e., 1 us (2.5 ng), 3 us (16 ng),
and 12 ps (65 ng).

. The numerical experiment showed that the ejection parameters can be

used to increase the printing speed and print quality, considering the res-
olution of the printed image. In cases where a print of the highest quality
is required, it is recommended to set a low dwelling time to form small
droplets of ink without harmful satellites. If a high-resolution print is not
required and a thick layer of the same ink needs to be applied, a longer
dwelling time can be set.
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Abstract: The numerical simulation and analysis of the ejection of an ink droplet through a nozzle as
well its motion through air until its contact with a surface and taking up of a stable form is performed.
The fluid flow is modeled by the incompressible Navier-Stokes equations with added surface tension.
The presented model can be solved using either a level set or a phase field method to track the fluid
interface. Here, the level set method is used to determinate the interface between ink and air. The
presented work concentrates on the demonstration how to check the suitability of ink for inkjet
printhead nozzles, for instance, for the use in printers. The results such as velocity, change of size,

and volume dependence on time of an ink droplet are presented. Recommendations for the use of
specific inks are also given.

Keywords: drop-on-demand inkjet; printing nozzle; droplet; measurement of droplet trajectory;
COMSOL

1. Introduction

Nowadays, inkjet printing has become relevant besides application for brochures,
flyers, and other paper-based products, also in are: ch as shirt printing or personalized
production while thereby satisfying increasing quality demands. In this way, inkjet printing
is continuously enhancing its capabilities. According to Smithers Pira’s [1] report, the inkjet
printing market will grow at least till 2023, both by deepening its penetration into existing
markets, and exploiting new emergent market opportunities. In doing so, there are three
main markets where inkjet technology will increase in relevance: book printing, commercial
printing, and packaging printing. With the printing market is expected to grow, there
are many propositions to improve the productivity of inkjet processes. Nowadays, inkjet
printing is worldly used in many manufacturing applications. It shows the same quality
and speed as many other traditional printing methods such as flexography or lithography
(Castrejon-Pita et al. [2]).

Of relevance for inkjet printing is the drop-on-demand (DOD) inkjet technology. DOD
technology is to eject small droplets of ink from a printing head nozzle onto a substrate
only when required to form the image. Drops are generated by quick pressure increase
inside a nozzle to eject the ink. The most popular technology to increase pressure is to
use a piezoelectric element in every nozzle chamber. When a voltage is applied to the
actuator, the piezoelectric element changes its shape to displace the chamber wall or roof
into the chamber to generate the required pressure for the drop ejection, Hoath [3]. The
main advantage in inkjet printing is the possibility to deposit different sized droplets one
by one on many different materials with predetermined locations on the substrate without
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any contact. To perfectly fulfill its demand, inkjet printing is required to produce small
quantity prints with low cost and high-resolution quality at tolerable requirements. Every
year, inkjet printing is increasing in popularity and progressing in different using areas.

Inkjet printing technology has been extensively used due to its advantages regarding
flexible droplet formation. There are various areas where inkjet technologies can be applied.
As a consequence, there are many investigations on inkjet printing addressing things
such as nozzle configurations (parameters), different jetting velocities, droplet sizes, and
frequency of jets (Stringer and Derby [4], Wijshoff [5], Bos et al. [6]). Inkjet technology also
can be adjusted by making microlenses for optical devices, Yuzo et al. [7]. Furthermore,
inkjet technology can be used as a manufacturing technique for producing ceramic parts
(Ainsley et al. [8]) or making collagen scaffolds (biomaterials) with a predefined internal
morphology, Sachlos et al. [9].

Itis found that a nozzle configuration affects droplet shape and velocity which is bene-
ficial for the enhanced printing quality and high-throughput printing rate, Aqeel et al. [10].

In case of ink-jet printing technology which is non-contacting, material can be printed
layer-on-layer to configure 3-D structures. This capability enabled the first use of ink-jet
printing to build active microelectromechanical systems (MEMS), Fuller [11]. Despite such
progress, for the moment, there are not many works to define how ink will perform over
its lifetime and how ink structure changes over time. Such experiments are in progress at
different universities and research institutes, Korvink et al. [12]. Nonetheless, the so far
performed research places inkjet technology as the key focus for technology developers.

In the past, DOD printhead nozzle droplet ejection and the settling process were
investigated with regard to the printing quality. The ability of modeling the jetting process
and droplet settling parameters is important as it can be used as a tool for future ink and
printing device developments. In the past, much research addressing the inkjet printing
process was done by slow motion cameras (Martin, et al. [13]). Thereby pictures are
examined, and droplet parameters can be calculated from 2D views. In addition, it is
possible to address droplet motion by numerical simulations, Wu et al. [14]. Many authors
(Bos et al. [6], Tan et al. [15]) have conducted research to compare differences between
numerical simulations and slow motion camera observations. Obtained results are in
agreement and based on the numerical simulations performed, of which we can base our
inkjet droplet model.

It should be noted the current state of art, which may be related to the work presented
here. Various ways of implementation of DOD technology and related investigations can be
found in scientific literature. The development of drop-on-demand electrohydrodynamic
jet (DoD E-Jet) printing to enhance print control and to achieve stable micro-structures on a
flexible insulating substrate were analyzed by Abbas et al. [16]. The theoretical design of
the inkjet process to improve delivery efficiency was investigated by comparing numerical
investigations and physical experiments by Zhong et al. [17]. A high temperature drop-on-
demand droplet generator for metallic melts was analyzed by Imani Mogadam et al. [18].
Microstructure adjustment of spherical micro-samples for high-throughput analysis using
a drop-on-demand droplet generator were also analyzed by the latter authors [19]. Electro-
hydrodynamic drop-on-demand printing of aqueous suspensions of drug nanoparticles
were introduced by Elele et al. [20]. The effect of meniscus damping ratio on drop-on-
demand electrohydrodynamic jetting was analyzed by Kim et al. [21].

The analysis of droplet motion is still relevant. A one-dimensional model for the
droplet ejection process in inkjet devices was introduced by Jiang and Tan [22]. They
showed that a 1D model can significantly reduce the computational time (usually less than
one minute) yet with acceptable accuracy. The calculation of the critical point regarding
the distribution of the droplets generated by various materials in the dimensionless plane
considering piezoelectric print-heads (PPHs) were investigated by Wang et al. [23]. Ejec-
tion state prediction for a pneumatic micro-droplet generator by backpropagation (BP)
neural networks was analyzed by Wang et al. [24]. The simulation and validation of the
droplet generation process for revealing three design constraints in electrohydrodynamic
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jet printing is given by Pan and Zeng [25]. Printed strain sensors based on an intermittent
conductive pattern filled with resistive ink droplets were presented by Zymelka et al. [26].
Dynamics of electrowetting droplet motion in digital microfluidic systems was analyzed
by Cui et al. [27].

The use of “Jet” technologies offers a variety of technical implementation options. A
theoretical model for an electrostatic lens that is incorporated into an e-jet system to shape
the electric field inside the printhead was introduced by Liu and Huang [28]. Controlling
the voltage applied to electrodes located around the jet, its trajectory can be continuously
adjusted by lateral accelerations which was investigated by Liashenko et al. [29]. Aerosol-
jet printed nanocomposites for flexible and stretchable thermoelectric generators were
analyzed by Ou [30]. A model and calculations referring to the shear rate of ink in an inkjet
printer nozzle were given by Dybowska-Sarapuk et al. [31]. A review of the issues that come
along with preparing and printing carbon nanotube ink was given by Tortorich et al. [32].
Inkjet printing of drug-loaded mesoporous silica nanoparticles was analyzed by Wick-
strom et al. [33]. They suggest that inkjet printing technology could function as a flexible
deposition method of pharmaceutical suspensions.

The printing can be applied even for biological structures. Mechanical properties of
3D-printed blood vessels were analyzed by Wang et al. [34]. Drop-on-demand (DOD) 3D
bioprinting technology was introduced by Grottkau et al. [35].

Based on the good agreement of numerical and experimental investigations regarding
the DOD printing process, our droplet simulation model has been developed with the
modeling program COMSOL to investigate the different droplet parameters of the DOD
printing process. This simulation model can be used to predict the behavior of the droplets
in the printing process. The parameters of the droplet ejection, flight, and impact with the
substrate will be analyzed to also elaborate on improved printing conditions.

The numerical simulations are initiated using a laminar-two-phase flow function
setting and a level set interface. All stages from the main nozzle reservoir where the droplet
is forming to the final interaction with the substrate are considered.

With the derived model, it is possible to configure inkjet nozzle properties such as
the geometry of the nozzle, the inlet velocity, as well as parameters to study the influence
on the size and the speed of the ejected droplet. With the current model, it becomes also
possible to investigate how the printing process would perform under changes of the
inkjet inks.

2. Problem Formulation

There are many investigations available, focused on drop impact with different sur-
faces, different jetting parameters, and different Weber and Reynolds numbers (definitions
provided later on), Son et al. [36], Bussmann et al. [37]. But there is growing interest on vari-
able fluid drop impact with hydrophobic surfaces in reflecting many practical applications
such as printing on polymers.

Researchers are thereby paying close attention to studying the parameters of the
nozzle. Many works examine the properties of the nozzle (shape, dimensions, orifice
parameters, piezoelectric excitation) that determine the size and velocity of the droplet
formed and the circumstances of satellite droplets, Driessen [38]. Satellites are several
times smaller droplets than the primary droplet. They can appear if unsuited parameters
of ejection or unsuited inks are used. For high-quality printing, they should not appear.

The aim of this work is to provide a numerical model that can help evaluate the
shape-changing droplet motion, various initial parameters, and effects/causes influencing
this motion, which is an important key component in the inkjet process needed to predict
difficult moments or even issues at an early state of the ink developing process. The
typical process of DOD droplet formation consists of several stages. This study examines
the vertical fall/movement of a droplet formed at the inkjet printing nozzle in air onto
a substrate while changing its shape (Figure 1). Droplet status is changing at different
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instances in time, which are represented by the considered points from A through F. These
basic points help to define how a droplet forms and how parameters change over time.

yeee v

(@

.__—-
D E F

(b)

Figure 1. Droplet fall/movement. (a) During the inkjet printing processes, the droplet is ejected
from the inkjet nozzle and settles while changing its shape at different stages (A-F); (b) Highlighted
inkjet droplet phases at different stages (A-F). Phases from the left: A—ejection and formation of
the droplet; B—droplet pinch off from the nozzle; C—droplet sphere forming; D—droplet before the
interaction with the surface; E—droplet spreading at the surface; F—droplet in final stable form.

At point A, the ejection and formation of the droplet comes along with the maximum
droplet velocity, then pressure inside the nozzle reaches its maximum and the droplet is
ejected from the nozzle. At point B, the droplet thread is pulled off from the printhead
nozzle, at this point the droplet has its maximum length and final droplet mass and volume.
Point C represents the droplet at almost spherical form when the droplet is formed. Before
point C and D, the droplet does not change shape and loses velocity during its settling.
Point D represent the instance where droplet interaction with the surface begins, and view
E represents the droplet at maximum diameter while spreading. Final point F represents
the droplet while oscillating to its final stable form.

In all six phases, different phenomena occur. It can be noticed that the changing forms
of the droplet over time can be better explained by considering different instances in time. In
the next sections, the different parameters and time sections will be discussed. An overview
of the numerical experiment will be given while an insight into the methods used in the
investigation is given along with the final parameters. In this research, a closer look is taken
at the droplet shape, size, and volume formation and velocity turnover for three different
ink parameters. Droplets are generated to perform particularly a vertical fall/ movement
in air on the substrate. The droplet formation, movement, and impact are modeled by
applying a level set function and the Navier-Stokes equations by the commercial finite
element package COMSOL Multiphysics. The modeling as part of COMSOL Multiphysics
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allows similar to the experimental methods; we have used the plotting of flight path as
well as the determination of droplet dimensions, velocity, and mass. Additionally, the drag
and gravity forces can be also evaluated.

3. Methodology for the Simulation

To represent the fluid interface and convection with air as part of a laminar two-
phase flow, the level set method was considered (Olsson and Kreiss [39], Sun and Becker-
mann [40]). Inkjet inks are treated as Newtonian fluid. According to COMSOL Module
User’s Guide [41], the level set function defines the interface, where ¢ = 0 represents air
and ¢ = 1isink. In a transition layer close to the interface, ¢ goes smoothly from 0 to
1. The interface moves together with the fluid velocity, u, at the interplay. The following
equation describes the convection of the reinitialized level set function, it thereby describes
the interface between the 2 phases, ink and air:

%’«H«-Vd} =yV- (t‘V‘f"d’(l—d})%). 1)

Here, ¢ is corresponding with the thickness of the transition layer. For this model,
& =hc/2, where hc is the representative mesh size in the area passed by the falling droplet.
As default, this interface thickness controlling parameter hc it generated automatically and
for the current simulation is set to hc = 2.5 um.

The parameter y determines the amount of reinitialization or stabilization of the level
set function, Olsson and Kreiss [39]. A suitable value for y is the maximum magnitude
occurring in the velocity field. As default, this reinitialization parameter vy is generated
automatically and for the current simulation set to y = 10 m/s.

Beside defining the fluid interface, the level set function is used to smooth the density
and viscosity across the interface. Density and dynamic viscosity depend on the inter-
face coefficient ¢. Thereby changes in density and pressure during the calculations are
considered, Olsson and Kreiss [39]. Density can be calculated as follows:

p=p1+(p2—p1)¢. 2

Here, p; denotes the air density while p, denotes the ink density. For the numerical
simulation, the dynamic viscosity (shear viscosity) u must be taken into account (3). It de-
scribes the relationship between the shear rate and the shear stresses in the fluid. Dynamic
viscosity is calculated by:

=g+ (2~ 1)o. 3

Here, ny—is the air viscosity and py—is the ink viscosity. The transportation of mass
and momentum are described by the incompressible Navier-Stokes equations. Both ink
and air can be considered as incompressible if the fluid velocity is small compared to the
speed of sound.

We investigate ink and air as fluid whose viscous stresses arise from its flow at
every point. The Navier-Stokes equations describe the transfer of mass and impulses to
an uncompressible fluid, including surface tension and gravity forces. The ink motion
including mass conservation is calculated by the following differential equations (Sohr [42]):

(Vou) =0, ()

p<%+u<Vu—g) - V-(w(Vu+VuT)) + Vp = Fa. ©)

Here, p denotes the density, u is the dynamic viscosity, u represents the fluid velocity,
p denotes pressure, and Fst is the surface tension force. To capture the effect of the surface
tension, a volume force is added at the phase interface in the computational domain where
the phase interface is at present. The force depends on the surface tension coefficient and
the curvature of the phase interface.
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The surface tension force is computed by:
Fy = odxn, (6)

where n is the unit vector in the normal direction, ¢ is the surface tension coefficient which
varies according to the curve, and 8 equals a Dirac delta function that is nonzero only at

the fluid interface, k = —V:n is the curvature. The unit vector in the normal direction is
given by:
v
n= 2, @
[Vl

while the delta function is approximated by:
5 =6/p(1- )|Vl (8)

To solve Equations (4) and (5), the adaptive mesh refinement functionality for inkjet
nozzle modeling as part of COMSOL Multiphysics [41] is used to locally refine the mesh
around the ink and air interface. This functionality will essentially divide the simulation
into several time intervals, and locally refine the mesh in the region where the phase
interface is present in each interval to increase calculation accuracy.

Applying this, the droplet mass can be calculated by:

g =p(V-b). ©

There are two dimensionless parameters which characterize droplets: the Reynolds
number and the Weber number, Hoath [3]. The Reynolds number Re represents the
ratio between inertial and viscous forces in a moving fluid and the Weber number, we
commutate on the ratio of the inertia to the surface tension. These dimensionless numbers
are defined by:

Re _ pugd
o

and We (10)

_ pogd
n
where d is a length parameter—typically, the diameter of the jet, nozzle, or drop and v,
is the droplet velocity. In this research, the nozzle diameter will be used for calculating
Re and We numbers. ¢ is the surface tension coefficient. The influence of velocity in these
two dimensionless numbers can be removed by forming a further number, the Ohnesorge
number O defined by:
O L T an
Re Vopd
The value of the Ohnesorge number Oh, which reflects only on the physical properties
of the liquid and the size scale of the jet or drop, is independent of the driving conditions
(which control the velocity). Oh turns out to be closely related to the behavior of a jet
emerging from a nozzle and, thus, to the conditions in DOD printing, Derby [43,44]. If the
Ohnesorge number is too high (Oh > 1.0), then viscous forces will prevent the separation
of a drop, while if it is too low (Oh < 0.1), the jet will form a large number of satellite
droplets. Satisfactory performance of a fluid in DOD inkjet printing requires an appropriate
combination of physical properties, which will also depend on the droplet size and velocity
(through the value of the Reynolds or Weber number).
Some authors use the symbol Z as inversed of the Ohnesorge number, Hoath [3]:

1
Z= o (12)
Ink printability is considered to be appropriate for ink jet printing if Z in its original
definition is between 1-10. Today’s research shows that this range can be adjusted and
there are variations possible as higher numbers than 10 can also show good printing
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characteristics. In this sense, several exceptions were found and reported to the initial
range suggested by Derby [43,44].
Ink parameters of the different inks considered in this investigation were aligned with

those of ink manufacturers and are assignable to the good printability range (Magdassi [45]).

Considered digital ink parameters in this investigation as well as those of air are shown in
Table 1.

Table 1. Physical parameters of ink and air used in modeling the inkjet nozzle.

Substance p, kg/m? u, mN-s/m? o, mN/m Oh Z

Air 1225 1.789-1072 - - -
Ink Ist 1050 7 72 0.16 6.09
Ink 2nd 1080 10 72 023 4.32
Ink 3rd 1110 14 72 032 3.13

Because of nozzle symmetry, an axisymmetric 2D model is used to simplify the

calculations performed here. The true 3D inkjet nozzle geometry is shown in Figure 2.

Thereby, the distance from the nozzle outlet to the substrate is 1 mm.

Nozzle inlet
0.2 mm
I ORR—
0.1 mm
0.1 mm
 0.03 mm
- =
0.024 mm

Nozzle outlet

Figure 2. Geometric parameters of the inkjet nozzle.

Initially, the space between the inlet and the nozzle outlet is filled with ink. Then, ink
is ejected through the nozzle during a period of 2.0 ps and it is consequently forced to flow
out of the nozzle. When the ejection stops, a droplet volume still grows for a while and
snaps off the nozzle. After that, the droplet is changing form and continues to travel until
it hits the target. During this process, gravity g is considered, having a value 9.8066 m/s%.

To control the droplet size and velocity during the ejection, a rectangular function is
applied (Figure 3) for the inlet velocity that forces a pressure increase inside the modeled
nozzle. It helps to set the length of the pulse and the value of the maximum nozzle inlet
fluid velocity magnitude (maximum value 0.2 m/s which is a realistic value to increase
pressure in the inkjet nozzle for inkjet printing). Both parameters can affect the resulting
velocity of the ejected droplet, but the magnitude (depends on the time of the droplet
formation) has a larger influence on the droplet velocity.
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Figure 3. Rectangle function of the increasing pressure in the nozzle.

4. Obtained Results

The droplet status considered at different instances in time will help to demonstrate
the change of parameters of an ejected droplet which are represented by the considered
points from A through F (Table 2; Figures 1 and 2). Here, Dj.max determinates the droplet
max diameter in the horizontal direction, while Dy, determinates the droplet height in
vertical direction. These basic points help to define the droplet status over time t.

Table 2. Parameters of the considered inks at different points in time.

Ink, Inky Inks;
t 24 Damax  Dn t vi  Damax Dn t vg  Damax  Dn
us ms pm um  us ms pm um us ms pm pm

2 138 26.3 9.2 2 13.8 25.8 9.7 2 13.8 235 9.9
11 851 204 1109 13 788 202 153 14 728 200 1187
26 705 233 262 32 677 249 263 39 593 24.0 26.6
143 448 22 217 150 428 222 218 169  3.60 219 22.0
149 0.18 477 43 161 0.2 428 72 183 0.05 375 11.6
174 0 36.0 116 172 0 36.1 121 181 0 36.3 11:9;

mTmoN® >

While analyzing the different ink parameters, firstly were calculated Reynolds, Weber,
Ohnesorge, and Z numbers. Inks droplet parameter space with axes showing the Reynolds
and Weber numbers are shown in Figure 4. Based on these numbers, all inks are suitable
for inkjet printing, according to Derby [43,44] and Hoath [3]. But we can see some clear
differences in droplet behavior, see Table 2.

Droplet propagation parameters were obtained by COMSOL software. The related
graphics can help to understand the behavior and properties of the droplet during ejection,
progression in air, and surface interaction, whereby no wettability is considered. Droplet
velocity after ejection is not bigger than 10 m/s and compared to Wijshoff [46,47] varies
uniformly. Firstly, the droplet velocity during ejection, during the flight, and during impact
is outlined in Figure 5.

At point A, the droplets of the different inks reach the same maximum velocity at the
maximum pressure in the nozzle chamber leading to the ejection of the droplet. The B point
corresponds to the droplet thread pulled off from the printhead nozzle—here, different
inks have different starting velocities for droplet formation—to assuming spherical form
at point C where velocities do not change much.
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Figure 4. Representation of the Reynolds and Weber numbers, showing the ink properties.

Droplet velocity (m/s)

Figure 5. Representation of the droplets (Inky, Ink, Ink3) velocity turnover. Velocity versus time.

Point D represents the beginning of the droplet interaction with the surface, the
different inks reach various velocities before impact with the surface. At point E, the
spreading moment, inks with bigger density and viscosity take final sphere form faster and
do not oscillate much. Lower density and viscosity inks rebound more, which is possible
to observe by the increasing velocity after the impact. Ink; does not rebound and deposits
least. Final point F represent the droplet in final-stable form which is reached at different
times after the ejection: F;-174 ps (from D; to F;-25 ps.), F»-172 us (from D to F>-14 us),
F3-181 ps (from Dj to F3-2 us). Droplets from Ink; are not so viscous and after the impact,
they rebound a few times up and down. That is why these inks reach stable phase later than
Inks. Ink3 does not oscillate and takes final form very fast after the impact with the surface.

In addition, we can address differences in the droplet forming parameters depending
on time (Figure 6). Here, in Figure 6, Dy max (Table 2) is the maximum droplet diameter
(horizontal cross section); Dy, (Table 2) is droplet height (vertical cross section).
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Figure 6. Representation of the droplet size of Ink;, Ink,, Ink; versus time.

If we compare the jets of the different inks regarding length and maximum diameter
(horizontal cross section), few main differences can be noticed. Ink; with lowest density
and viscosity parameters has the smallest jet length and reveals the biggest oscillations. The
droplet maximum spreading diameters is Ey = 47.7 um. The droplet sphere diameter during
flight is ~22 um. The minimum spreading diameter has Ink; which does not oscillate at all.
The latter depends on droplet density and viscosity parameters—the droplet takes its final
form then it touches the substrate.

It is important to know all these parameters if, for example, the use of UV curable inks
is intended. Furthermore, after the droplet is generated, it is important to know the time
period when the droplet reaches its final state on the surface. If we collate inks in this type
of view, Ink; reveals the best suitable result. Droplet from Ink; does not oscillate much and
has the smallest time period to reach a stable form on the surface. Droplets from Ink; reach
the surface faster but, in case of too low viscosity and density parameters, oscillate more
strongly before they take their final form on the surface. For UV curable inks, it is very
important to undergo this step in the stable phase of the droplet.

In the next graph (Figure 7), droplet mass change is demonstrated.
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Figure 7. Representation of the mass of the droplets (Ink;, Ink;, Ink3) versus time.

Droplet mass is integrated over the computational domain. At point A, the droplet
reaches its maximum velocity and the droplet mass starts to increase during the first period
till it reaches point B. At point B, the droplet thread is pulled off from the printing nozzle
and mass is fully given. Droplets of different inks increase very similarly (Ink; fully formed
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at 11 ps, Inks-13 ps, Ink3-14 ps). When the liquid droplet is ejected, it needs a certain time
and distance to reach the full spherical form and during the impact, it will lose its spherical
shape and take final form on the surface. All these depend on the ejecting parameters,
droplet velocity, nozzle configurations, and liquid characteristics. In order to examine the
differences between ink droplets, their mass can be addressed, which are: Ink; droplet
g =14.4-10712 kg, Ink, droplet n; = 14.8-10~'2 kg, Ink; droplet m; = 15.2-10~'2 kg. From
this graphic, we can see that droplet mass stays fixed after point B when the droplet thread
is pulled off.
In the next graphic (Figure 8), droplet volume formation is demonstrated.
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Figure 8. Representation of the volume versus time of droplets of Ink;, Inky, and Ink3.

Droplets reach their final volume at the same instance as already obtained for the
mass. Inks with highest density and viscosity reach the largest volume: Ink; droplet
V3 = 4.3491 pL, Ink; droplet V,; = 4.3493 pL, and Ink3 droplet V; = 4.3495 pL.

5. Discussion

The considered initial physical parameters, presented in Table 1, are the physical
parameters of ink and air used in modeling the inkjet nozzle. These data allowed the
replication of the physical behavior of the droplet. In addition, there are known guidelines
within which the printing process can be performed. Droplet formation limits were evalu-
ated and selected in the numerical investigation. Comparing to Dijksman [48], the droplet
formation (point A) has similar manner, here velocity is increasing, until the droplet starts
to separate from the nozzle (point B). Various formed droplet structures can be expected
(Zhong et al. [17]). Physical experiments show that this is the case when a droplet is moving
with high speed (up to 20 m/s), while having a speed variance with a large span from
0 to 19.414 m/s, Zhong et al. [17]. In our simulation, we had a lower speed variance up
to 14 m/s and satellites were not observed. Our droplet therefore could be classified as
a single droplet (Class 1, Zhong et al. [17]). But until it is formed, it changes its shape as
well, which can be represented easily by applying COMSOL Multiphysics which allows
modeling the change in speed, volume, and mass of the droplet.

The main aim of this research is to find the best modeling method for further investiga-
tions of different printing nozzle parameters, for printable fluid development and droplet
ejection impulse parameters. This research should help to investigate printing technologies
for broadening the new horizons of printing processes modeling. This work may be useful
for further research to discover the best print head settings for printing with different
inks or other chemical or biological fluids. It is important to mention that the work is
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focused on further research by modernizing the printing inks and print head parameters
as well as the droplet printing parameters. [t is important to note that inks that may now
be unsuitable for printing can adapt perfectly if the shape of the print head shape and the
pulse of irritation are properly selected.

In addition to the basics of known experiments, data were sufficient to perform a
numerical experiment. In the future, by introducing more parameters and deepening into
the droplet behavior, a physical experiment may be necessary. As a first step in revealing
the fundamental properties of the droplet shape, moving to different forms, different units
of time are sufficient for characterization. The numerical fulfilment itself is also important,
as an implementation study with COMSOL. Such study will be useful for scientists who
would like to carry out/to repeat and improve this study as well. By using COMSOL, the
numerical modeling of the motion of inkjet droplets has been achieved. Using the software,
the length of the drop thread, the moment when the drop is pulled out of the thread, when
the droplet forms a spherical shape, droplet mass, droplet volume, droplet conditions
on impact, and the final state of the droplet was found. In addition, it is now possible
to configure different nozzle parameters, different ejection pressures, and test different
inks. In addition, future investigations will be dedicated to considering different types of
materials, e.g., [31,49].

6. Conclusions

It is known that during inkjet printing processes, it is important to know how fast the
droplet forms a sphere; which speed it will have before interacting with the surface and
what form it will have in the stable phase. It is also important to predict the interaction of
the droplet with the surface. Technically, all of this has been obtained and implemented in
the COMSOL Multiphysics software in the context of an improved inkjet nozzle application.
Droplet ejection, motion, and impact were analyzed using the COMSOL CFD module.
Numerical experiments were performed on this basis. The presented results on the inkjet
printing process can accurately predict characteristic moments or even issues at an early
state of the ink developing process. By the numerical model, all important key aspects of
the inkjet printing process were assessed. These can directly affect printing quality. Known
effects in physical printing have been observed and presented in a numerical experiment,
such as:

e The droplet reaches its maximum velocity at the ejection moment when the pressure
inside the nozzle is at the highest level.

e When the thread of the drop is detached from the nozzle, its speed is much lower and
during flight, the speed of the drop decreases further.

e After impact, it is observed, that the drop loses its spherical shape and takes on a
different form on the surface.

After the numerical experiments, it was observed that further research is needed
to analyze the behavior of different inks with categorically different parameter settings,
different ejection settings, different nozzle parameters and droplet impact with different
surface parameters to further improve the printing process.
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Abbreviations

Roman

d the diameter of the nozzle (mm);
Dy maximum droplet diameter (um);

Dy droplet height (1um);

DOD  drop-on-demand;

Fqt surface tension force (N);

Seonst acceleration due to gravity (m/s?);

my droplet mass (kg);

n the unit vector in the normal direction;
Oh dimensionless coefficient;

p pressure (Pa);

r droplet radius (mm);

g gravitational constant (m/s?);

Re dimensionless coefficient;

t time (s);

u fluid velocity (m/s);

vy droplet velocity (m/s);

Vi droplet volume (pL);

We dimensionless coefficient;

Z dimensionless number.

Greek

B maximum spreading factor;

b% parameter which determines the repetition of initiations;
& Dirac delta function;

€ is the representative mesh size in the area passed by the falling droplet;
k- is the curvature;

n is fluid viscosity (m/s);

K dynamic viscosity (N-s/m?);

p density (kg/m?);

o surface tension coefficient (mN/m);

¢ coefficient of level set interface between air and ink.
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Abstract: The aim of this research is to investigate related effect of dyeability to linen textiles related
to different printing p The study in d the change in color characteristics when
printing on linen fabrics with an inkjet MIMAKI Tx400-1800D printer with pigmented TP 250
inks. The dependence of color reproduction on linen fabrics on the number of print head passes,

number of ink layers to be coated, linen fabric density, and different types of linen fabric was
investigated. All this affects the quality of print and its mechanical properties. The change in color
characteristics on different types of linen fabrics was determined experimentally. We determine
at which print settings the most accurate color reproduction can be achieved on different linen
fabrics. The difference between the highest and the lowest possible number of head passages was
investigated. The possibilities of reproducing different linen fabric colors were determined.

Keywords: digital inkjet printing; linen fabrics; pigmented inks; color measurement

1. Introduction

These days, the demand for organic fabrics is growing rapidly. One of these fabrics is
flax, which has been used since ancient times [1]. This natural fiber is back in fashion—with
linen clothes, the body breathes and does not overheat, the skin is not irritated and the
fabric does not become electric. Linen fabrics are extremely durable [2]. It is also necessary
that the technology and inks used for printing also meet the ecological requirements [3].

Over time, many investigations have been performed on textile dyeability, yet there is
still much room for process improvement. Many researchers discuss the various types of
textile dyeing processes and the fabric changes after dyeing processes [4-7]. Additionally,
the newest research of inkjet printing on linen textile were reviewed [3,8-10].

Many studies are related to the investigation of the mechanical properties of tex-
tiles [11-13]). There are many investigations on textile mechanical properties affected by
the water absorption cycles [14,15]. Temperature also has an effect on mechanical properties
on textile fibers [16,17].

One of the possible options is to use a Mimaki printer that is capable of printing with
ecological textile inks, which are not harmful to health, do not cause allergies, and are casy
to clean and dispose of. The main components of the dyes are pigment, binder and water.
As the dyes adhere to the fabric only at high temperatures, they are suitable to print on
natural fabrics, such as linen and cotton, which do not contain synthetic materials. One of
the main advantages of this printer when printing with textile inks is that it guarantees
an environmentally friendly production method [18]. The print is captured immediately
after printing without the use of any additional chemistry. No toxic fumes or pollutants
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are emitted into the environment, so this method of printing on linen is environmentally
ecofriendly. In addition, no additional water is used during printing and ink fixing.

Linen comes in different colors: natural, bleached or melange. Melange linen has two
different types of threads used to warp and weft directions. In this experiment, the melange
linen has bleached thread in a weft direction and natural linen thread in a warp direction.
Various units are used to refer to the measurement of a fiber; in this research, for measuring
the linear mass density of fibers, tex (g/km) will be used.

Due to the different fabric shades and characteristics, it is more difficult to obtain the
corresponding image color on linen fabrics than, for example, on paper [19]. The customer’s
desire to achieve maximum color matching to the digital standard is limited [20].

When printing, it is very important to choose the most suitable number of ink layers
and the number of passes of the print head, as this will significantly differ the print quality
and print speed. So, it is very important to know the quantitative and qualitative printing
parameters. All this directly affects the company’s economic performance. In the case
of large orders, the change in the print speed will significantly affect the order execution
speed, the number of ink layers, the ink consumption and the mechanical properties of
the print.

The aim of this study was to investigate the change in color characteristics by different
printing settings when printing on linen fabrics with an inkjet MIMAKI Tx400-1800D
printer with pigmented TP 250 inks.

2. Methodology of Investigation

Ten linen fabrics from three different types were selected for the study: bleached,
melange and natural linen [21]. The linen fabric was made of different threads in warp
and weft directions. Warp threads are the yarns held in the loom during the weaving of
the fabric and weft threads are the yarn that is passed through the weft yarns during the
weaving of the fabric. The fabrics of each type differ in color, fabric density grammage,
thickness and density of the threads (Table 1).

To determine the change in color characteristics of the prints on the linen fabrics,
depending on the fabric structure and color, in different printing modes, the generated
Barbieri Rasterlink color reproduction scales were printed on all fabrics (Figure 1).

Figure 1. Printed Color scale for testing [22].

The Mimaki TX400-1800D printing machine (Mimaki, Tomi-city, Nagano, Japan) has
Ricoh GEN4 12 printheads. It can print 7-35 pL, depending on the ink characteristics;
suitable ink viscosity should be 10-12 mPa-s. The printhead printing width is 32.4 mm.
The number of nozzles is 384 (2 x 192 channels) and the nozzle spacing (within a row) is
0.1693 mm/row. This printhead is suitable to print with different inks, such as UV, solvent,
Aqueous, pigment and other.

Textile pigment TP 250 dyes (cyan, magenta, yellow, black, light cyan, light magenta,
orange, blue) were used for the experiments. Mimaki textile pigment dyes contain a binder
and a binding agent. The colors fix to the fibers by heating the textile to 180 °C. Printed
fabrics do not lose their breathability and water absorbability.
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Investigated: cyan-C, magenta-M, yellow-Y, red-R, green-G, blue-B, black-K, CMY color
reproduction only at 100% color tone coverage. The Mimaki TX400 8c Tp250 Liverpool v1
profile provided by the printer manufacturer was used for the research.

After the printing dyes were cured with 180 °C temperature in a roll-to-roll heating
machine, measurements of color characteristics were performed with a BARBIERI Spec-
troPad spectrophotometer [22]. All textile color measurements were made according to BS
EN ISO 105-J01:2000 standards 24 h after the textile finally cools down after printing [23].

Table 1. Linen fabrics selected for investigation.

Types of Sample Grams per Square Thickness of Thread (tex) Threads g-ty per 10 cm
No.  yinenFabric  Article Metre (g/m?) Warp Weft Warp Weft
1 Bleached OBR 840 140 38 38 199 150
2 Bleached OBR 0114 170 2 42 193 194
3 Bleached OBR 491 190 56 56 176 142
4 Bleached OBR 1542 245 87 87 156 118
5 Melange OBR 052 150 38 38 199 182
6 Melange OBR 831 190 56 56 176 142
7 Melange OBR 482 280 110 110 142 102
8 Natural OBR 166 125 30 30 226 174
9 Natural OBR 051 150 38 38 199 184
10 Natural OBR 1041 240 83 83 160 112

To change the characteristics of colors CIE L*a*b* values, and to determine the differ-
ence in color reproduction, AE as the digital values of CMYKRGB color L*a*b* were taken
as reference in Table 2.

Table 2. Digital reference values of CMYKRGB colors L*a*b*.

Color L* a* b*
{2} 62 4“4 50
M 52 81 7
Y 95 6 95
R 52 74 54
G 57 -74 30
B 25 25 —85;
K 12 2 0

MY 23 1 -2

The color difference is calculated according to the following equation:

_
AE = \/(AL*)? + (8a%)? + (Ab*)? (1)

where L*is lightness value (0 for black and 100 for white); a*—position between red and
green value (negative-green, positive-red); b*—position between blue and yellow value
(negative-blue, positive-yellow) [24], Figure 2.
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Figure 2. CIE L*a*b* color system.
Difference in AL*, Aa* and Ab* was calculated using the following equation:
x / 02
AL = /(L5 - 13) @
* % 432
Aa* = \f(a; —a3) 3)
Ab* = /(b5 — b3)° @

where, depending on the comparison, L], aj, b represents primary fabric value and
L3, a3, by represents the second coat of dyes or dyed fabric value.
Mean value was calculated by using the following equation [25]:

Standard deviations were determined using the following equation [25]:

B

Standard error of the mean was calculated using the following equation [25]:

)

The description of the differences of the AE value is presented in Table 3.

Table 3. AE values and their corresponding color differences [26].

AE Meaning

0-1 Normally invisible difference

1-2 Very small difference, only obvious to trained eye
2-35 Medium difference, also obvious to untrained eye
3.5-5 Obvious difference

>5 Very obvious difference

3. Results of Research on Color Properties

The shades of linen fabrics are very different (Figure 3). This has a fairly significant
effect on the reproduction of the print colors by coating the fabric with different colors of
paint. Linen textile woven fabric structure is illustrated in Figure 4. Therefore, it is worth
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comparing how the shade of linen differs from the reference white (L* = 100, a* = 0, b* = 0)
color (Figure 5).

Figure 3. Linen fabrics selected for investigation.
Warp

Weft=> l

Figure 4. Woven fabric structure characteristics.

OBR 051

Figure 5. Color difference AE of linen fabric surface without print with the reference white color.

Comparing the color characteristics of linen fabrics with the reference white color,
certain regularities were found (Figure 5). The lowest AE values are obtained by comparing
bleached linen fabrics and the highest are obtained by comparing natural linen fabrics.
The shade of linen fabric surfaces has a significant effect on the reproduction of print colors.

Bleached linen OBR 840 was selected to determine the change in color characteristics
depending on the number of paint layers and the number of passages. 1 to 5 layers of
paint coating were printed on this fabric in different 4 and 16 pass modes. From the three
possible pass modes (4, 8, and 16), the minimum and maximum numbers of passes were
deliberately chosen for better difference detection. The results of color reproduction are
presented in Figures 6 and 7.
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Figure 6. Different colors changes of AE value depending on dye layers when printing in 4 passes.
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Figure 7. Different colors changes of AE value depending on dye layers when printing in 16 passes.

There is a significant difference between layers 1 and 5 (from 3% to 55%), while there
is a relatively small difference between layers 3 and 4 (<5%), and between layers 4 and
5 (<4%).

Comparing the 4 and 16 pass print modes, the same patterns of AE color characteristic
changes remain. Comparing the difference in color reproduction from the number of
passages, it was observed that the color difference is insignificant (AE < 3), except for the
green color.

When printing in the selected four-pass printing mode, it was analyzed and found
to have the greatest influence on the change in color characteristics of AE. The change in
L*a*b* values at different paint layers is shown in Figures 8-10.

It was observed that the value of lightness (L*) changes the most in the overall color
(Figure 8). It was found that, by changing the number of layers of ink to be coated, the cyan
color lightness changes the most, changing from 48.99 for one-layer printing to 68.29 for
five-layer printing; the brightness of green color lightness also differs quite strongly; the
color darkens by as much as 26.5% when printed with five layers compared to one layer.
Yellow is the least sensitive to the change in the number of paint layers (change is 6%).
The most sensitive to the change in the number of paint layers are cyan (28% change)
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and green (26% change). Comparing the change in brightness of all the colors lightness
analyzed in the diagram, it is clear that it changes the most when printing with two and
three layers of ink, while when printing with an additional four and five layers, the change
in lightness is insignificant (average change, 2-4%, respectively). It can also be seen that
the differences in blue, black and CMY colors between layers 2, 3, 4 and 5 are very slight,
and the difference between magenta, red and green is very small between layers 3, 4, 5.

It was observed that the values of a * have practically no effect on determining the
color difference of AE (Figure 9). The difference between the first and fifth coats of paint is
<3, less than 5%.

When analyzing the b* values (Figure 10), it was observed that the yellow color value
changes the most: the difference between the first layer was 50.60, and for the five layers it
was 76.84, 34%. This may have been influenced by the color of the fabric, as the coating of
one coat of paint is not sufficient to represent the color. Other values are almost the same;
the difference between one and five coats of paint does not exceed 3.

90 T
85 —&—1layer | |
2 —o—2 layer
80
3 layer
75 4 layer
70 —#—5 layer [
65 .\
60 K 3
*
S ss h
[ R~

50 s ¥
45 — e - -\/
40 AN

35
30

4
0\

C M Y R G B K cmy

Figure 8. Different colors changes of AL* value depending on ink layer when printing in 4 passes.
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- d , ]
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-40 L
(e M Y R G B K cmy
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Figure 9. Different colors changes of Aa* value depending on ink layer when printing in 4 passes.
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Figure 10. Different colors changes of Ab* depending on ink layer when printing in 4 passes.

Therefore, it can be concluded that most of the AE color difference is due to lightness
(L¥). Ttalso shows that the difference between paint layers 3, 4 and 5 is not very significant
and practically invisible. This again shows that printing with more than three coats of
toner is not relevant.

The change in color characteristics of prints on linen fabrics with four passes and
coating with two coats of dye was further analyzed. This is the most commonly used print
setting, at which the printer reproduces colors well and prints fast enough.

All three different types (bleached, melange, natural) of linen fabrics compared to two
coats of paint are compared. The results of the study are presented in Figures 11-13.

In the study of the application of the two dye layers on bleached fabrics (Figure 11),
it was observed that the thickest OBR 1542 fabric has the smallest change in AE color char-
acteristics. It was also observed that the thinnest linen OBR 840 reproduces red, green, blue,
black and brown. Additionally, when printing with two coatings, the color reproduction is
very good on OBR 0114, and the change in color characteristics is very similar to OBR 1542.
The color characteristics AE values were found to be very similar for all bleached fabrics;
the difference between them is not large (<4).

45
—#—0BR 840
40 f - | ——0BR 0114
/\\ ;\\ —4—OBR 491
35 ~OBR 1542 [
30 -
w 25 N

S A
- N

10 +

Colors

Figure 11. Different colors changes of AE on bleached linen fabrics when printing in 4 passes with
2 ink layers.
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Figure 12. Different colors changes of AE on melange linen fabrics when printing in 4 passes with
2 ink layers.
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Figure 13. Different colors changes of AE on natural linen fabrics when printing in 4 passes with
2 ink layers.

When studying the reproduction of color characteristics on melange fabrics (Figure 12)
in the presence of two layers of paint, it was observed that the colors are best reproduced
on the thickest linen fabric OBR 482. Slightly worse colors are reproduced on the thinnest
OBR 052 fabric. The color difference between different tissues is not large (<4). The color
yellow is reproduced practically equally on all fabrics.

In the study of color reproduction on natural fabrics in the presence of two coats of
paint (Figure 13), much larger changes in color characteristics were observed between
different fabrics. The largest difference was observed in yellow. It was also observed that
the colors are much better reproduced on the OBR 051 fabric, slightly worse on the OBR
166 fabric, and the largest difference was obtained on the thickest linen fabric of the OBR
1041, except for the dark colors.

Figure 14 shows the ranges of reproducible print colors on different linen fabrics in
the a* and b* plane without evaluating the color lightness L*.
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Figure 14. Color reproduction on different linen fabric in #*b* when printing in 4 passes with 2 ink layers.

The range of digital reference colors (black line) show that it is possible to reach the
limits of maximum rich colors and the range of colors is reproduced in the print on paper
(white line). Limited color saturation reproduction on all types of linen fabrics is clearly
visible. The most affected are cyan and blue (B) color saturation. Color reproduction in
prints on bleached linen fabrics is closest to color reproduction on paper. There is a very
limited reproduction of color saturation in prints on natural linen fabrics. This is due to the
fact that the fabrics of natural linen are quite dark, and the color of the dye is “suppressed”.

Other studies on inkjet printing can also be acknowledged. There are many different ar-
ticles with experiments measuring textile color using digital inkjet printing technology [27].
Textile digital inkjet printing allows for better quality control, faster prepress, reduction in
the use of material and better repeatable color prints on textile substrates [27]. Experiments
with a digital inkjet printer on different pretreated textiles were also performed here to
find the best method of pretreatment. It was emphasized that simulated colors should be
compared with original colors under daylight illuminance. To obtain more accurate results,
we took into account this assumption. As well as this, a dye’s physical properties have
a very important effect on the print quality [28]. Here, the inkjet printing of cotton with
natural dyes with different physical and rheological properties (pH, conductivity, surface
tension, and viscosity) of the inks was investigated. Parameters were measured over a
period of 90 days for the evaluation of ink stability and suitability for the digital inkjet
printing. We took this into account for the evaluation of ink stability and suitability.

It could also be mentioned that, in our work, textile pretreatment before printing and
different dyes characteristics are investigated. We looked at the research from a different
angle, and our work is focused on the investigation of different printer parameters (number
of printing drops and the thickness of the ink layer) to affect color reproduction on different
natural linen textiles.

4. Conclusions

1. Color reproduction when printing both 4 and 16 passes is very similar. The difference
between the values of AE of the change in color characteristics between the different
passages does not exceed 3;
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2. The number of applied paint layers has the greatest influence on the change in
lightness (L*);

3. The best color reproduction is achieved with two coats of dye;

4. When printing with 1 layer of ink, the color reproduction is the worst;

5.  Printing in different passes setting does not increase color reproduction, but printing
in a smaller passes number increases printing speed a lot;

6.  Atlayers 4-5 of paint, the change of color characteristic AE increases and colors are
reproduced less effectively than at dye layers 2-3;

7. Inprints on bleached linen fabrics, the colors are best reproduced on the thickest linen
fabric and the worst on the thinnest;

8. On melange linen fabrics, the worst colors are reproduced on the thinnest linen fabric
and the color change in its surface without printing is the largest;

9.  In the study of natural and melange linen fabrics, the color change in the surface
without pressure has a significant influence on color reproduction.
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Abstract: This study examines the effect of energetic surface treatment on the adhesion strength
of high-density polyethylene (HDPE), polypropylene (PP) and polyethylene terephthalate (PET)
substrates. The purpose of this work is to determine the surface wettability of polymers suitable
for food contact. These plastics have been treated with various pre-treatment methods to improve
surface tension and good adhesion for inkjet printing and avoid any visual changes. It is important
to determine the adhesion of the ink to the polymer surface to improve post-consumer recycling.
Digital inks have been tested on various treated plastics to analyse coating properties and adhesion
forces in accordance with DIN SO 2409 standards. The impact of the inkjet droplet on the treated
and non-treated surface was also investigated using the COMSOL computer simulation software.

Keywords: drop-on-demand inkjet; surface energy; droplet; measurement of droplet contact angle

1. Introduction

The growth of the inkjet printing market poses many different challenges. Printing
on various polymers can cause adhesion problems due to their low surface energy and
adhesion strength. To solve these issues, there are many treatments available to improve
surface energy and enhance adhesion. They can all be divided into three main types:
mechanical treatment, affecting mainly the surface topography (e.g., grit blasting, peel ply);
chemical treatment using chemicals (e.g., solvent cleaning, primers, ultrasonic cleaning);
and energetic treatments aimed primarily at surface free energy (e.g., plasma, corona, flame,
UV /ozone), according to Petrie and Edward [1].

It was observed that UV/ozone, corona discharge and low-pressure plasma treat-
ment methods did not significantly change the surface roughness of many polymers,
Qosterom et al. [2]. Tt is very important to preserve the previous view of the surface for
printing on them. A solid surface is defined as a material that is rigid and resistant to stress.
In inkjet printing, the roughness of the substrate significantly affects the diameter of the
printed droplets, according to Novakovi¢ et al. [3]. The influence of the surface roughness
factor impact was considered by Lim et al. [4]. A solid surface can be characterized by its
surface free energy and surface roughness which affect the adhesion strength.

One of the main surfaces treatment methods for polymers is an economically afford-
able flame. Changes caused by the surface of the polypropylene homopolymer after flame
treatment were investigated by Sutherland et al. [5]. Adhesion between flame treated
polypropylene and paint film was assessed using a composite butt test and the measured
bond strength was found to be much higher than that obtained by solvent wiping or chlori-
nated polyolefin primers. The most important flame treatment properties can be profitably
used to improve the wettability and adhesion properties of polyolefin surfaces without

. Sci. 2021, 11, 11465, https:/ /doi.org/10.3390/app112311463
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altering the optical internal parts of the surface, Farris et al. [6]. Brewis and Briggs observed
the adhesion of polyethylene and polypropylene [7]. They observed that these polymers
with poor adhesive properties have a complex subject that requires an understanding
of the excellent performance after some pre-treatment and the changes that result from
this pre-treatment. Another example is atmospheric plasma treatment, which is relatively
inexpensive and easier to integrate and operate on production lines. Plasma is produced
by excitation of gas with electrical energy to make it highly reactive. This method is very
effective in activating polymeric surfaces, Hegemann et al. [8], Sandanuwan et al. [9]. The
cffect of the treatment can last from 48 h to 7 days, as stated by Sundriyal et al. [10]. At-
mospheric plasma treatment improved adhesion strength in different ways. The results
show that in order to fully understand the mechanism of activation of this atmospheric
pressure plasma flow system, it is necessary to take into account not only the reactions of
the plasma surface, but also the post-plasma processes with the ambient gas atmosphere,
see Lommatzsch et al. [11] and Sundriyal et al. [12]. A vacuum plasma system with dif-
ferent frequency power was investigated to modify polyimide substrates to improve the
surface treatment efficiency with respect to adhesive strength, Lee etal. [13].

Previous studies have shown that various pre-treatment methods have improved the
adhesion strength of polyethylene (PE), polyethylene terephthalate (PET), polypropylene
(PP), and high-density polyethylene (HDPE). In this work, research is related to increasing
surface energy for inkjet printing. However, the effectiveness of the presented experi-
ment still depends on the properties of materials, time, ink parameters, processing, and
research conditions.

2. Problem Formulation

There are many studies available that focus on surface preparation, treatments, and
other parameters modifications. In this study, we will analyse the adhesion problems of ink
printing on different types of polymers. Energy treatment methods such as corona discharge,
plasma discharge or gas flame treatment at atmospheric pressure were also reviewed.

These surface treatments remove organic contaminants, trigger oxidation processes,
and increase the polarity and wettability of polymeric surfaces to increase adhesion to
printing inks, Ebnesajjad and Ebnesajjad [14]. Here, a plasma is created by exciting a gas
with electrical energy to make it highly reactive. The quality of inkjet printing mainly
depends on the control of the printheads, the behaviour of the droplets in flight and the
distribution of droplets on the target surface, as well as its wettability, Liu [15].

Inkjet printing technology is applied to the fabrication of thick electro-adhesive de-
vices with a main polyimide dielectric layer, Berdozzi et al. [16]. Inkjet printing is becoming
one of the most efficient, inexpensive, and flexible techniques to fabricate thin-film devices
for flexible electronics applications, such as micro-supercapacitors, Sundriyal et al. [17,18].
Mention may be made of the study of polymers in inkjet printing from various perspec-
tives. The advantage of inkjet printing in achieving transverse conductivity in Poly(3,4-
cthylenedioxythiophene)/Poly(styrenesulfonate) (PEDOT/PSS) compared to spin coating
is given by Wilson et al. [19]. It was observed (Wilson et al. [20]) that both in-plane con-
ductivity and contact resistance increased with the concentration of dimethyl sulfoxide
(DMSOQ) in the printing ink. It has been demonstrated that inkjet printed thin films offer
comparable and even better surface and electrical properties to layers deposited by the
more commonly used spin coating technique, Wilson et al. [21].

In the analysis of different polymers, surface treatment for ink counting is very impor-
tant to improve the sufficient surface adhesion strength. It should be noted that polymers
generally have a very low surface energy (20-22 mN/m). For various printing methods, it
is necessary to achieve a stable surface energy of 45 mN/m to 71 mN/m on the surface,
Eckert [22]. A typical method for measuring the static and dynamic surface tension of inks,
as well as the properties of the substrate surface, is the analysis of the contact (wetting)
angle of droplet.
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To test the adhesion of the printed layer, it is best to use ASTM D3359 standard
Cross-Cut test methods [23] to measure the adhesion using tape. The printed substrate
samples are scratched with a special cutting tool and a special certified tape is used. These
test methods cover procedures for evaluating the adhesion of coating films to metallic
substrates by applying and removing pressure-sensitive tape on cuts made in the film.
Numerical simulations with COMSOL can help you see the shape of the droplets on a
variety of treated and non-treated surfaces.

There are many problems with inkjet droplet adhesion with HDPE, PP and PET
polymers. These polymers have very low surface free energy values, so it is important
to increase this to an acceptable level for coating. It is important to keep the visual
characteristics of the surface and the acceptability of food contact. This study is designed
to analyse various surface treatment methods for inkjet printing.

The aim of the research is to analyse different polymer surface treatments and their
influence on surfaces, investigate how surface energy and surface tension are measured
and describe how the surface of the polymers must be treated to ensure that ink is properly
fixed. The focus of the study is to demonstrate the differences in the interaction of inkjet
droplets with the surface.

3. Methodology

The terms of surface energy (SE) and surface tension (ST) correspond physically. The
SE is commonly used to describe energy for solid surfaces and ST for liquid surfaces. ST is
defined as the work required to increase the surface area isothermally and reversibly by a
unit amount, Ebnesajjad and Ebnesajjad [14]. However, the ST of solids is also incorrectly
indicated. SE uses the unit of energy per area in mJ/m? (millijoule per square meter), with
the equivalent unit mN/m (millinewton per meter) commonly used for ST, Ebnesajjad and
Ebnesajjad [14]. The formula symbol is & (less often v), which, respectively, represents the
tension at the solid /air, liquid /air, and solid/liquid interfaces.

There are various ways to analyse surface energy: Wu'’s equation, Owens-Wendt, Van
Oss-Good-Chaudhury equation, Lifshitz-van der Waals and Lewis acid-base, Girifalco [24].
As a first step, we use Young’s equation, which is the standard for simulation in COMSOL:

05 = 0y + 0p-cos6 (1)

Here, o, is the surface free energy of a solid, oy is the surface free energy of a liquid,
gy is the interfacial free energy between a solid and a liquid, € is the contact angle of a
solid and a liquid. The following illustration (Figure 1) shows the droplet height /1, droplet
diameter d, and the contact (wetting) angle resulting from the equilibrium of forces during
solid wetting according to Young’s Equation (1) in the stable phase:

Gas phase

Liquid

Soid | |

Figure 1. A drop on a surface with an indication of the contact angle and surface tension for three
media, respectively (according to Kinlokh [25]).

In a simple system such as that shown in Figure 1, the adhesion strength can be
calculated through the work of adhesion W, Dupré [26]:

Wy = 05+ 0] — 0y 2
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The interaction of the droplet with the surface was simulated using the COMSOL
Multiphysics software [27]. The droplet height and base were taken from the programming
results, and the contact angle was obtained from Bonadiman et al. [28]:

0 =2tan"! (27”) 3)

where /1 is the droplet height, d is the droplet diameter, and 8 is the contact (wetting) angle.

Estimation of the surface energy of a solid by the contact angle (Good and Girifalco [29])

¥s — Vs
"

cost) = (4)

For displaying the interface and transferring ink in air on a smooth surface, we
considered the Level Set method. Typically, inkjet ink is a Newtonian fluid that does not
change viscosity when force is applied. The interface between the inkjet droplet and another
substance is described by ¢, where ¢ = 1 represents ink and ¢ = 0 is another substance. At
the interface conversion level, ¢ varies from 0 to 1. The conversion layer goes along with
the jet droplet velocity u during interaction. The following COMSOL Equation (5) describes
the convection of a reinitialized level set function, taking into account the interface between
the two phases, ink and air:

%+u.v¢+y[(v(¢<1-¢>%)) —rV‘W] = ©)
where ¢ is the thickness of the transition layer, and it can be defined as ¢ = hc/2 (hc is the
representative mesh size in the area passed by the falling droplet in the simulation, set to
hc = 2.5 um). y is the amount of reinitialization or stabilization of the level set function and
the current simulation is set toy = 10 m/s.

Density and dynamic viscosity depend on the interfacial coefficient ¢:

p=pi+(p2—p1)d (6)

where, p;, p, denote air and ink density, respectively. For numerical simulation, the
dynamic viscosity (shear viscosity) u describes the relationship between the shear rate and
shear stresses in a fluid:

=+ (2 = pp)é @)

here y, p, are the viscosity of air and ink, respectively. The movement of ink, including the
conservation of mass, can be described (Sohr [30]):

(Vu) =0, ®)

p(% +u-Vu - g) V-(u(Vu + VuT)) + Vp =Fst )

here Fg; is the surface tension force, p is the pressure, p is the density,  is the dynamic
viscosity, and u is the droplet velocity. The force can be calculated taking into account the
surface tension coefficient and the curvature of the interface.

Fit = odkn, (10)

where o is the surface tension coefficient, which varies depending on the curve, and § is
the Dirac delta function, which is nonzero only at the liquid interface, and n is the unit
vector in the normal direction: Vo

" Vel

(11
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The delta function is approximated by the following equation:
5= 66(1 - 0)||Vo| a2

The adaptive mesh refinement functionality for simulation inkjet nozzles in COMSOL
Multiphysics [27] is used to locally refine the mesh around the ink-air interface. For
numerical simulation in COMSOL, the inkjet ink parameters are presented in Table 1.
These are the optimal inkjet ink settings.

Table 1. Inkjet inks parameters.

Substance p kg/m® u mN-s/m2 o mN/m Oh
Ink 1080 10 72 0.23

Here, in Table 1, the additional dimensionless parameter Oh represents the printability
of the ink.

3.1. Characterization of the Surface of Polymers

During a physical experiment, surface energy was investigated using formamide test
inks (Series A) called “Surface Test Inks C28 to C72” from Plasmatreat [31]. These inks
were used to determine the surface energy of plasma-treated and non-treated PP, HDPE,
and PET surfaces. To determine the surface energy of the surface, we start with the lowest
ST ink C28 and move on to the higher C72 test ink, which was quickly applied on the
surface using the integrated bottle brush. If the edges of the brush stroke remained stable
for 2 s, the surface was easily wetted. The surface energy of the substrate is then at least
equal to the value of the test ink. Thus, we gradually approached the values of the surface
energy of the substrates. These test inks were used to determine changes in surface energy.
The experiments were carried out at a room temperature of 230 °C, when the humidity
was 55%.

These polymers have been used in the food industry and have different glossy and
matte surface finishes. It is important to emphasize that on a matte surface, the surface
tension parameters should be higher. These parameters were taken from the mould
manufacturer’s measurement parameters when measuring the surface roughness of the
final product. All samples were taken in black colour, which is more commonly found in
the food industry. Samples are 100% virgin, without any post consumed material. For the
test, we used standard injected plates with different mould surface roughness. The results
of surface measurements are presented in Table 2.

Table 2. Surface characteristics of PP, HDPE, PET materials before treatment.

2 Material Thickness Surface Roughness Surface Tension
Material Manufacturer
(mm) (pm) (mN/m)
1. PP (Matte Surface) MOPLEN HP500N 1 mm 28 32
2. PP (Glossy Surface) MOPLEN HP500N 1mm 0.05 28
3. HDPE (Matte Surface) TIPELIN 3110] 1mm 25 32
4. PET (Glossy surface) NEOPET80 1 mm 0.05 38

3.2. Cross-Cut and Tape Test

The Cross-Cut and Tape test (DIN ISO 2409) are performed direct after printing and
after 24 h. The parts are placed on a conveyor, which transfers them in set steps through
the device (process parameters are summarized in Table 3 below). Generally, the Cross-Cut
quality classification values such as GT0 and GT1 are acceptable results according to DIN
1SO 2409. If the results are lower than the GT2 value, the quality is unacceptable.
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Table 3. Classification of Cross-Cut and tape test (DIN ISO 2409) results.
Classification Value GTo GT1 GT2 GT3 GTa
P 44
Cross-Cut result .
4 k -
Percent area removed % <5% 5-15% 15-35% 35-65%

First, the samples were printed without any pre-treatment. Second, the polymer
surfaces were cleaned with IPA (isopropyl alcohol) and printed immediately after the
surface dried. This shows pretty good adhesion results exactly after printing but lost all the
benefits after 24 h. The third method of treatment was treatment with atmospheric pressure
plasma. It was applied using the RD2005 air plasma system (Figure 2) manufactured by
Plasmatreat [31].

Figure 2. Activation with the RD2005 open air plasma.

The process was carried out in air at an inlet pressure of 4 bar, a flow rate of 51 lpm
and a power of 600 W per nozzle. To minimize these plasma-induced degradation and
aging effects, the treatment speed and the distance between the sample and the nozzle have
been carefully adjusted. Preliminary tests showed that no significant physical changes on
the surface were observed at a distance of 9 mm to the surface and a speed of 5 mm/s.
The samples were printed using a Mimaki UJF-3042 printing machine with LUS120 LED-
UV lamp curing ink. The samples were printed immediately after plasma treatment to
minimize the aging effect (Figure 3). For good adhesion to UV cured ink, the plasma
treatment parameters are selected according to the surface tension.

Figure 3. Inkjet Printing process of the treated/non-treated parts.
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After printing, a Cross-Cut and Tape test (DIN ISO 2409) was performed (Figure 4). It
was made direct after printing and after 24 h.

Figure 4. Cross-Cut tool illustration.

4. Experimental Results and Discussion

The results of the Cross-Cut and Tape test (DIN ISO 2409) are given in Table 4. The
change in free energy of the surface was measured with Plasmatreat test inks. Contact
angles were simulated using the COMSOL Multiphysics simulation program.

Table 4. Experiment results.

Contact Angle Cross-Cut Test Cross-Cut Test Samples
clestiNo: SampleNoy  iSE{mN/m} ©) Direct after Printing after 24 h. Treatment Method
1 32 823 GT1 GT4 =
f 2 28 83.8 GT3 GT4 -
3 32 78.1 GT4 GT4 -
4 38 79.7 GT3 GT4 -
1 32 - GT1 GT4 Cleaned with IPA
5 2 28 - GT2 GT4 Cleaned with TPA
3 32 = GT2 GT4 Cleaned with IPA
4 38 = GT2 GT4 Cleaned with IPA
1 70 52.4 GTO GTO Plasma treated
3 2 58 55.3 GT0 GTO Plasma treated
3 3 72 487 GTO GTO Plasma treated
4 72 49.1 GTO GTO Plasma treated

To better understand the differences in CrossCut testing with a PET sample between
the classification values GT2 and GT4, Figure 5 is shown.

18 mm

18 mm
(a) (b) (c)

Figure 5. Cross-Cut testing of PET material. Comparison of IPA cleaned PET polymer (a) Cross-Cut test direct after printing
(GT2); (b) Cross-Cut test 24 h. after printing (GT4); () Cross-Cut dimensions.

The purpose of the test is to activate the surfaces of different materials to allow
adhesion using UV-ink printing with an inkjet printer. The Cross-Cut test shows which
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material can achieve stable adhesion with a classification value GT0. Excellent adhesion
can result when samples are treated with open-air plasma and printed with UV ink, a
process that gives all samples a long stable GT0 value.

Using COMSOL, the shape of the inkjet droplet (Figure 6) is obtained on non-treated
and treated PET material surfaces.

: 79.7° ; 49.1°

Non-treated Treated
poly(ethylene terephthalate) poly(ethylene terephthalate)
(a) (b)

Figure 6. Droplet shape on non-treated (a) and treated (b) poly (ethylene terephthalate) surfaces.

Using COMSOL (applying Equations (8) and (9)), the change in droplet velocity at
impact on the non-treated and treated surface is illustrated in Figure 7. Here, droplet
oscillations were observed during impact and the obtained velocity were higher on the
surface of the non-treated poly (ethylene terephthalate).

4

Non-treated poly (ethylene
terephthalate) surface

Treated poly (cthylene
terephthalate) surface

Droplet velocity (m/s)
o

1357 91113151719212325272931333537394143454749
Time (us)

Figure 7. The change in inkjet droplet velocity on non-treated and treated poly (ethylene terephtha-
late) surfaces.

It can be noted that different surfaces play a role in achieving different droplet ve-
locities during impact. At the end of the contact process, when the velocity approaches
zero, the droplet takes on its final shape on the surface. It is important to mention that,
depending on various surface parameters, droplets on the surface take on different shapes.
The droplet diameter can be twice as large and cover four times the area if the treated poly
(ethylene terephthalate) surface is considered.

During the impact, the droplet velocity changes and decreases to zero. Before reaching
a stable phase, several processes of oscillation damping occur on the surface, and their
behaviour depends on the properties of the surface. It should be noted that the behaviour
of droplet oscillations upon impact depends not only on the characteristics of the surface,
but also on the properties of the fluid. The results show that on the non-treated surface of
polyethylene terephthalate the level (velocity) of droplet oscillations is twice as high as on
the treated surface. In addition, the droplet on the treated surface takes on its final shape
faster and is more stable during the printing process.
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The change in droplet diameter at impact on a non-treated and treated surface is
illustrated in Figure 8.

65 __ Non-treated poly (ethylene
60 terephthalate) surface
55 _ Treated poly (ethylene
terephthalate) surface
£ 50
=
£ 45
5 40
E
a 35
30
25
20
34567 8910111213141516171819202122232425262728293031323334
Time (us)

Figure 8. The change in inkjet droplet diameter on the non-treated and treated poly (ethylene
terephthalate) surfaces.

After the impact of a droplet on the non-treated surface, the contact diameter increases
to 48 um and after oscillation decreases to a stable shape and size with a diameter of 32 pm.
In the case of a treated surface, the droplet slowly expands to a diameter of 64 um and
remains still. It should be noted that the decrease in the contact area of the droplet on the
non-treated surface of polyethylene terephthalate can be predicted by considering surface
energies as well as interfacial energy.

5. Conclusions

Itis known that in the process of inkjet printing on various polymers, it is important
to know the surface energy of the polymer in order to better understand the adhesion force.
The atmospheric pressure plasma treatment method was examined to reach stable adhesion
to polymers with a GT0 classification value in Cross-Cut tests. By applying numerical
simulations with COMSOL, many variations in droplet impact parameters have been
found on treated and non-treated polymer surfaces, such as changes in droplet velocity
and diameter during impact. The behaviour of oscillations of the droplets during impact
depends on the properties of the fluid, jetting parameters and the characteristics of the
surface energies.

Numerical simulations could help improve print quality and speed and improve the
quality of inkjet inks.

In future studies, this research information can be extended to other materials, com-
bined surface treatments and mixed adhesives. With regard to stricter plastics regulations,
it is very important to explore the possibility of recycling printed polymers to use them
for post-consumer recycling. It has been observed that the adhesion between the ink and
the polymers should be appropriate. In addition, the ranking of applied treatments and
adhesives can be quantified using statistical tools such as the multidimensional scaling
analysis that unveils the most important relationships and conclusions.
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Nomenclature

DOD drop-on-demand;

GT classification value of the Cross-Cut quality;
HDPE  high-density polyethylene;

IPA isopropyl alcohol;

PET polyethylene terephthalate;

PP polypropylenc;

SE surface energy;

ST surface tension;

Roman

d the diameter of the droplet (mm);

Fyt surface tension force (N);

g gravitational constant (m/: 2);

Sconst acceleration due to gravity (m/s2);

n the unit vector in the normal direction;
On dimensionless coefficient that represents the printability of the ink;
P pressure (Pa);

r droplet radius (mm);

t time (s);

u droplet (fluid) velocity (m/s);

W, work of the adhesion (J/m?2);

Greek

B maximum spreading factor;

o parameter which determines the repetition of initiations;

) Dirac delta function;

£ is the representative mesh size in the area passed by the falling droplet;
n is fluid viscosity (m/s);

2] droplet contact angle with surface (°);

k is the curvature;

n dynamic viscosity (N-s/mz);

P density (kg/m®);

[ surface tension coefficient (mN/m);

[ coefficient of level set interface between air and ink.
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Abstract: This article presents a numerical simulation of a printhead model for drop-on-demand
(DoD) inkjet printers. A three-dimensional droplet model is provided for the numerical study of inks,
ejection parameters, droplet movement, and the analysis of droplet impacts on the surface. This work
is devoted to the analysis of different droplet ejection settings during the printing process, when
the behavior of the droplet directly affects the accuracy of the printing process itself. A numerical
model was also developed to investigate the effect of various settings on droplet stability, including
printhead size and nozzle orifice, motion parameters (pulse strength and droplet ejection amplitude)
and fluid properties. The results reflect the behavior of the ink droplet over time. The behavior of the
drop was tested at different waveform ejection parameters and a mass turnover was observed.
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1. Introduction

Nowadays, inkjet printing technology has become more widely adopted by manu-
facturers due to its simplicity and flexibility. There is increasing demand for paper-based
products, including in such areas as T-shirt printing, micmchip production or personalized
production, while meeting increasing quality requirements.

An image analysis study of ink-paper interactions was conducted by Fiadeiro etal. [1].
It is important to identify variations in the interaction of ink and paper, manifested in
the machine and cross directions of the paper (Mendes et al. [2]). The influence of paper
properties on the print quality of an inkjet printer is described by Bandyopadhyay [3].
Skowronski [4] analyzed the complexity of the interaction between ink and paper in inkjet
printing and their influence on the properties of printed paper [4]. The initial coating of the
paper remains important. The interaction between offset ink and coated paper is described
by Strém [5]. Liu and Derby [6] analyzed the droplet formation of inkjet printers using
different printing ink properties and actuation strength (voltage). A physical experiment
was carried out to determine the possibility of ejection of well-shaped drops without the
formation of satellite drops. The influence of voltage parameters on the piezoelectric
ejection process of ink droplets with different rheological properties was investigated and
analyzed by Jiao etal. [7].

The droplet ejection process in inkjet printers is modeled by a single dimension pre-
sented by Jiang and Tan [8]. Droplet stability after ejection was analyzed by Zhong et al. [9].
To control the formation of droplets, Wang and Chiu [10] investigated data-driven models
of droplet formation. To improve the print quality by increasing the dots per inch (DPI)
of the piezoelectric inkjet printhead, the width and length of the nozzle chamber become
smaller. In this situation, the formation of droplets with different waveform times was
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performed by Wei et al. [11]. The printing quality is directly related to the print excitation
parameters (Qiu-min et al. [12]). They mentioned that the piezoelectric (PZT) driving
system is an important part in inkjet printing equipment. The main function is to eject
droplets of an ideal shape and volume at the correct velocity and without satellites to
reach the surface at the intended location. A machine learning approach for predicting the
maximum spreading factor of droplets upon impact on surfaces with various wettability’s
were investigated by Tembely et al. [13]. They found that machine learning algorithms
can more accurately predict the experimental results of the maximum spreading factor.
Increasing the quality of DoD inkjet drops was analyzed by Oktavianty et al. [14]. They
mentioned that it is necessary to establish a flexible waveform design for different fluid
compositions. The influence of excitation on dynamic characteristics of piezoelectric micro-
jets was investigated by Li etal. [15]. They demonstrated that the direct coupling method
proves to be an effective and feasible method to quantitatively simulate the fluid dynamic
characteristics of the micro-jet. An evaluation of the relationship between interdigital
geometry quality and inkjet parameters was analyzed by Bertolucci et al. [16]. They de-
veloped a methodology for assessing the relationships between geometrical quantities
and printing parameters. The effect of ink supply pressure on the piezoelectric inkjet was
investigated by Kim et al. [17]. They mentioned that decreasing the ink supply pressure can
be expected to improve the stability and productivity of inkjet printing. Simulations and
sensitivity analysis of piezoelectric inkjet printheads were provided by Nguyen et al. [18].
They developed a lumped element model (LEM) for an inkjet head to simulate its droplet
generation in inkjet printing. The inkjet printing of PEDOT:PSS-based conductive patterns
for 3D forming applications was investigated by Basak et al. [19]. They developed a poly-
mer PEDOT: PSS-based ink formulation that was inkjet printable through a 21 um orifice.
The effect of process parameters on the performance of drop-on-demand 3D inkjet printing
was analyzed by Elkaseer et al. [20]. They developed an optimization-oriented simulation
tool of droplet behavior during the drop-on-demand 3D inkjet printing process.

In this paper, we perform numerical simulation using the COMSOL multiphysics finite
element method and analyze the ejection of droplet through a nozzle into the air, the shape
turnover of droplet, and the distribution of satellites during the fall. Inkjet printing inks are
calculated as Newtonian fluid. The flow of ink is modeled by the Navier-Stokes equations
for an incompressible fluid. The simulation model presented is solved using the level set
method to determine the ink-air interface.

2. Problem Formulation

There are many inkjet printers that use inkjet printheads that move in one direction,
making the printers easier to use. The print material is moving in the opposite direction of
the printhead.

It can also be noted that there are many articles (Introduction section) on similar topics
related to inkjet printing, and these topics remain relevant, leading not only to improve-
ments in the printing process itself, but also to such fundamental things as the fundamental
behavior of a liquid drop during its formation, movement into air and interaction with a
solid surface.

Our study is characterized by the principles of numerical simulation and aspects of
their optimization; when using finite elements, we study the chamber of the nozzle of the
inkjet printhead, the ejection parameters, the fall of the droplet on the surface and the impact
on it. In addition, similar inkjet printing processes are investigated by Elkascer et al. [20]
and Wilson et al. [21].

Elkaseer etal. [20] are investigating inkjet printing technology as an alternative manufacturing
method for producing functional parts from multi-material, such as micro-schemes.

They simulated and investigated the printing process, which takes into account the
effects of droplet volume, droplet center-to-center distance, jetted droplets coverage percent-
age, ink-solid substrate contact angle, and overlapping droplets coalescence performance,
as well as the number of printed layers. The simulation tool was created using the MATLAB
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programming language. The simulation results were experimentally validated, and the
results showed good agreement with the maximum deviation for the horizontal features.
The method they developed was used to find out the effect of processed TIFF image
resolution and droplet diameter on the dimensional accuracy of inkjet 3D printed parts [20].

For our further research, it is useful to use a geometric-based approach to simulate the
coalescence of droplets on a substrate, taking into account the resolution and percentage of
coverage of the printed image file and the droplet diameter.

Wilson et al. [21] studied inkjet process optimization for a laboratory inkjet printing
system designed to print with polymer inks, with a focus on transparent and electrically
conductive polymers. In this study, the authors investigated the speed of droplets from
anozzle as a function of the input voltage waveform and dwelling time difference. With
the correct ejection parameters, the authors obtained a continuous line from droplets on
the polymer surface. This study [21] presents a new model incorporating the effects of
inertia, surface tension, and ink viscoelasticity. Due to the increased viscosity of the ink at
low rates, the ink becomes more shear thinning. These studies can be used for our further
research on the similar effect of inks on the inkjet process.

It should be noted that when using COMSOL Multiphysics to conduct a numerical
experiment, it is necessary to determine the detailed paint parameters. The corresponding
geometric parameters of the head are also important. Several of the referenced publica-
tions [20,21] do not use COMSOL Multiphysics, so comparing the results may be one of the
future tasks.

3. Methodology

Based on standard PZT printhead models, a single inkjet printhead nozzle cham-
ber was modeled using COMSOL Multiphysics software. The geometry of the three-
dimensional numerical model of the inkjet printhead nozzle is shown in Figure 1.

Inlet

Figure 1. Inkjet printhead nozzle geometry.

A droplet is formed by jetting a fixed amount of ink into an air-filled cylindrical
printing chamber with a length L = 1 mm and a radius R = 0.1 mm. The radius of the
jetting channel is equal to r; = 0.1 mm. The initial circular shape and the cross-sectional
radius r, = 12 pm of the droplet are predefined by the channel shape and size.

The waveforms are generated by the top inlet of the nozzle by applying the fluid
intake velocity and various waveform dwelling times. Different waveforms dwelling times
are shown at Figure 2.
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Figure 2. The inlet velocity for inkjet printhead nozzle (determined by waveform functions).

Here, the printhead was actuated by an optimized waveform with different dwelling
times t; = 1 ps, tp = 3 ps, and t3 = 12 us. The considered droplet ejection times were
set to demonstrate differences in droplet behavior. Typically, PZT inkjet printheads use
different dwelling times to control droplet size on the surface. To better understand the
droplet behavior and impact differences, we chose the different dwelling times mentioned
above. As the results will show, these are the time intervals when the droplet formed on
the printed surface has a surface close to the shape of a hemisphere, with a dwelling time
of 1 s, and the spherical surface of the droplet is completely lost with a dwelling time of
12 us; an additional intermediate dwelling time interval was chosen to be 3 ps. The ink
inlet velocity was Vi, = 0.5 . When the pressure waveform appears, the liquid begins
to push out the ink through the printhead nozzle, forming the jet. Then the jet pinches off
from the nozzle, the main droplet begins to form, and peripheral satellites may appear.

Numerical simulation based on the continuity equation and the N-S equation rec-
oncile two-phase flows of incompressible substances. The continuity equation for an
incompressible fluid is calculated using the following equation:

_ duy

Voue duy | du,

ox dy 0z

=0 (1)

Here, V is the vector differential operator, and u is the fluid velocity. From the
definitions of calculus, we know that the gradient operator (V) is calculated by the equation
) 9 9
V==—it—j+=—k 2
x E)y’ T 0z @
where i, j, k are the unit vectors in the directions of the x, y and z coordinates.
The N-5S equation describes the momentum conservation equation for a viscous
incompressible fluid in motion. This equation is written as follows:

p(wV)u = u(v(v-u g (vuT))) —Vp+og 6)

Here, p is the substance density; p is the substance viscosity; p is the pressure; and g is
the acceleration due to gravity.
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The following equation describes the interface between the ink and air phases. The con-
vection of the reinitialized level set function is written as the following:

ST =yV-(Vo-e(- o)) @

Here, the coefficient ¢ represents the level set interface between ink and air. Accord-
ingly, ¢ = 0 represents the air environment, and ¢ = 1 represents ink. In the transition
layer close to the interface, ¢ smoothly changes from 0 to 1. The fluid velocity, u, represents
the motion of interface during the environments interplay. The parameter y determines the
amount of stabilization of the level set function. A suitable value for y is the maximum
magnitude occurring in the velocity field.

By default, this reinitialization parameter y for the current simulation is set toy = 10 2.
Here, ¢ refers to the thickness of the transition layer. For this simulation, ¢ is taken as half
of the representative mesh size in the area that the falling droplet passes through. For this
simulation, the interface thickness is controlled by the default and set to 1.25 um.

By defining the interface of different substrates, the level set function is used to stabilize
the density and viscosity calculations through the interface. In numerical simulation, it is
necessary to take into account the dynamic viscosity (shear viscosity) u. It describes the
interface between the shear rate and shear stresses in the substrate. The substrate density
and dynamic viscosity in different finite elements depend on the interface coefficient ¢.
Density and dynamic viscosity are written as follows:

p=p1+(p2—p1)d )

=t (e —w)d (6)

Here, p; indicates the air density and p, indicates the ink density; w1 indicates the air
viscosity and u, indicates the ink viscosity.

In numerical simulation, ink and air are investigated as a substrate, from the flow
of which viscous stresses arise at each point. The N-S equations describe the mass and
momentum transfer of an incompressible fluid, including the surface tension and gravity
forces. The motion of the droplet, taking into account the conservation of mass, is calculated
from the following differential equations:

(Vou) =0 %)

at

The surface tension force is calculated by the equation

p(a—u—u»Vu—g) —V~(u(Vu+VuT)) + Vp =Fy )

Fy = obkn ©)

Here, § is the Dirac delta function; o is the surface tension coefficient; k is the curvature;
and n is the unit vector (normal direction). The unit vector is calculated from the following
equation:

Vo
n=-—— (10)
Vo

The delta function is approximated by the following equation:
A=6b(1-0)[|[V| ()

To calculate the droplet motion, including mass conservation, the adaptive mesh
refinement function is used to locally improve the mesh at the ink-air interface. For this
simulation, the finite elements sequence and turnover are shown at Figure 3.
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Mesh sequence for droplet formation time
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Figure 3. Representation of an adaptive mesh refinement sequence.

This functionality will essentially divide the simulation progress into several time
intervals and locally refine the mesh in the region, where the phase interface is present
in each interval to improve the accuracy of the calculation. To begin with, we have about
220,000 finite elements, and during the ejection, the mesh of the droplet changes 12 times.
At the second mesh refinement, the number of finite elements reaches 800,000. The average
quality of the elements decreases with an increase in the number of finite elements.

The final droplet mass can be calculated using the following COMSOL Multiphysics
numerical simulation equation:

my = p(V-$) 12)

There are several dimensionless parameters that are very important to the inkjet
printhead working process. The Reynolds number Re determines the ratio of a fluid’s
inertia to its viscosity, while the Weber number We determines the ratio of inertia to its
surface tension (Seipel et al. [22]). These dimensionless numbers are calculated using the
following equations:

Re — Pdvd 13)
13
T
We = "d% (14)

Here, v is the droplet velocity and d is the length of the nozzle diameter.

Several effects are observed during the motion of the ink droplet. A typical picture of a
droplet, a fragment of the mesh and a contour plot of the velocity magnitude accompanied
with the Cell Reynold’s number are shown in Figure 4.
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Figure 4. Illustration of the shape of a droplet in motion with a mesh and distribution of velocities.

The influence of droplet velocity in the inkjet printing process can be eliminated by
forming the Ohnesorge number Oh. There is a solution based on the N-S equations for
expressing droplet ejection limitations considering the interfacial, viscous and inertial
properties of the fluid (Seipel et al. [22]):

Viopd 1 Re
zZ=Y"= = —_ 15
u Oh  We )

The Oh value can only be calculated from the physical properties of the inks and the
nozzle size scale. It is independent of the waveform extraction impulse that controls the
velocity. Oh closely affects the behavior of an expanding droplet from a printhead nozzle.

The initial ink printability specification is required for ejection of stable droplets

and should be in the acceptable range of 1 < Z < 10, (Fromm [23]; Derby and Reis [24]).

If the number Z > 10, then during the printing process, satellite droplets will form, which
degrading the print quality. If the number Z < 1, then the viscous forces of the fluid will
prevent the expansion of the droplet.

Proper operation of the printing process in a DoD inkjet printhead requires a propriate
combination of physical parameters, which will also depend on the droplet size and
velocity (via the Reynolds or Weber number value). The results entail empirical data that
are embedded in numerical simulation calculations based on the dimensionless numbers
We, Re and Z.

4. Experiment and Results

The physical parameters of ink and air used in numerical simulation of the inkjet
printhead nozzle are presented in Table 1.

Table 1. Physical parameters of the substances used in the numerical modeling of the inkjet printhead
nozzle.

Substance Oh z

P 0
kg/m® mN-s/m? mN/m
Air 1.225 1.789 x 102 - -
Ink 1110 14 72 0.32 3.13
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The droplet ejection progress was taken from numerical simulation using COMSOL
Multiphysics software. The momentum strength of the droplet ejection is predicted from
the different velocity at the fluid inlet. For these simulations, the inlet velocity was set to 0.5
m/s. The presented graphs with different waveform dwelling times are shown in Figure 5.

1 us drop formation
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Figure 5. Cont.
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12 us drop formation
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Figure 5. Representation of the movement of ejected droplet with different ejection parameters.
Waveform dwelling time: 1 us (a); 3 us (b); 12 us (¢). Inlet velocity Vi, = 0.5 .

When the dwelling time s 1 s, the final mass of the dropletis2 x 10~ kg. The droplet
forms a geometrical surface close to a hemisphere after the pitch off the nozzle and reaches
the surface approximately 40 us from the start of actuation. After increasing the dwelling
period to 3 us, the mass of the droplet increases to 3 x 10712 kg. Larger droplets also form
a geometrical surface close to a hemisphere and reach the surface faster by 35 us. After
increasing the formatting time to 12 us, the droplet is ejected with a large tail and does not
form a hemisphere when falling. After the impact with a surface, the droplet splashes and
does not form the final round shape on the surface. The final mass before droplet impact
with a surface and splashing is 1.4 x 107" kg.

The final mass of the droplet depends on the different dwelling time period. The mass
turnover of droplets is shown in Figure 6. Here, us and ng stand for microseconds (us) and
nanograms (ng), respectively.

For this research, we investigate the droplet mass formatting with different ejection
times. During the droplet formatting periods, the droplet mass increases in accordance
with the effect of the inlet velocity. After the waveform decreases, the droplet continues to
move forward toward the surface and pitch off from the nozzle.

If the inlet velocity was too low, the droplet would shrink to the nozzle and not move
forward to the surface, and the kinetic energy of the droplet would be too low. After the
droplet reaches the surface, the droplet splashes and we can see a sudden change in the
graph. For a large formatting time of 12 ps, we see that a large mass grows in after 35-40 us.
This is caused by splashing and the droplet jet replacing the main droplet.
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Figure 6. Representation of the droplet mass turnover. Mass versus formatting time.

5. Conclusions

At this research, we investigate the droplet ejection turnover over time. The main aim
is to understand the behavior of the droplet at different waveform ejection parameters.
Mass turnover is also observed. It is important to investigate the trajectory of the fall
of the droplet and the mass of the droplet to understand the final place and diameter
of the droplet on the surface. These aspects affect the final printing quality. Theoretical
studies of three-dimensional numerical simulation help to evaluate such a component as the
waveform dwelling time. The different dwelling times indicate a direct effect on the impact
of the droplet on the surface. The masses of the ejected droplet before impact with the
surface at different dwelling periods are as follows: 1 us - 2.5 x 10° ug; 3 us - 16 x 10° ug;
and 12 ps- 65 x 10° pug. This numerical simulation is an important alternative to quality
improvement analysis; further research should be focused on the impact of droplets on
different surfaces.
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Nomenclature

DoD drop-on-demand;

N-S Navier-Stokes;

PZT piezoelectric;

TIFF tagged image file format.

Roman
d is the diameter of the nozzle (mm);
Fgt is the surface tension force (N);
g is the acceleration due to gravity (m/s?);
L is the air length between nozzle and surface (mm);
mg is the droplet mass (kg);
n is the unit vector in the normal direction;
Oh is the Ohnesorge number, a dimensionless coefficient;
P is the pressure (Pa);
R is the air chamber radius (mm);
31 is the inlet channel radius (mm);
19} is the jetting nozzle radius (um);
Re is the Reynolds number, a dimensionless coefficient;
t is time (s);
Vg is the droplet volume (pL);
Vin is the inlet ink velocity (m/s);
We is the Weber number, a dimensionless coefficient;
z is the ink printability range, a dimensionless number.
Greek
B is the maximum spreading factor;
Y is the parameter which determines the repetition of initiations;
A is the delta function;
v is the vector differential operator;
& is the Dirac delta function;
€ is the representative mesh size in the area passed by the falling droplet;
7 is fluid viscosity (m/s);
K is the curvature;
K is the dynamic viscosity (N-s/m2);
p is the density (kg/m®);
o is the surface tension coefficient (mN/m);
is the coefficient of level set interface between air and ink;
V4 is the droplet velocity (m/s).
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Summary in Lithuanian

Jvadas

Problemos formulavimas

Ivairiy medziagy saveikos elgseng svarbu suprasti ir mechanikos mokslo atzvilgiu. Ne
iSimtis — mikrodalelés. Mikrodaleliy apdirbimas yra svarbus farmacijos, maisto, chemijos,
spausdinimo ir kitoms pramonés Sakoms. Geresnis daleliy elgsenos supratimas ir gali-
mybé ja imituoti skaitmeniniu biidu gali padéti geriau suprasti tieck moksliniuose darbuose
nagrinéjamus, tiek pramong¢je vykstancius procesus.

Tyrime nagrinéjama mikrodalelé yra laselis, kuris judédamas ir saveikaudamas gali
deformuotis bei prilipti prie nagrin¢jamo pavirSiaus. Taip pat svarbu suprasti laseliy el-
ges], kai jie praranda formg, sgveikaudami su pavir§iumi. Norint kiekybiSkai jvertinti da-
leliy elgesj, reikia eksperimentiniy jrodymy. Spausdinimo pramongje laselis atlieka svarby
vaidmenj ir minétos problemos néra iSimtis.

Remiantis Smithers (2020) ataskaita, rasalinis spausdinimo buidas bus plétojamas
greiiau nei kitos spausdinimo formos dél mazéjanciy tirazy esamose rinkose ir lankstes-
niy spaudos pritaikymo galimybiy. Ple¢iantis spausdinimo rinkai, didéja paklausa detaliai
istirti spausdinimo procesy produktyvumg ir kokybe. Siais laikais rasalinio spausdinimo
technologija visame pasaulyje naudojama daugelyje gamybos sriciy, tokiy kaip mikros-
chemy gamyba, kompoziciniy struktiry kiirimas, lazeriniy optiky gamyba ir daugelis kity
(Castrejon-Pita ir kt., 2013; Takagi ir kt., 2019; Huang ir kt., 2020; Maisch ir kt., 2021;
West ir Yoo, 2023).
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Pasaulyje atlikta daug moksliniy tyrimy, skirty tirti jvairias rasaliniy spausdinimo
galvuciy struktiiras, skirtingus laselio iSspausdinimo parametrus, laseliy judéjima oru,
esant skirtingiems iSoriniams veiksniams (poveikiams), bei laselio sgveikas su jvairiais
pavirsiais (Son ir kt., 2008; Bussmann ir kt., 2000; Kang ir kt., 2020; Yang ir kt., 2022; Li
ir kt., 2022; Xiao ir kt., 2022; Mau ir Seitz, 2023; Wang ir Chiu, 2023).

Mokslininkai yra susikoncentrave j naujausius spausdinimo galvutés tyrimus ir eks-
perimentus, siekia pritaikyti atradimus pramonés srityse (Okuyama ir Yoshida, 2018;
Ageel ir kt., 2019; Shah ir kt., 2019; Yoshida ir kt., 2019; Sabu, 2022; Wang ir kt., 2023).
Daugelyje darby nagrinéjamos spausdinimo galvuciy savybés, tokios kaip dazy rezervu-
aro parametrai; iSspausdinimo angy savybés; laSeliy suzadinimo parametrai, lemiantys su-
sidaranciy laseliy greitj ir parametrus, taip pat palydoviniy laseliy susidarymo salygos
(Jiang ir Tan, 2018; Driessen, 2018; Li ir kt., 2019; Khan ir kt., 2021; Rump ir kt., 2023).
Siais laikais didéja susidoméjimas kintamu skyséiy rasaliniy lageliy formavimu ir judé-
jimo valdymu, atspindin¢iu daugybe praktiniy pritaikymy, tokiy kaip aukstos kokybés
spausdinimas neprarandant grei¢io (Wang ir Chiu, 2020; Kamis ir kt., 2021; Peng ir kt.,
2022; Wang ir kt., 2023).

Skaitmeninis eksperimentinis modeliavimas galéty padéti jvertinti laseliy iSstimima,
forma, kintantj laseliy judesi, ivairius pradinius parametrus ir poveikj, turintj jtakos laseliy
judéjimui (tai yra pagrindiniai ragalinio proceso komponentai). Sioje disertacijoje dau-
giausia démesio skirta eksperimentiniam ir teoriniam rasaliniy laseliy susidarymo ir judé-
jimo tyrimui. Disertacijoje pateikiami skaitmeninio modeliavimo aspektai ir jy kiirimo
salygy charakteristikos.

Darbo aktualumas
Mazéjant tirazams, skaitmeninis rasalinis spausdinimo biidas pasaulyje sparciai populia-
réja, atsiranda poreikis spausdinti ant skirtingy medziagy. Siekiant atitikti aukstus spaudos
kokybés ir spausdinimo greicio reikalavimus, biitina uztikrinti tinkamus dazy laseliy for-
mavimosi, judéjimo bei sgveikos parametrus. I$nagrin€jus $iuos parametrus galima nusta-
tyti, koks spausdinimo greitis gali biiti parenkamas neprarandant spausdinimo kokybés.
Skaitmeninio rasalinio spausdinimo btido parametry tobulinimo aspektai ir jy skaiti-
nis tyrimas yra §io darbo naujumas. Aktualumas paremtas spausdinimo proceso rekomen-
dacijomis bei skaitiniais tyrimais, siejamais su spausdinimo kokybe.

Tyrimo objektas

Tyrimo objektas yra rasalo laselis, kuris naudojamas skaitmeninio rasalinio spausdinimo
procese.

Darbo tikslas

Istirti skaitmeninés rasalinés spaudos metu susidariusio laselio dinamika skirtingais jo for-
mavimosi etapais, apimant laselio sgveika su pavirSiumi.

Darbo uzdaviniai

Atsizvelgiant ] zinomos mokslinés literattiros apzvalga disertacijos leidiniy rinkinyje, kai
modeliuojama ir analizuojama raSalo laSelio judéjimo elgsena skaitmeninio rasalinio
spausdinimo procese, buvo suformuluoti sekantys uzdaviniai:
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1. Taikant fizikinius ir skaitinius tyrimo metodus istirti rasalinio spausdinimo lase-
lio susidarymo ir judéjimo sglygas; nustatyti parametrus, pagal kuriuos rasalo la-
Selis suformuojamas, ir jvertinti skirtingy veiksniy jtaka rasaliniam spausdinimo
procesui; iSanalizuoti laseliy judéjimo modeliavimo metodus.

2. Istirti skaitiniu biidu rasalinés spausdinimo galvutés modeliavimo galimybes, jt-
raukiant laseliy iSstimimo parametrus, laseliy susidarymg ir judéjima, kai laselis
palieka purkstuka, kad biity galima iSnagrinéti laseliy greitj, tirj, laseliy formos
kitima ir palydovy susidaryma, taip pat skirtingy pavirSiaus parametry jtakg lase-
lio sgveikai su pavirSiumi.

3. Nustatyti rasaly fizikiniy parametry jtaka laselio formavimuisi ir judéjimui link
pavirSiaus. FiziSkai iSnagrinéti spausdinimo parametry jtakg spalvinéms charak-
teristikoms ir i$tirti laseliy sgveikos su skirtingais pavirSiais aplinkybes pagal pa-
vir$iaus charakteristikas.

4. Sukurti skaitinj modelj, siekiant itirti raSalinés spausdinimo galvutés laseliy su-
sidarymg ir judéjima oru, apimant skirtingy rasaly ir i§stimimo parametrus, to-
kius kaip laSelio generavimo laikas ir rasalo padavimo greitis. Pasiiilyti sprendi-
mus raSalinéms spausdinimo galvutéms kurti ir spausdinimo kokybei gerinti
neprarandant naSumo.

Tyrimo metodika

Nagrinéjant darbo objekta buvo taikyti eksperimentiniai ir skaitiniai tyrimo metodai.
Skaitmeninés rasalinés spaudos generuojamas dazy laselis modeliuojamas baigtiniais ele-
mentais haudojant COMSOL Multiphysics programing jrangg. Spalvos charakteristiky at-
gaminimas ant skirtingy pavirSiy esant skirtingiems spaudos parametrams buvo matuoja-
mas spektrofotometru ir apdorojamas Barbieri Rasterlink programine jranga. Dazomo
pavirSiaus energijos poky¢iams nustatyti naudojami Plasmatreat dazikliai su skirtingais
pavirSiaus jtempiais. Dazyto pavirSiaus adhezinés savybés buvo tikrinamos pagal DIN
ISO 2409 standarta. Gauti rezultatai analizuojami pagal skirtingy parametry pokycius
priklausomai nuo pradiniy parametry.

Darbo mokslinis naujumas

Remiantis disertacijos publikacijy rinkinyje pateikta Zinoma moksline literatiiros apz-
valga, rengiant disertacijg nustatytas Sis skaitmeninés rasalinés spaudos laSelio formavi-
mosi ir judéjimo modeliavimo naujumas:

1. SkaitiSkai iStirtas skirtingy spausdinimo raSaly poveikis spausdinimo procesui.
Rezultatai rodo, kad, priklausomai nuo rasaly fizikiniy savybiy, keiciasi laSeliy
saveikos parametrai ir sgveikos trukmé. Nustatytas rasalinio spausdinimo procese
naudojamo laSelio formavimasis pradiniais etapais, fiksuojami laselio formos ir
judéjimo greicio poky¢iai vertikalioje aSyje.

2. Fiziskai nustatytas skirtingy spausdinimo parametry poveikis spalviniy charakte-
ristiky atk@irimui ant skirtingy savybiy pavirSiy, jvertinant atspaudo spektrines
savybes CIE L*a*b* skaléje.

3. Nustatyti fizikiniai polimeriniy medZiagy parametry pokyciai esant skirtingiems
apdorojimo biidams, jvertinant atspaudo adhezines savybes pagal DIN ISO 2409
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standartg. SkaitiSkai sumodeliuota rasalinio spaudos laselio sgveika su skirtinga
energija turiniais pavirsiais, fiksuojant laselio vilgymo kampus ir judéjimo grei-
cius.

4. Naudojant COMSOL modeliavimo CFD modulio programine jrangg buvo reali-
zuoti rasalinés galvutés laseliy iSstimimo, formavimosi, judéjimo ir sgveikos
procesai. Naudojant sudarytg modelj, galima istirti laselio sriegio ilgj ir momenta,
kada jis iStraukiamas i$ purkstuko, laselio forma, laselio masg, laselio tiirj, laselio
elgseng smiigio j pavir$iy metu ir galuting jo biiseng. Be to, taikant skaitinj mo-
delj, tapo jmanoma konfigiiruoti skirtingus purkstuky parametrus, skirtingus
i$stimimo slégius ir isbandyti skirtingy tipy rasalus.

Darbo rezultaty praktiné reikSmé

Siekiant nustatyti, iSanalizuoti, suprasti rasaliniy laseliy formavimo ir judéjimo metu jvai-
riomis darbo salygomis vykstancius procesus, disertacijoje sukurti jvairtis uzdaviniai, ku-
riy sprendimas apima eksperimentinius ir teorinius tyrimus. Buvo gauti keli svarbis para-
metrai, tokie kaip rasalo masé, laseliy dydis ir rasalo laselio forma, taip pat buvo istirti
skirtingi spausdinimo procesui jtaka darantys veiksniai, tokie kaip rasalo charakteristikos,
spausdinimo galvutés i§stimimo parametrai, purkStuko geometrija. Siilomg skaitinj rasa-
linio spausdinimo galvutés modelj buity galima lengvai jgyvendinti haudojant COMSOL
Multiphysics CFD programine jrangg. Disertacijoje taikomas trimatis 3D CFD skai¢iavi-
mams sudarytas modelis galéty padéti tiriant rasalo laselio susidaryma, rasaliniy spausdi-
nimo galvuéiy projektavimg ir naujy skaitmeniniy spausdintuvy kiirimg. Pateiktas skait-
meninis modelis ir metodai padeda jvertinti jvairius parametrus, tokius kaip laselio
i$sttmimo i§ spausdinimo galvutés laikas, laselio masé ir skersmuo, jo Kritimo greitis ir
formos pasikeitimas.

Ginamieji teiginiai
1. Skaitinis spausdinimo galvutés modelis leidzia iStirti parametry (U; Dgmax; Dn;
Mg) jtaka rasalo laSelio formavimuisi kiekviename laiko zingsnyje.

2. Reguliuojant raSalinés spausdinimo galvutés iSpurSkimo parametrus galima
gauti vienodg laseliy dengiamajj plota ant pavirSiaus su skirtingy tipy rasalais.

3. Fizikinés rasalo savybés (u; p; o; Oh; Z) turi lemiamos jtakos modeliuojamo
laselio elgesiui spausdinimo metu, ypac kai laselis sgveikauja su skirtingy tipy
pavirsiais. Tokiu budu, keiciant fizines rasalo savybes, buvo istirtas poveikis la-
Selio formavimuisi ir judéjimui.

Darbo rezultaty aprobavimas

Disertacijos rezultatai buvo publikuoti 6 moksliniuose leidiniuose: 4 straipsniai buvo i$s-
pausdinti cituojamumo rodiklj turin€iuose zurnaluose, itrauktuose i ,, Clarivate Analytics
Web of Science“ duomeny baze, 2 — konferencijy medziagoje.

Darbo rezultatai pristatyti 3 tarptautinése konferencijose:

— 18-0ji Skaitinés analizés ir taikomosios matematikos tarptautiné konferencija (In-
ternational Conference of Numerical Analysis and Applied Mathematics,
ICNAAM 2020), Rodas, Graikija.
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— 19-0ji Skaitinés analizés ir taikomosios matematikos tarptautiné konferencija (In-
ternational Conference of Numerical Analysis and Applied Mathematics,
ICNAAM 2021), Rodas, Graikija.

— 10-0ji Kietyjy daleliy judéjimo ir valdymo tarptautiné konferencija (International
Conference on Conveying and Handling of Particulate Solids, CHOPS 2022),
2022 m. liepos 5-9, Salernas, Italija.

Disertacijos struktuira

Disertacijg sudaro jvadas, analitiné literatiiros apzvalga, tyrimo metodai, tyrimo rezultatai
ir i§vados, literatiiros sarasas, autoriaus publikacijy disertacijos tema sarasas, pridedami
keturi autoriaus moksliniai straipsniai ir santrauka lietuviy kalba.

Pirmajame skyriuje apzvelgiama rasalinio spausdinimo struktiira, tyrimo principai ir
formuojamo laselio, esant skirtingiems jo parametrams, tyrimai.

Antrajame skyriuje apZvelgiama teoriné, skaitiné ir eksperimentiné tyrimy metodika,
skirta nustatyti raSalo laselio formavimasi, iSspausto laselio judéjimg ir laselio smigio |
skirtingus pavirSius elgseng modeliuojant.

Treciajame skyriuje apibendrinti 1-4 publikacijy eksperimentiniy ir skaitmeniniy ty-
rimy rezultatai, atsizvelgiama j bendrg $iy darby samprata.

Bendra disertacijos apimtis yra 118 puslapiy, joje pateikiamos 34 lygtys, 15 pa-
veiksly, 3 lentelés. Rengiant disertacijg buvo panaudoti 104 literatiiros $altiniai.

1. Spausdinimo galvucéiy tipy ir laselio judéjimui modeliuoti
skirtas programas aprasancios literatiros apzvalga

Pirmajame skyriuje pateikiama bendra rasaliniy spausdintuvy technologijos veikimo apz-
valga; aptarti raSalo parametrams keliami reikalavimai ir laSeliy formavimosi pagrindai;
aptarti konstituciniai skaitinio modeliavimo metodai; aptarti matematiniai daleliy judé-
jimo modeliai; jgyvendintas diskre¢iyjy elementy modeliavimas: baigtiniy elementy me-
todu istirtas kietosios mikrodalelés judéjimas laselio pavidalu ir taikyta COMSOL skai-
¢iuojamoji skysciy dinamika. Remiantis publikuotais darbais, pateikiami jvairiis galimi
modeliavimo metodai. Nurodomos mikroobjekto modeliavimo galimybés, taikomos kie-
tam ir skystam objektui. Abu atvejai aprasyti skyriuje. Pagrindinis démesys skiriamas ra-
Saliniy spausdintuvy technologijai, kuri yra pagrindinis $io darbo akcentas. Skyriuje ne tik
supazindinama su Sia technologija, bet ir supazindinama su galimai taikomomis spausdi-
nimo galvutémis ir kritimo testo metodais bei taikomomis programomis.

Remiantis literatiiros tyrimu, buvo padarytos Sios iSvados:

1. Jei taikomas diskreCiyjy elementy metodas, svarbi salyga, kad kietoji dalelé gali
i8laikyti sfering forma smiigio metu (standi dalelé su minkstu kontaktu). Taciau
judesio ir sgveikos metu skystas laselis nuolat keicia forma. D¢l Sios prieZasties
vienos dalelés judesiui kaip laseliui turi biiti taikoma skaitiné baigtiniy elementy
modeliavimo ir skai¢iavimo skysé¢io dinamikos programiné jranga.

2. Stebint besikeiciancig laselio forma laikui bégant, laseliy judéjimg ir sagveikg ga-
lima geriau paaiskinti, atsizvelgiant j atskirus laiko tarpsnius. Laselio judéjimag
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sitiloma suskirstyti j 6 etapus: laselio iSmetimas, laselio siiilo nupléSimas nuo ant-
galio, laselio sferos formavimasis, laselis prie§ sgveika, laseliy saveika (skleidi-
mas) substrato pavirsiuje ir laselio stabilumo fazé.

3. LaSeliy iSmetimo ir judéjimo spausdinimo metu svarbu stebéti laseliy formg ir
greicio apykaitg kritimo fazéje. Antra svarbi dalis yra laseliy smiigis | pavirsiy.
Siuos parametrus galima gauti ir istirti taikant rasalinio purkstuko modelio skait-
meninj modeliavima.

4. Skaitinio modelio, skirto laseliy susidarymui ir laseliy judéjimui tirti, suktirimas
gali biiti naudingas, siekiant pagerinti rasaliniy spausdinimo galvuciy struktiirg ir
raSaly kiirimg. Naudojant skaitinj rasalinés spausdinimo galvutés modelj galima
stebéti: laseliy sitly ilgio kaita; laseliy parametry kitimg atitriikstant nuo purks-
tuko; laseliy formos, masés ir tiirio apykaita; laseliy poveikio sglygas; stabilios
biiklés ant pavirsiaus laseliy charakteristikas. Be to, taikant skaitinj modeliavima,
galima patikimai istirti skirtingus rasalus, skirtingus i§stiimimo nustatymus ir
konfigtiruoti skirtingus purkstuky parametrus.

2. Rasalinio spausdinimo proceso tyrimo metodika

Antrajame skyriuje pateikiama daug teoriniy, skaitiniy ir eksperimentiniy tyrimy, siekiant
nustatyti svarbiausius parametrus, turincius jtakos spausdinamo laselio formavimuisi, la-
Selio judéjimui ir laSelio sgveikai su skirtingais paviriais. Aptariamas ir paaiskinamas
duomeny rinkimas ir Siame tyrime naudojamas skaitinio modeliavimo galimybiy taiky-
mas. Taip pat pateikiami rasaliniy spausdinimo galvuéiy darbo principai ir skaitinio mo-
deliavimo galimybés, atsizvelgiant j spausdinamy dazy technines charakteristikas ir fizi-
Kinius parametrus.

Siame skyriuje pateikta skaitiniy ir eksperimentiniy tyrimy metodologija apima §ias

iSvadas:

1. COMSOL skaitinis modelis naudojant baigtiniy elementy metoda gali biti taiko-
mas tiriant jvairius fizinius efektus, pastebétus spausdinimo procese, pavyzdziui,
maksimalus laSelio greitis i§stimimo metu, kai slégis spausdinimo galvutéje yra
didziausias ir laselio siiilas atsiskiria nuo rasalo purkstuko; laselio greicio kitimas
(angl. turnover) jam krintant; laselio smigis j pavirsiy, jvertinant patj procesg.

2. Spalvy reprodukcijos matavimo tyrimai apima eksperimentiniy priemoniy forma-
vimg ir bitiny CIE L*a*b* duomeny rinkimg bei apdorojimg, naudojant mate-
matinius ir statistinius metodus.

3. Atsizvelgiant | bandymo procediirg DIN ISO 2409, turi bati jvertintas rasalo
sluoksnio pakartotinis pasipriesinimas jo atsiskyrimui nuo pagrindo, kai reikia §j
sluoksnj supjaustyti deSiniojo kampo (angl. right-angle) gardele (angl. lattice
pattern). Sios procediiros metu tiesiogiai neimatuojama sukibimo jéga, ta¢iau ji
padeda empiriskai nustatyti rasalinio atspausdinto sluoksnio sukibimg su pavir-
Siumi.
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3. Rasalo laseliy formavimo ir judéjimo modeliavimo tyrimo
rezultatai ir iSvados

Treciajame skyriuje pateikiami 4-iy straipsniy fizikiniai ir skaitiniai tyrimo rezultatai.
Straipsniy i$vados tiesiogiai susietos su baigiamajame darbe suformuotais uzdaviniais.
Nagrinéjant rasalinio laSelio susidarymg bei judéjima, iSanalizuoti rasaly parametrai (|;
p; o; Oh; Z), spausdinimo galvutés i$pur§kimo parametrai (t; Vin), spausdinamo pavir-
Siaus parametrai (SE; ), turintys jtakos spausdinimo kokybei ir spaudos grei¢iui.
1 straipsnyje pateikiami skaitinio modeliavimo rezultatai, jvertinant skirtingy rasaly para-
metry jtaka rasalinés spaudos procesui. 2 straipsnyje pateikiamas fizikinis tyrimas rasali-
nés spaudos spalvoms atgaminti pagal skirtingus spausdinimo parametrus. 3 straipsnyje
pateikiamas fizikinis ir skaitinis tyrimas, rasalinés spaudos generuojamy laseliy saveikos
rezultatai su skirtingy charakteristiky polimeriniais pavirsiais. 4 straipsnyje nagrinéjama
skirtingy spausdinimo galvutés i§stimimo parametry jtaka rasaliniam spausdinimo pro-
cesui. Bendrosiose i$vadose apibendrinami visi tyrimo rezultatai ir pateikiamos svarbiau-
sios baigiamojo darbo iSvados.

1 straipsnio tyrimo rezultatai

Rasalinio skaitmeninio 1spausdinimo metu labai svarbu stebéti laseliy formos ir greicio
kitima; laSelio sgveikg su pavirSiumi bei stabilig laselio forma ant pavirSiaus po sgveikos.
Techniskai visas Sias charakteristikas galima atsekti ir uzfiksuoti skaitiskai modeliuojant
raSalinio purkstuko darbg. Laseliy iSstimimas, formavimasis, judéjimas ir sgveika su pa-
vir§iumi buvo tiriami naudojant COMSOL CFD modulj ir Navjé—Stokso lygtj. Pateiktas
modelis padeda numatyti proceso parametrus ar net ankstyvas problemas, kuriant spaus-
dinimo rasalus ar naujas rasalines spausdinimo galvutes. Kuriant skaitinj modelj, buvo
ivertintas kiekvienas svarbus raSalinio spausdinimo proceso zingsnis.

1 straipsnyje aprasomas skaitinis rasalinés spausdinimo galvutés modelis, kurj nau-
dojant palyginama skirtingy rasiy rasaly jtaka spausdinimo procesui. Skirtingy rasaly pa-
rametrai pateikiami S3.1 lenteléje.

S3.1 lentelé. Skirtingy rasaly savybés (Tofan, 2021)

Medziaga p, kg/m? p, mN-s/m? o, mN/m Oh z
Oras 1,225 1,789-107 - - -
Rasalas1 1050 7 72 0,16 6,09
Rasalasz 1080 10 72 0,23 4,32
Rasalass 1110 14 72 0,32 3,13

Skirtingy rasaly laseliy greicio ir matmeny parametrai pateikiami spausdinimo pProceso
laiko etapais (nuo A iki F). LaSeliy formatavimo etapai suskirstyti tokiais Zingsniais: pirmasis
zingsnis (A) parodo didziausig laseliy greitj, kai rasalas i§stumiamas i§ spausdinimo galvutés;
antrasis zingsnis (B) yra tada, kai laSelio sifilas atsikabina nuo spausdinimo galvutés, Siuo
metu laselio ilgis yra didziausias; tre€iasis zingsnis (C) fiksuojamas, kai laselis suformuoja
sfera; ketvirtasis etapas (D) atvaizduoja laselj pries sgveikg su pavir§iumi; penktasis zingsnis
(E) fiksuoja didZiausig laSelio skersmenj ant pavirSiaus osciliacijos metu; paskutinis Zingsnis
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(F) atvaizduoja laselj galutinéje stabilioje formoje po osciliacijos (virpesiy) procesy. Pagrin-
diniai spausdinimo proceso etapai pateikiami S3.2 lenteléje.

S3.2 lentelé. Generuojamo spaudos laselio parametrai skirtingais etapais pagal raSaly savybes
(Tofan, 2021)

Rasalas: Rasalas: Rasalass
t u Dd.max Dh t u Dd.max Dh t u Dd.max Dh
us m/s pm pm us  mifs pm pm us  m/s  um pm

2 138 263 9.2 2 138 258 97 2 138 235 99
11 851 204 1109 13 7,88 20,2 1153 14 7,28 200 1187
26 705 233 262 32 6,77 249 263 39 593 240 26,6
143 448 222 217 150 4,28 222 218 169 3,60 21,9 220
149 0,18 47,7 43 161 0,12 428 7.2 183 0,05 375 116
174 0 36,0 11,6 172 0 36,1 121 181 O 36,3 119

mmO|O|m|> Etapai

Spausdinimo metu svarbu stebéti visus $iuos etapus, kol laselis uzsifiksuoja ant
spausdinamo pavirsiaus. Jei palyginsime visy trijy rasaly spausdinimo procesus, rasalas:
atvaizduoja geriausius rezultatus, rasalo. laselis turi maziausig osciliacijos rodiklj ir per
trumpiausig laikotarpj pavirSiuje pasiekia stabilig faz¢. Rasalo: laSeliai grei¢iau pasiekia
pavirsiy, taciau esant maziausiems klampumo ir tankio parametrams, jie stipriau osciliuoja
pavirsSiuje, kol jgauna galuting forma. Rasalai, kurie sukietinami UV §viesoje, turi buti
sukietinti stabilioje laselio fazgje.

Greicio pokytis yra svarbus veiksnys, siekiant uztikrinti spausdinimo kokybe, nes Sis
pokytis turi tiesioging jtaka raSaly pasiskirstymui ant pavirSiaus. Skirtingy raSaly laseliy
greicio pokytis iSpurskimo, kritimo ir sgveikos metu pavaizduotas S3.1 pav.
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S3.1 pav. Skirtingy dazy laseliy greic¢io pokytis spausdinimo metu (Tofan, 2021)




SUMMARY IN LITHUANIAN 111

Laselio didziausiasis greitis yra zingsnyje A, kai slégio banga purkstuko viduje pa-
sickia auks$¢iausig lygj. Toliau laSelio greitis mazéja, kai laselis iSsitempia ir galiausiai
atitriiksta nuo spausdinimo purkstuko Zingsnyje B. Zingsnyje C laselis suformuoja sferg
ir tgsia judéjima link pavirSiaus. LaSeliui krentant, greitis nuolat mazéja, kol laselis pasie-
kia pavirsiy zingsnyje D ir prasideda sgveikos procesas su pavirsiumi. Zingsnyje E laselio
skersmuo ant pavirSiaus yra didziausias, o zingsnyje F parodomas stabilios biisenos lase-
lis, kai greitis lygus nuliui. Taip pat galime fiksuoti laseliy parametry skirtumus, priklau-
somai nuo laiko zingsniy. Toliau S3.2 pav. parodoma parametry Dgmax (laSelio skersmuo
pagal horizontaly skerspjtvi) ir Dy (yra laselio ilgis pagal vertikaly skerspjiivi) kaita laiko
atzvilgiu.

——— Rafalas1 Dgpac  =====-- Rasalas 1 Dy,
— RallcuPy. ., e Rasalas z Dy,
s RaSabssDaies o Rasalas s Dy,

Dydis (um)

S3.2 pav. Skirtingy dazy suformuoty laseliy parametry pokytis spausdinimo metu
(Tofan, 2021)

Nustatyta, kad pagal rasaly fizikines savybes (u; p) galima tikétis skirtingy laseliy
elgesio ir sgveikos rezultaty esant vienodoms rasaly iSpurskimo saglygoms. Lyginant skir-
tingus raSaly tipus nustatyta, kad laSelio smiigio | pavir§iy metu mazesnio klampumo ir
tankio dazy svyravimo (osciliacijos) amplitudé spausdinimo pavirSiuje yra didZiausia. Di-
dziausias laselio skersmuo pavirsiuje yra rasalo; zingsnyje E1 = 47,7 um. Skirtingy laseliy
suformuoty sfery skersmuo kritimo metu yra apie 22 pm. Po sgveikos su pagrindu laselis
praranda sfering forma ir svyruoja pavirsiuje, kol galiausiai jgauna stabilig formg. Maziau-
sias laselio paskleidimo skersmuo yra naudojant rasalas, kurio tankis ir klampumas yra
didziausi. Sio rasalo laselis beveik nesvyruoja pavirdiuje ir jgauna galutine formg iskart
po saveikos, kai taikomi maziausi svyravimo parametrai.

Modeliuojant laselio judéjima, islieka klausimas ne tik dél dinaminio elgesio, bet ir
dél spalvos charakteristiky. Atlikus skaitinius eksperimentus, buvo pastebéta, kad, norint
iSanalizuoti rasaly spalvy atktirimo savybes ant pavir§iaus naudojant jvairius spausdinimo
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2 straipsnio tyrimo rezultatai

Siekiant iSgauti geriausius spausdinimo parametrus spalvoms atkurti ant pavirsiy, buvo
atlikti eksperimentai su skaitmenine rasaline spauda ant skirtingy lino tekstilés pavirsiy.
Norint gauti tikslesnius rezultatus, buvo nuspresta, kad atkurty spalvy reik§més natiiralios
dienos $viesoje biity lyginamos su skaitmeniniy spalvy reikSmémis.

Fiziniam eksperimentui atlikti buvo parinkta 10 lino audiniy su skirtingais atspal-
viais: balintas, melanzinis (natiiralus sitilas, mai$ytas su balintu lino sitilu) ir natiiralios
spalvos linas. Audinio pavir§iaus spalva, struktira ir gramatiira turi didele jtaka spalvy
atklirimui spausdinant skirtingy spalvy daZzais.

Spausdinty spalvy L*a*b* parametrai buvo lyginami su etaloniniy skaitmeniniy
spalvy parametrais.

Balinto lino audiniai (OBR 840, OBR 0114, OBR 491, OBR 1542) pasizymi pana-
Siomis spalvy atkiirimo savybémis, kaip ir baltas popieriaus lapas, o natiiraliy lininiy au-
diniy (OBR 166, OBR 051, OBR 1041) spalvy atkiirimas yra labai ribotas. Spausdinant
ant balinto lininio audinio, spalvos geriausiai atkuriamos ant storiausio balinto lininio au-
dinio (OBR 1542), o prasc¢iausiai — ant ploniausio natiiralaus lino audinio (OBR 1041).
Audinio spalva daro didelg jtaka rasalinio spausdintuvo spalvy atkairimui. Spalvy atkdri-
mas ant lininio audinio spausdinant 4 kartus ir 2 raalo sluoksniais pavaizduotas S3.3 pav.

¢ Reference
© Paper
+ OBR 840
+ OBRO114
+ OBR 491
+ OBR 1542
« OBR 052
= OBR831
= OBR 482
OBR 166
OBRO51
« OBR 1041

S3.3 pav. Spalvy charakteristikos ant lino audiniy dvimatéje erdvéje a*b*,
spausdinant 4 pra¢jimais ir dengiant 2 sluoksniais rasalo (Tofan, 2021)

Siekiant jvertinti skaitmeniniy rasaly stabiluma, spalviniai parametrai buvo matuo-
jami praéjus 90 dieny po spausdinimo proceso. Matuojamos 6 spalvy charakteristikos: Y —
geltona; R — raudona; M — purpuring; B — mélyna; C — Zydra; G — Zalia. Skaitmeniniy
etaloniniy spalvy a*b* reik§més paZzymeétos juoda linija S4.3 pav., o spalvy a*b* reikSmés,
iSmatuotos atspausdinus ant popieriaus, pazymétos balta linija. Ribotas spalvy atgamini-
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mas ant visy riisiy lino audiniy aiskiai pasiskirsto j 3 grupes pagal audinio spalvas. Sun-
kiausia atgaminti C ir B spalvy sodrumg. Spalvy atkiirimas spausdinant ant balinto lininio
audinio yra artimiausias spalvy atklirimui ant popieriaus, o spausdinant ant natiiralaus lino
audinio yra labai ribotos spalvy sodrumo atkiirimo galimybés.

Didziausias démesys buvo skiriamas tiriant spausdinimo sluoksniy skai¢iaus (nuo
1-0 iki 5-1y) ir spausdinimo pra¢jimy skaiciaus (4, 8, 16 karty) jtaka spalvy atktirimui ant
skirtingy lino audiniy pavir$iy. Spausdinant skirtingais praéjimy skaiciais spalvy L*a*b*
reik§més nekinta ir spalvy skirtumai nepastebéti, taciau praéjimo skaicius turi didelg jtaka
bendram spaudos greiciui. Spalvy skirtumas tarp skirtingy spaudiniy yra AE < 3.

Siekiant detaliau iSnagrinéti spalviniy charakteristiky pokytj pagal skirtingus rasalo
sluoksnius ir spausdinimo praéjimus, pasirinktas balintas lininis audinys (OBR 840).
Spausdinant skirtingais raSaly sluoksniais, didziausias yra $viesumo (L*) parametro poky-
tis. DidZiausias skirtumas tarp spausdinty sluoksniy fiksuojamas tarp 1-0 ir 5-0 sluoksnio
(AE nuo 3 % iki 55%), o skirtumas tarp 3-¢io ir 4-to sluoksniy (AE < 5%) ir tarp 4-to ir
5-to sluoksnio (AE < 4%) yra nereik§mingas. Spausdinant 1-u rasalo sluoksniu, spalvy
atkiirimas yra prasciausias, spalvoms triiksta rySkumo. Geriausias spalvy atklirimas pasie-
kiamas spausdinant 2-iem sluoksniais. Spausdinant 4-iais ir 5-iais rasalo sluoksniais, spal-
vos charakteristikos AE pokytis didéja ir spalvy atkiirimas yra maziau efektyvus, nei
2-iejy ir 3-jy rasalo sluoksniy.

Palyginus 4 ir 16 pra¢jimy spausdinimo nustatymus, i§liko tie patys AE spalvos cha-
rakteristiky pokyciai. Lyginant spalvy atkiirimo skirtuma nuo praéjimy skaiciaus, spalvy
kitimas yra nereikSmingas (AE < 3), iSskyrus zalig spalva (AE < 14).

Atlikus fizinius eksperimentus esant skirtingiems spausdinimo nustatymams ir jver-
tinus jy jtaka spalvy perteikimui, pastebéta, kad reikalingi tyrimai, kuriuose biity iSanali-
zuota skirtingy spausdiniy pavirSiaus jtaka spausdiniy kokybei. Biitina istirti pavirSiaus
energijos jtakg laselio dengiamam plotui ir vilgymo kampui ant pavirsiaus. Kiti tyrimai
turéty apimti laseliy susidaryma, judéjimo greitj ir sgveikos su jvairiais pavir§iais aplin-
kybes, sickiant nustatyti, kaip greitai laseliai pasiekia stabilig faze, laseliy dengiamaji plota
ir laseliy drékinimo kampus ant spausdinimo pavirSiaus. Ankstesni tyrimai, atsizvelgiant
1 pagrinding tyrimy kryptj, t. y. spaudos kokybés uztikrinima, reikalauja papildomo ty-
rimo, orientuoto j laseliy saveikos su pavir$iumi atvejus. Sis tyrimas papildys dvi ankstes-
nes publikacijas ir jame bus iSnagrinéta pavirSiaus energijos jtaka laselio saveikai su pa-
virSiumi. Tai tiesiogiai paveiks spausdinimo kokybés parametrus.

3 straipsnio tyrimo rezultatai
Pirmiausia, norint geriau iSanalizuoti laseliy sgveika su pavirSiumi, svarbu sudaryti tinka-
mas salygas laSeliams nusodinti. Pavyzdziui, kontroliuojant laseliy nusodinima ant pavir-
Siaus, galima padidinti spausdinimo greitj, neprarandant spausdinimo kokybés. Laseliy
nusodinimas ant spausdinimo pavirsiaus rasalinio skaitmeninio spausdinimo procese api-
budinamas kaip penkiy nuosekliy etapy seka: saveika, sklaida, atsipalaidavimas, drékini-
mas ir pusiausvyra.

Fizinis eksperimentas atliktas ant juodos spalvos 4 skirtingy polimeriniy medziagy.
Visos $ios zaliavos naudojamos maisto pramongje ir gali kontaktuoti su maisto produktais.
Medziagy parametrai nurodyti S3.3 lenteléje.
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S3.3 lentelé. Spausdinamy medziagy parametrai (Tofan, 2021)

5 Medziagos Pavirsiaus Pavirsiaus
Bandiniai Zaliavos gamintojas storis Siurk§tumas energija
(mm) (um) (mN/m)

1. PP (polipropilenas) MOPLEN HP500N 1 2,8 32
2. PP (polipropilenas) MOPLEN HP500N 1 0,05 28
3 HDPE (dideliotan- | pg) | 3110 1 25 32
kio polietilenas)
4. PET (polietileno NEOPET80 1 0,05 38
tereftalatas)

Siekiant jvertinti dazy dangos atsparumag mechaniniam poveikiui, taikomas DIN ISO
2409 tyrimo metodas. Tyrimo rezultatai atvaizduoti S3.4 lenteléje. Pavir§iaus energijai
nustatyti naudojami Plasmatreat bandomieji rasalai esant skirtingoms jtempimo energi-
joms. Plasmatreat testavimo rasalai pagaminti pagal DIN 53364 ir ISO 8296 standartus.
Laselio ir pavirSiaus sgveikos kampai buvo modeliuojami, naudojant COMSOL Multiphy-
sics programing jranga.

S3.4 lentelé. Tyrimy rezultatai (Tofan, 2021)

Pavirsiaus _ DIN IS? 2409 . DIN ISQ 2409
Tyrimai | Bandiniai energija kVIIgym% tyrimas 1s_ke_1rto po |tyrimas pragjus _24 val.
(mN/m) ampas (°) spausdinimo po spausdinimo
proceso proceso
1 32 82,3 GT1 GT4
1 2 28 83,8 GT3 GT4
3 32 78,1 GT4 GT4
4 38 79,7 GT3 GT4
1 32 - GT1 GT4
5 2 28 - GT2 GT4
3 32 - GT2 GT4
4 38 - GT2 GT4
1 70 52,4 GTO GTO
3 2 58 55,3 GTO GTO
3 72 48,7 GTO GTO
4 72 49,1 GTO GTO

Eksperimento metu siekiama nustatyti spausdinimo dazy ir skirtingy medziagy pa-
virsiy sukibimo priklausomybg nuo skirtingy apdorojimo biidy: 1 tyrimas atliktas be jokiy
pavirsiy apdorojimy, 2 — nuvalius pavirSius su izopropilo spiritu, 3 — apdorojant pavirsius
plazminiu jrenginiu. Taikant DIN ISO 2409 tyrimo metoda, galima nustatyti, kuri me-
dziaga gali pasiekti gera sukibimg su pavirSiumi pagal klasifikavimo vertes GT0-GT4.
Klasifikacijos verté GTO rodo puiky dazy sukibima su pavir§iumi, kai néra pazeidziamas
raSalo sluoksnis, o vert¢ GT4 — kai pasalinama daugiau nei 35 proc. atspausdinto sluoks-
nio. Visy bandiniy rezultatai yra skirtingi, matuojant dazy sukibima pagal DIN ISO 2409
standarta iSkart po spausdinimo, tac¢iau galutinis matavimas atliekamas po 24 valandy.
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Puikiis sukibimo rezultatai fiksuojami, kai méginiai prie§ spausdinimg buvo apdoroti
RD2005 plazminiu jrenginiu. Sis apdorojimas uztikrino stabily GTO klasifikacijos vertés
iSlaikyma visiems méginiams.

Taikant skaitinj modeliavima, buvo istirta laseliy greicio kaita spausdinant ant neap-
doroty ir apdoroty pavirsiy, S3.4 pav.

Neapdorotas polietileno
tereftalato pavirsius

@ Apdoroto plazminiu
S — jrenginiu polietileno
] . we
2= tereftalato pavirSiaus
w2
Ey
2
]
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-
= 1
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1 357 91113151719212325272931333537394143454749
Laikas (ps)

S3.4 pav. Laseliy greicio pokytis sagveikos metu (zingsnyje D) su neapdorotu ir apdorotu
plazminiu jrenginiu polietileno tereftalato pavirSiumi (Tofan, 2021)

Laseliui kontaktuojant su skirtingais pavirSiais, greitis fiksuojamas kas 1 ps. Pries
pasiekiant stabilig pavirSiaus faze, pastebéti keli virpesiy slopinimo procesai, o laseliy el-
gesys priklauso nuo pavirSiaus energijos. Svarbu pazyméti, kad laseliy osciliacija saveikos
metu taip pat priklauso nuo skys¢io jtempties energijos, taciau Siam skaitiniam eksperi-
mentui buvo naudojami vienodi spausdinimo rasalai, turintys tas pacias savybes. Rezulta-
tai rodo, kad ant neapdoroto pavirSiaus laselio osciliacijos svyravimy greitis yra du kartus
didesnis, lyginant su apdorotu pavir§iumi. Neabejotinai skirtingos pavirSiaus energijos le-
mia skirtingg laselio saveika su pavirsiais. Kai laselio judéjimo greitis sumazéja iki nulio,
laselis pavirSiuje pasiekia stabilig biseng ir jgauna galuting forma, S3.5 pav.

% ;iw

, Neapdorotas pavirSius I [ Apdorotas pavirSius ‘

S3.5 pav. Laseliy forma ir vilgymo kampai ant neapdoroto ir apdoroto plazminiu jrenginiu
polietileno tereftalato pavirsiaus (Tofan, 2021)

Atliktas skaitinis modeliavimas naudojant COMSOL programing jranga. Pasitelkus
modeliavimg buvo nustatytas rasalo laseliy greitis ir skersmens pokytis sgveikos metu su
apdorotais ir neapdorotais polimery pavirsiais. Dazy susigérimo koeficientas néra taiko-
mas, nes spausdinama ant vienaly¢iy polimeriniy medziagy. Apdorojimo metodai, kai pa-
didinama pavirSiaus energija be jokiy matomy fiziniy poky¢iy, turi jtakos galutinei raSalo
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laseliy formai ir sumazina sgveikos osciliacijos poveikj. Spausdinant rasaliniu biidu ant
skirtingy pavir$iy, norint geriau suprasti dazy ir polimero sukibimo savybes, svarbu nus-
tatyti pavirSiaus energijos vertes. LaSeliai ant pavirSiaus turi skirtingus drékinimo (kon-
takto) kampus pagal skirtingus pavirSiaus parametrus. Laseliy dengiamasis plotas ant pa-
virsiaus gali skirtis keturis kartus, o laSelio aukstis — du kartus (atsizvelgiama j pavirSiaus
energijos vertg). Laseliui atsitrenkus j neapdorota polietileno tereftalato pavirsiy, laselio
skersmuo svyravimo metu padidéja iki 48 um, o po to sumazéja iki 32 pm stabilumo
biisenoje. Spausdinant ant apdoroto pavirSiaus, laselio skersmuo tolygiai didéja ir iSlieka
galutinés formos, jo skersmuo yra 64 um. Laselio kontaktinio ploto sumazéjima ant neap-
doroty pavirS$iy galima numatyti apskaiCiuojant pavirSiaus energija, rasaly pavirSiaus
itempima ir sgsajos energija. Laselio virpesiai sgveikos metu priklauso nuo rasalo savybiy,
spausdinimo galvutés purskimo parametry ir pavirSiaus energijy charakteristiky.
Skaitinio modeliavimo tyrimas yra naudingas spausdinimo galvuéiy struktiiros tobu-
linimui, spausdinimo kokybés gerinimui, spausdinimo grei¢io didinimui ir naujy rasaly
kiirimui. Atliekant papildomus tyrimus, svarbu iSnagrinéti laseliy generavimo signalus ir
laselio i§stlimimo i§ spausdinimo galvutés procesa. Taip pat aktualu nustatyti, kokie rasa-
linio spausdintuvo galvutés valdymo parametrai turi tiesioging jtakg formuojant laselius.

4 straipsnio tyrimo rezultatai

Siame straipsnyje siekiama nustatyti spausdinimo galvutés laselio i§purikimo parametry
(t; Vin) jtaka laSeliy formavimuisi ir judéjimui. Pasitelkus skaitinj modeliavimg nustato-
mos laselio formavimosi tendencijos, esant skirtingiems iSmetimo parametrams, ir nagri-
néjama suzadinimo laiko jtaka laSeliy susidarymui. Taip pat nagrinéjama laSeliy masés ir
judéjimo greicio kitimo priklausomybé bei pavirSiaus dengiamas plotas. Visi Sie aspektai
turi jtakos galutinei spaudos kokybei. Skaitinis modeliavimas trimatéje erdvéje puikiai
pritaikomas, siekiant detaliai iStirti, kaip suzadinimo impulso laikas (1) ir dazy padavimo
greitis (Vin) lemia laselio formavimasi. Jei suzadinimo impulsas ir skys¢io greitis ties
purkStuku bus per mazas, laselio energijos neuzteks atsikabinti nuo spausdinimo purks-
tuko. Jei laselio purskimo impulsas bus per stiprus, laselis suformuos daugybe piktybiniy
palydovy ir po smiaigio j pavirSiy susidarys purslai, kurie pakenks spausdinimo kokybei
dél nekontroliuojamo rasalais dengiamo ploto.

Lageliy judéjimas modeliuojamas, naudojant COMSOL Multiphysics programing
jrangg. Laselio formavimosi procesg nuspéja rasalo jtekéjimo greitis ir suzadinimo uZzlai-
kymo laikas. Tyrimo metu rasaly jtekéjimo greitis buvo fiksuotas 0,5 m/s, esant skirtin-
goms suzadinimo laiko reikSméms: t; = 1 pus; to = 3 ps; t3 = 12 us. Laseliy formavimosi ir
judéjimo rezultatas atvaizduotas S3.6 pav.

. ‘ ‘
a) ) T 9 e

S3.6 pav. Laseliy formavimasis ir judéjimas esant skirtingiems suzadinimo laiko parametrams:
(@ —t1=1ps; (b)—t2=3 ps; (c) —tzs = 12 ps (Tofan, 2022)
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Isstimimo fazéje laseliy masé didéja proporcingai spausdinimo galvutés rasalo jte-
kéjimo greiciui. Laselis, kurio suzadinimo laikas 3 ps, pasiekia pavir$iy tuo paéiu metu,
kaip ir laSelis, kurio suzadinimo laikas buvo 12 ps, taciau pastebimas akivaizdus skirtumas
saveikos su pavirSiumi metu. Laselis, kurio suzadinimo laikas yra 3 us, beveik nesvyruoja
pavirsiuje, o laSelis, kurio susidarymo laikas yra 12 ps, saveikos metu iSsitasko purslais ir
lieka netolygios formos ant pavirsiaus. Sis rezultatas rodo, kad, priklausomai nuo spaus-
dinamo vaizdo skiriamosios gebos, galima naudoti visus 3 skirtingus formatavimo laikus,
siekiant padidinti spausdinimo greitj ir kokybg. Jei reikalaujama aukstos raiskos kokybeés
spaudiniy, geriau naudoti nedidelj suzadinimo laika, kad bty formuojami mazi laSeliai,
nesant papildomai susidariusiy mazesnio skersmens palydoviniy laseliy. Jei nereikia auks-
tos kokybés ir reikalaujama padengti stora to paties rasalo sluoksnj, galima naudoti ir di-
delio uzlaikymo suformuotus laselius.

Laseliy masés kitimas pagal skirtingus suzadinimo laiko tarpsnius atvaizduojamas
S3.7 pav.
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S3.7 pav. Laseliy masés kaitos esant skirtingiems iSmetimo parametrams vaizdavimas.
Mase¢ ir formatavimo laikas (Tofan, 2022)

Skirtingas suzadinimo laikas tiesiogiai turi jtakos laseliy masés formavimuisi. Di-
dziausias 12 ps suzadinimo laikas lemia masés sumazéjima po 30 ps, kai laselis suskai-
domas dalimis, ir padidéja po 35 s, kai laSelj paveja ir prisijungia susiformave palydovi-
niai laseliai. Skirtingy suzadinimo laikotarpiy laseliy mase pries saveika uzfiksuota: 1 pus —
2,5ng, 3 ps— 16 ng, 12 us — 65 ng. Pateiktas skaitinis modelis yra puikus jrankis skirtin-
giems spausdinimo galvuciy nustatymams derinti, sieckiant aukstos kokybés spaudos.

Bendrosios iSvados

1. Atlikus skaitinj eksperimentg nustatyta, kad rasaliniam spausdinimo procesui turi jta-
kos $ie parametrai: laikas, per kurj i$spausdintas laSelis suformuoja sferg zingsnyje C
(angl. versijoje Fig. 1.4), ir greitis, kuriuo jis pasiekia pavirSiy zingsnyje D. Taip pat
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svarbu numatyti laselio sgveikos su pavirS§iumi rezultatus: dengiamas laselio plotas,
vilgymo kampas, laikas, per kurj laselis pasiekia stabilig faze (Zingsnyje nuo D ir F).

2. Istyrus jvairiy tipy rasaly poveikj spausdinamam pavirsiui, nustatyta, kad, priklauso-
mai nuo rasalo fizikiniy savybiy (y; p; o; Oh; Z), vyksta skirtingas laSelio judéjimas ir
formavimasis, taip pat susidaro skirtingos sgveikos aplinkybés. Taigi $iy minéty para-
metry pokytis yra svarbus kontroliuojant spausdinimo procesg ir uztikrinant spausdi-
nimo kokybe.

3. Skaitinis eksperimentas leidzia jzvelgti spausdinimo proceso ypatybes. Laselio forma-
vimosi ir judéjimo pokycius nusodinimo metu galima kontroliuoti priklausomai nuo
spausdintuvo galvutés ir iSstimimo parametry. Kontroliuojant laSelio trajektorija ir la-
Selio masg, galima numatyti galuting laselio vietg ir dengiama plota pavirsiuje.

4. I8 grafiniy rezultaty matyti, kad laselio formos pokycius laiko atzvilgiu galima geriau
paaiskinti, padalijus visa procesg i atitinkamus etapus. LaSelio judéjimg sitiloma sus-
kirstyti j 6 etapus: laseliy iSmetimas, laselio sitilo atskyrimas nuo purkstuko, laselio
sferos formavimas, laselis pries$ saveika su pavirSiumi, laseliy sgveika (skleidimas) ant
pagrindo pavirsiaus ir laselio stabilumo faz¢. Sitilomas SeSiy etapy tyrimas leidzia grei-
Ciau aptikti iSstumto laselio formos pokycius per atitinkama laiko intervala, kai jis lais-
vai krenta link sgveikaujancio pavirSiaus.

5. Naudojant COMSOL CFD modeliavimo programinés jrangos modulj, buvo i$anali-
zuotas laseliy formavimasis, judéjimas ir saveika su pavir$iais. Po skaitiniy eksperi-
menty pastebéta, kad pateiktame tyrime svarbu iSanalizuoti skirtingy dazy fiziniy sa-
vybiy poveiki spausdinimo procesui, skirtingus laselio generavimo parametrus ir
skirtingus spausdinamy pavirsiy parametrus.

6. Sudarytas skaitmeninis modelis rasalinio laSelio judéjimui ir parametrams tirti. Nau-
dojant COMSOL programine jrangg, buvo rastas laselio formos pokytis ir laselio atsis-
kyrimo nuo purkstuko laiko momentas, laselio sferinés formos sukiirimo laiko mo-
mentas, laSelio masés formavimasis ir pokytis laiko atzvilgiu, laselio tiirio pokytis,
laselio biisena sgveikos metu ir galutiné laselio blisena ant pavir$iaus. Skaitinis mode-
lis suteikia galimybe detaliai iSnagrinéti skirtingus purkstuky parametrus, skirtingus
laselio generavimo parametrus ir iSbandyti spausdinimg su skirtingy parametry rasa-
lais.

7. Taikant 3D CFD modulj, kai nagriné¢jamas skaitmeninio spausdintuvo galvutés veiki-
mas, galima jvertinti tokiy komponenty jtaka: laselio suzadinimo laikas, laselio masés
ir jo parametry kitimas, laselio grei¢io pokytis. Siame darbe buvo jvertinta skirtingy
laseliy generavimo parametry jtaka laseliy masei: 1 us—2,5ng; 3 us—16 ng; 12 ps —
65 ng.

8. Skaitinis eksperimentas parodé, kad, siekiant padidinti spausdinimo greitj ir atspaudo
kokybe, atsizvelgiant | spausdinamo vaizdo skiriamajg gebg, galima naudoti skirtingus
i8purSkimo parametrus. Tuo atveju, kai reikalingas aukstos raiSkos atspaudas, reko-
menduojama nustatyti nedidelj iSpurskimo laika, kad buty formuojami mazi rasalo la-
Seliai be kenksmingy juos lydinéiy palydovy. Jei nereikalaujama aukstos raiskos ats-
paudo ir reikia padengti storg to paties rasalo sluoksnj, galima nustatyti ilgesnj
iSpurskimo laika.
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