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Inkjet printing technologies have advanced significantly and found several applications in the pharmaceutical and
biomedical sector. Thermal inkjet printing is one of the most widely used techniques due to its versatility in the
development of bioinks for cell printing or biosensors, and the potential to fabricate personalized medications of various
forms such as films and tablets.
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| 1. Introduction

Over the last 20 years, we have encountered a transformation in manufacturing technologies in the area of medicinal
products QI2E, Traditionally marketed medicines are manufactured at fixed doses (one size fits all) targeting a large
number of patients in order to reduce the production costs and time to the market. However, the widely varied responses
to a particular therapeutic dose in patient populations especially for medicines with narrow therapeutic windows points out
the limitations of generalized mass manufacturing 4. Moreover, there is a growing number of patients worldwide with
chronic diseases who have to take multiple doses of medicines per day, called polypharmacy, which increases the risk for
side effects and drug—disease interactions [Bl. Currently, swift advances in gene sequencing technology along with
increased knowledge of genomics and better understanding of diseases on molecular level coupled with the use of
toxicogenomic markers have opened a door for personalized medicine that will possibly bring a revolution in the
conventional treatment approaches as well as in pharmaceutical industry EMEIE, For the materialization of these
advances in personalized medicines, a wide range of 2D and 3D printing technologies have been introduced as
appropriate for manufacturing print-on-demand medicinal products. Inkjet printing (1JP) technology is considered an ideal
approach as it is cost effective [HIALUMA2IA3I4] with high precision, repeatability, robustness, and high-throughput (Figure

1). Due to its wide applicability, inkjet printing has been extensively used for pharmaceutical applications and tissue
engineering [LSILEIL7I18[19](20](21](22](23][24]
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Figure 1. Schematic illustration of inkjet printing technology 22,



1.1. Inkjet Printing Technology

Inkjet printing is a reprographic method that provides for the controlled deposition of a small drop of ink (e.g., biological,
synthetic and any form of therapeutic or nontherapeutic substances) on a substrate [281127],

Today, this widely known digital printing technology that was originally developed to transfer electronic data on paper is
present in almost every office and household as a common technique for printing text or graphics 28l27[28129] Being a
noncontact deposition and direct-patterning technique, it provides minimal contamination and waste of therapeutic
sample, respectively LUBABLE2 |t has also caught the attention of researchers worldwide because of its drop placement

accuracy in a precisely fixed amount (typically in volumes of picolitres, pL) of material that can be dispensed without any
prior pattern [LEA33[34]

This material-conserving patterning technique is usually used for the deposition of liquid phase materials that are
technically termed ink and that contain the solute as dissolved or dispersed in a solvent. A piezoelectric inkjet printer uses
a piezo-ceramic plate to apply ink droplets in order to regulate the ejection. To avoid unwanted interactions between the
inks and the plate, a tiny diaphragm is connected to the piezo-ceramic plate. An electric impulse causes a piezo-ceramic
plate to distort, and subsequently, the droplet is ejected from the nozzle as a result of the pressure wave this creates. The
piezo-ceramic plate returns to its original shape after the electric pulse is removed, and the ink is replaced. These ejected
droplets gravitate towards and settled on the surface of the substrate using the momentum obtained during the motion.
Subsequently, droplets dry (see detailed schematic representation in Figure 2) via the evaporation of the solvent 23,
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Figure 2. Schematic representation of the potential drying process and crystal formation of an organic semiconductor,
6,13-bis((triisopropylsilylethynyl) pentacene (form 25% dodecane) after deposition from a drop-on-demand piezoelectric
print head (28],

Before the drying process starts, the droplet first reaches an equilibrium temperature due to the continuous heat loss and
evaporation of the solvent into a warmer environment of surroundings at a certain pressure and temperature B8l |n the
first stage of droplet drying, the drying rate (which is commonly expressed in kg m™2 s™1) is limited and determined via the
energy essential to evaporate the solvent, which leads the heat transport towards the droplet's surface B8B83 After that,
the drying process starts from the surface of the droplets, and the molecules of solvent keep drifting towards the surface
from the center, which can be mediated via diffusion allied to the solute, convection of liquid within the droplet or capillary
fluid flow B7E8IAA |f the temperature of the surroundings is constant, then the drying rate remains unchanged and
determined only by the temperature transfer towards the droplet surface B841. For this reason, the first stage of droplet
drying is known as the constant-rate drying stage 8!,

The second stage of droplet drying is elucidated by the materials present in droplets. Since the evaporation of liquid
occurs in the surface of a droplet, the material concentration increases at the surface. This growing concentration gradient
results in diffusional material flux far from the surface and towards the center of the droplet, which is a complex
phenomenon 829, Consequently, the diffusional motion of the material towards the droplet's center becomes less than
the reduction rate of the droplet diameter because of the constant rate for solvent loss. At this point, crust forms because
the higher concentration of materials at the droplet surface leads to a decrease in the drying rate B842 This point is
called the locking point or critical point. In the beginning of the second drying stage, a porous solid crust with an internally
wet core might be observed in the drying droplet, and drying rate here is how determined by the diffusion or capillary flow
rate of the liquid from the wet core via the porous crust. A slowed liquid evaporation still causes the shrinkage of wet core
and a considerable increase in the crust towards the droplet's focal point 4243l The condensed crust will influence a
growing resistance to mass transfer, and therefore a decrease in the drying rate can be observed. Because of that, this
second stage is called the falling-rate stage in the droplet-drying process BZ. It infers the presence of lowest possible



amount of residual liquid in a single droplet, which can be either an equilibrium amount or residual solvent that cannot be
eliminated by drying 8441 Hence, the droplet drying rate in the course of time at the falling-rate period might take on
different shapes depending on the mechanism and factors of the drying 4345l Figure 3 shows a simplified illustration of
the two stages of droplet drying.
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Figure 3. Simplified schematic depiction of the different stages a droplet goes through while drying. Drying rate is
represented by a dotted line and temperature evolution by a solid line. The solid fraction is shown in red and the liquid
fraction in blue (431451,

In short, the mechanism of inkjet printing comprises three main steps: (1) ejection of ink and droplet formation, (2) liquid—
solid interaction after the placement of droplets on the substrate’s surface and (3) drying of ink droplet and subsequent
solidifying of the printed features to generate a solid deposit 281147,

Moreover, inkjet printing does not require sophisticated infrastructure such as clean rooms and large-scale facilities 14,
Merely tiny drops are enough to produce superior quality images with higher resolution 8. Overall, inkjet printing is a
better patterning technique in comparison with some of the other available technologies in the market (Table 1) in terms of
cost, efficiency, resolution, compatibility with polymer, process, mode of action, flexibility, requirement of environment and
material consumption 491501,

Table 1. Comparison of some typical patterning technologies 9.

. . Micro-Contact Shadow . L

SN Properties Photolithography Printing Mask Inkjet Printing

1. Cost Extremely high Medium Low Low

2. Efficiency Low High High High

3. Resolution Extremely high High Low High

4. Compatibility with Bad Bad Good Excellent

polymer

5. Process Multi step Multi step Multi step Allin one

6. Mode of action Noncontact Contact Contact Noncontact

7. Flexibility Bad Bad Bad Good, digital
lithography

8. Requ_lrement of Clean r_cvoms_, vibration Medium Low Low

environment isolation
9. Material consumption High Low Medium Low

Inkjet printers present some drawbacks. Mainly, they are expensive because of their two basic requirements: (a)
printheads must be well suited to different kinds of inks, for example polymeric or metal-based inks and (b) printing cycles
must be executed repeatedly. Low-cost inkjet printers that are used generally in household and office might be considered
for use as simple devices, but they usually cannot perform due to the incompatibility with the bioinks or inks used for
laboratorial research purposes. This is especially the case with metal inks due to their viscosity and nozzle occlusion
problems. In addition, the printers’ multilayer patterned structure makes it quite difficult to print with them [L[B253154] Ap
additional issue is the printing of polymers on material surfaces, which leads to adsorbed patterns that are poorly



adhesive B3, Another disadvantage is the coffee ring effect, which causes inkjet-printed insulators to generate a wave-
shaped profile where other methods produce perfectly smooth profiles, such as spin-coating 81,

To overcome these issues, researchers have come up with different strategies for both maximizing the benefits that inkjet
printing provides and minimizing the disadvantages as well. For example, screen printing provides high-speed printing
that is adaptive to commonly available materials and complex multilayer devices. In addition, low-cost inkjet piezoelectric
printers provide good spatial resolution (for example, 5760 x 1440 drops per inch), low-cost printing and production and
good repeatability (range ~300 pum). Professional inkjet printers provide high spatial resolution and low production cost,
are compatible properties with several materials and show repeatability ranges from 5 pm to 25 um. Finally, mixed-screen
printing and low-cost inkjet have demonstrated adaptability to numerous materials, good spatial resolution and
repeatability (~300 pm) &2,

There are a few reported studies regarding the development of multilayered structures based on the development of ink
properties such as viscosity, surface tension and pH combined with printing parameters (voltage and duration) 28], Control
over the evaporation rate is a key parameter for increasing accuracy and resolution, and the rate can be adjusted by the
addition of cosolvents (e.g., alcohol)

1.2. Inks for Inkjet Printing

The ink used for material deposition and its physical properties is considered to be the most crucial part of inkjet printing
technology [28]. Inkjet printing involves various processing steps such as droplet generation, motion, interaction with
substrate, and drying that are influenced by the quality and properties of the ink for successful printing 14, The resolution,
uniformity and quality of the patterns significantly depend on the viscosity and surface tension of the ink 2248l These two
parameters can determine the three main steps of inkjet printing process 8. The speed and accuracy of droplet ejection
will decrease if there is an increase in viscosity. At high viscosity and drop rate, the printing process will fail as the ink
might not move towards the ink cartridge swiftly to refill it in-between the jetting 29, Glycols (e.g., glycerol, propylene
glycol and polyethylene glycol) are the typically used excipients for viscosity adjustment B2EA61  Contrastingly, surface
tension influences the propensity of the ink to draw off of the nozzle to produce a droplet, and it is usually adjusted by
adding surfactants 22, Fromm et al. introduced an equation to determine an apt balance among the physical properties in
one of his published articles in 1984, which is as follows:

z=Y" _ = 1)

In this equation, the surface tension, density, viscosity and printing mesh aperture diameter are denoted by y, p, n and /,
respectively 2782 This equation also explains the dimensionless numbers from fluid physics. i.e., Reynolds number,
Weber number and Ohnesorge number designated by Re, We and Oh, respectively. It was suggested by Fromm that
proper inkjet printing would be possible if Z is greater than 4 (Z > 4). Further investigations led to the introduction of a
limiting range for inkjet printing where 1 < Z < 10 [ZI83], This range explains the viscous dissipation of a droplet formation
if Z is greater than 1 (Z > 1), and if Z is less than 10 (Z < 10), then the formation of satellite droplets occurs (also termed
as secondary droplets) 2. These satellite droplets have an effect on primary droplets and influence their positioning on
the substrate. In fact, the droplet deposition should be accurate, uniform and precise to facilitate successful inkjet printing
[, Further experimental studies revealed a new range for Z, that is 1 < Z < 14 [62l64l65] Fjgure 4 shows the formation of
satellite droplets.




Figure 4. The upper image is a high-speed photograph of a droplet coming out of a nozzle, and the bottom one is a high-
speed photograph of a satellite droplet formation 24,

The modulation of droplet size is a major challenge in inkjet printing. To date, a total of eight mechanisms have been
recorded that are capable of changing the droplet volume utilizing same ink and printhead.

Usually, optical techniques are used to measure the droplet coming out of the nozzle €8 To illustrate, a 6 ns short
illumination with a laser induced fluorescent stroboscopic recording using iLIF (illumination by laser induced fluorescence)
or ultra-high-speed cameras (up to 25 Mfps) are usually used to measure the drop formation with pL sized droplets at
approx. 100 kHz repetition rate (67,

One of the inkjet printing limitations is the use of inks of low viscosities. Table 2 lists the compositions of some typically
used printing inks including their viscosity and surface tension.

Table 2. Some of the recently used inks in inkjet printing.

SN Ink I(r;kp\;iz():osity Ink Surface Tension (mNm™)  Zvalue Ref.
1. Ethylene glycol 15.8 455 2.08 81
Ethylene Glycol: Water (5/95) 1.16 69.5 33.2
Ethylene Glycol: Water (10/90) 1.47 68.9 26.1
Ethylene Glycol: Water (15/85) 2.32 67.7 16.5
Ethylene Glycol: Water (25/75) 2.72 67.0 14.1
Ethylene Glycol: Water (50/50) 5.05 46.7
Ethylene Glycol: Water (50/50) 4.39 60.3 8.40
Ethylene Glycol: Water (75/25) 7.81 52.7 4.47
Ethylene Glycol: Water (85/15) 10.5 50.2 3.28
2, De-ionized water 1.07 72.7 368 [
3. Gallium-indium (75/25) 1.7 624 161
4. Glycerol-Water 1-22.5 66.4-7.6 691
5. CuNO4- Water ~4.45 88 ra
6. Dowanol 10.17 15.55 [
7. Ethyl acetate 0.452 2.367 as
8. 5 Fe304-95 (nanoparticles + UV Curable matrix resin) 18.03 23.91 1.72 2
9. 10 Fe304-90 (nanoparticles + UV Curable matrix resin) 18.08 20.91 1.57 (2]
10. Hydroxypropyl cellulose:Water (6/94) 45 44.5 3
11. Commercial AgNp 6.8+0.7 301 (4]
12. Diethylene glycol 27.1 42.7 1.17 81
13. Glycerol 934.0 76.2 0.05 e8]
14. MnCo20,4 10 617 @
15. MnCo; gFeq 204 >15 a77 @



SN Ink Ink Viscosity Ink Surface Tension (nNm™)  ZValue Ref.

(mPa-s)
PVDF: BaTiOj3 (40/8) 13.6 30.2 117 @
PVDF: BaTiO; (32/6.4) 9.7 317 172 @
PVDF: BaTiO; (24/4.8) 6.0 32.4 279
- PVDF: BaTiOs (16/3.2) 3.7 335 459 @
PVDF: BaTiO; (8/1.6) 21 34.8 g23 @
PVDF: BaTiO; (1/0.2) 1.3 36.0 1356 @
17. DNTF: Hexogen (13.86/0) 1.2 23.33 3694 [
DNTF: Hexogen (12.47/1.39) 1.0 23.09 44.56 n
DNTF: Hexogen (11.09/2.7) 0.8 23.77 5801 [
DNTF: Hexogen (9.70/4.16) 0.6 24.15 7551 [
DNTF: Hexogen (8.32/5.54) 0.8 24,52 582 [
DNTF: Hexogen (6.93/6.93) 1.3 23.66 3544
18. 8 mol% Y,Os-stabilized ZrO, (8YSZ) 1.5 18.8 + 0.3 7.6 (8l

Note: concentration of Ethylene Glycol: Water ratios are in v/v; concentration of PVDF: BaTiO3 ratios are in mg mL™%;
concentration of DNTF: Hexogen ratios are in wt%; PVDF = Polyvinylidene difluoride; DNTF = 3,4-dinitrofurazanofuroxan.

1.3. Overview of Different Types of Inkjet Printing Technology

Based on the physical process of droplet generation, this automated, high-throughput technology is predominantly
classified into two categories: (a) continuous inkjet printing (C1J) and (b) drop-on-demand printing (DOD) (Figure 5) 16123]
(271291791 Continuous inkjet printers generate droplets as a continuous stream of ink discharged on the target, while in
drop-on-demand printers, the droplets are ejected in a discontinuous manner only when they are needed Y. Droplets
deposited by continuous inkjet method are usually twice the size of the orifice 22,
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Figure 5. Simplified representation of two different categories of inkjet printing mechanism: (a) continuous inkjet printing
(C1J) and (b) drop-on-demand printing (DOD) (841,

In CIJ printing, a high-pressure pump under an electric field allows the continuous flow of liquid material that is ejected via
the orifice, diameter 50—-80 um, which then disintegrate into a stream of droplets under the surface tension forces due to
Reayleigh instability L3289 Continuous inkjet printing is predominantly used in textile printing, labelling and other high-
speed graphical works (28], Depending on actuation technique, 1JP can be classified into another two categories which are:
(a) piezoelectric and (b) thermal B2B3[B4I85] Both of the techniques reserve the material to be printed in a chamber and
emit the droplets through the printhead via a nozzle, but they differ in the process of droplet formation [E8IEZI[88]

In DoD inkjet printing, the liquid droplet is emitted through a nozzle only when it is required. Typically, a DOD printhead
consists of multiple nozzles (usually 100-1000, aside from specialized printheads, which might have only one nozzle).
The formation of droplets occurs swiftly after the deformation of the piezoelectric wall, which compresses the ink due to



the applied wave. The ink material comes out of reservoir as a form of jet through the printhead, gravitates down
afterwards and gets ejected via the nozzle under the surface tension forces to generate one or more droplets 12!,

In contrast to CIJ, droplets produced by DOD inkjet printing are comparable with the diameter of the orifice, usually
ranging from 10 to 50 pm, in accordance with drop volumes, which vary from 1 to 70 pL 2527, pue to the capability of
smaller droplet formation, it has become a method of choice for several studies 28],

Biological ink materials can be affected by the electrostatic inkjet process due to the shear pressure (sonication with the
frequency of 15-25 kHz), and they can clog easily since the diameter of the nozzle is not only fixed but also small 82,

The use of higher amount of solid material in the ink solution can increase the printing efficiency and decrease the cost
notably which is one of the advantages of thermal inkjet printing Z9.In addition, inks comprising aqueous solvents are
usually more feasible for jetting with thermal inkjet printing. In contrast, organic solvents are generally more suitable for
piezoelectric inkjet processing. Furthermore, thermal inkjet printers are usually inexpensive compared with the
piezoelectric devices 129,

There are several other inkjet printing processes such as electrostatic, electrohydrodynamic and acoustic, but they are not
frequently used because of their major drawbacks 2. Some disadvantages of electrostatic inkjet printing are that it
requires high voltage (sometimes over 2 kV) to operate, utilizes conductive metal pipe, requires placing one electrode
externally to the device and requires placing a substrate between the nozzle and the electrode 211,

One of the drawbacks of electrohydrodynamic inkjet printing is that it cannot deposit single droplets at a time. The droplet
generation occurs using an electric field and not by shrinkage of the ink with thermal energy or chamber deformation <.
The low throughput (low production speed) of electrohydrodynamic inkjet printing is considered to be the most severe
drawback that has retarded its widespread application 2233l Figure 6 illustrates an overview of the available inkjet
printing methods.
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Figure 6. (A) Classification of IJP technology (reproduced from [24), (B) Working principles of some of the different 1JP

techniques: (A1) continuous, (A2) thermal, (A3) piezoelectric, (A4) electrostatic, (A5) electrohydrodynamic (modified from
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| 2. Thermal Inkjet Printing

Thermal inkjet printing (TIJP) is a noncontact DOD printing system that was basically developed for printing digital data on
media [2AB8I7] It js also known as bubble inkjet printing since the droplet ejection occurs via bubble nucleation [28[E7](98]
TIJ printers can eject droplets in a range of 2—180 pL of volume 22200,

A TIJ printer consists of an ink (desired fluid material to be printed), the cartridge and a printhead. The printhead
comprises several nozzles (column like small channels) filled with the fluid material from the ink chamber, and a
transducer (which is a thin film resistor for thermal inkjet printing) is attached to each nozzle 72200,

Due to its reproducibility, low cost and high throughput, this printing technique dominates the market over other printing
technologies 4ZI481[101]102][103][104]

In TIJP, a thin-film resistive heater that creates a frequency ranging from 1 kHz to 5 kHz with an approximate rectangular
wave of 3-6 ps pulse width is attached to the printhead, which instantaneously heats the ink in the cartridge. A small
vapor bubble forms and puffs up using the heat, which generates a pressure pulse essential for droplet emission through
the nozzle. Once a droplet emission is completed, the current is withdrawn, which facilitates a prompt reduction in the
vapor pressure and temperature. Consequently, the bubble collapses inside the printhead, which somewhat creates a
vacuum (negative pressure) that pulls the liquid ink to refill the chamber 4[47][80I[98][105]{106][107][108][109]110]111] ' Therma|

gradient, viscosity of ink material and electric pulse frequency determine the size of the droplets to be generated 2214711109
[111]

In TIJP, the thermal resistor can momentarily (approximately 3 to 10 us) produce up to 300 °C temperature, and merely
around 0.5% of the ink encounters a thermal rise in the nucleation of a vapor bubble B2105],

Types of Thermal Inkjet Printer

Depending on the droplet emission principle, there are three types of TIJ printer available: (a) side shooter, (b) roof
shooter and (c) back shooter 13I48]. For the side shooter printer, the droplet is ejected tangential to the surface of heater.
On the other hand, the droplet ejects straight (at 90° angle to the heater surface) in a roof shooter. In the back shooter
printer, the droplet ejects straight, but the vapor bubble nucleation occurs in the opposite direction of droplet emission 48!,
Simplified versions of the working mechanisms behind the side shooter, roof shooter and back shooter are shown in

Figure 7.
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Figure 7. (a) Roof shooter, (b) side shooter, and (c) back shooter system 131,
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