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Abstract

Inkjet printing is a technology that has been widely studied and implemented. The liquids that are used
for inkjet printing can vary. There is the traditional ink which can be found in almost every household
printer. But it is also possible to use inkjet printing to deposit drugs, proteins and nanoparticles on sub-
strates. Inkjet printing has the ability to precisely deposit picoliters of liquid onto the substrate. Thus,
reducing cost and waste when the material being used is expensive and/or of limited quantity. This
project works with a LP50 PIXDRO inkjet printer. Another interest that gained traction in the scientific
community are the stimuli-responsive microgels. These microgels are able to change their dimensions
depending on the external stimuli and if this stimuli is removed from the microgel, it changes back to
its original shape, thus it is a reversible process.

This project uses a suspension of the stimuli-responsive microgel; poly(N-isopropylacrylamide)-co-
acrylic acid (pNIPAm). This microgel is responsive to temperature and pH. To deposit the pNIPAm
suspension on the substrate, inkjet technology will be used. The printability of the pNIPAm will be
determined by characterizing the physical and rheological properties. Such as the density, surface
tension, viscosity and particle size of the pNIPAm beads. These properties will be compared to the
ideal liquid requirements given by the print cartridge that will be used, a Fuijifilm Dimatix. To influence
the surface tension three surfactants will be tested. These surfactants are Triton X-114 (TRT), Sodium
dodecyl sulphate (SDS) and Hexadecyltrimethylammonium bromide (CTAB). Based on the results the
and comparison to the requirements the surfactant Triton X-114 is chosen because it lowers the surface
tension the most. While it has minimal to no affect on the pNIPAm particles.

The next phase of the project is testing the printability of the pNIPAm. This is done by adjusting the
waveform on the LP50 PIXDRO inkjet printer. As a result it is indeed possible to deposit pNIPAm on a
substrate with an inkjet printer. After this step a SEM is used to investigate if the printed pNIPAm parti-
cles will form a monolithic layer. This monolithic layer is important when it comes to having a functional
etalon. The pNIPAm particles form indeed a monolithic layer on the substrate. The last step is to see if
there is a peak shift in the wavelength when the temperature is increased. The microgel based etalons
that used an inkjet printer to deposit the micrgol show a peak shift. Therefore, it can be concluded that
it is possible to use an inkjet printer to deposit pNIPAm on a substrate and that the pNIPAm particles
behave according to literature. All the results of this project show that using an inkjet printer is a viable
alternative for fabricating microgel based etalons.
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1
Introduction

1.1. Microgel
Stimuli-responsive microgels have attracted great scientific interest. The microgels could be consid-
ered a ”smart material” due to their ability to change their dimensions depending on the external stimuli
they receive [1]. The thermo-responsive Poly(N-isopropylacrylamide) or pNIPAm polymer is used, its
solubility is inverse when it is being heated. This behaviour is the opposite of most polymers in organic
solvents [2]. This change from hydrophilic to hydrophobic structure occurs at a temperature range that
is known as the Lower Critical Solution Temperature (LCST). This has been experimentally established
to be between 30°C. and 35°C. [2]. Being able to change its solubility with temperature, renders it
a versatile polymer. Modification of pNIPAm suspensions, during synthesis, render the microgels re-
sponsive to other stimuli, for instance pH, ionic strength variations and glucose [3, 4]. With the stimulus
removed the polymer should fully reverse to its original state.

1.2. Inkjet printing
There is an increasing need for depositing liquids with micro-precision, liquids such as drugs, proteins
and nanoparticles [5, 6]. To deliver these liquids with micro-precision, inkjet printing technology is
a promising method. Inkjet printing gives the ability to deposit drops of the ink, in picoliters onto a
substrate, with high precision. This precision would reduce the costs and waste when the available
material is expensive or in limited quantity.

1.2.1. A brief history on inkjet printing

Figure 1.1: First mass market inkjet printer [7].

Inkjet printing and its technology was developed in the early 1950s [8]. It can be said that there is
no single inventor when it comes to the invention of inkjet printing. A number of companies worked on
the technology at the same time. Companies such as Epson, Hewlett Packard and Canon. At the end
of the 1970s inkjet printers were able to produce images created by computers. The first inkjet printers
to reach the commercial market was in the late 1980s. The Hewlett Packard’s DeskJet printer, as seen

1
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in Figure 1.1, is considered to be the first mass produced inkjet printer for the market, and at the time
it would cost $1,000 dollars [7].

1.2.2. Industries that use inkjet printing
Due to its ability to deposit liquids with micro-precision inkjet printing technology has been a method
that is being used more and more over the years in various fields. For instance the optoelectronics
industry is researching and developing methods to use inkjet printing for the fabrication of their organic
light-emitting diodes (OLED) displays [9]. Besides printing OLEDS, inkjet printing is also increasingly
being used in the electronics industry to print circuit boards because of its precision and low waste.
In the pharmaceutical industry, inkjet printing provides a method of depositing liquids such as drugs,
proteins and nanoparticles [5, 6].

1.2.3. Working principle of inkjet printing
Inkjet printers produce and deposits small droplets of a liquid on a substrate. There are various ways
of producing these droplets and the most common techniques are; Continuous Inkjet printing (CIJ),
Drop-On-Demand (DOD) as shown in Figure 1.2

Figure 1.2: Inkjet printing technique classifications [10].

Continuous Inkjet printing
As the name suggest this method uses a continuous jet of ink which is formed by putting it under
pressure through the nozzle. The breaking of the jet into drops is driven by surface tension forces,
while the spacing and the size of the drops are controlled. Certain drops of the stream are selected to
be used for the print this selection is done by the printing signals. An electrode is used to charge these
selected drops. Then the stream of drops pass through a deflection plate and the charged drop will
deviate and fall onto the substrate. The remaining drops will be caught in and re-used again [10]. This
principle is shown in Figure 1.3a

Drop-On-Demand
In contrast to continuous inkjet printing, it is not needed to catch the ink and reuse it or to use a deflection
plate for the falling drops. This means that it is possible to position the nozzle of the printhead close
to the surface of the substrate. Another difference between continuous inkjet printing and Drop-On-
Demand is that there is no continuous stream of drops. The drops are formed by using a driving
mechanism that provides enough energy to produce a drop of the used fluid [10]. Figure 1.3b shows a
schematic of how Drop-On-Demand printing works with a piezoelectric transducer to provide the driving
mechanism.

1.3. Research Gap
Both inkjet printing and pNIPAmmicrogels are a topic that have been extensively studied. Inkjet printers
because of their ability to deposit liquids with microprecision. While pNIPAm is studied for its swelling



1.4. Research Objective 3

(a) (b)

Figure 1.3: Figure a shows the schematics of a continuous inkjet printer. The printhead produces a continuous stream of
drops. These drops are charged by the electrode. When the drops fall between the deflection plates, the charged drops

deviate there trajectory and fall on the substrate. The drops that are not charged, fall into the gutter before they arrive again in
the the print head. Figure b gives the schematic for the Drop-On-Demand inkjet printer. The printhead uses a piezoelectric

transducer to create the drops. How the transducer reacts depends on the waveform that is been used. After a drop is formed
they fall onto the substrate.

and deswelling when in contact with outside stimuli. This characteristic creates an opportunity to make
microgel based etalons where a shift in wavelength can be measured depending on the state of the
microgel. The following gaps have been found when combining the pNIPAmmicrogel and inkjet printing
technology when literature study was conducted in the creation of etalons. These gaps are as follows;

• Depositing pNIPAm on a substrate by the use of inkjet printing. The current methods for making
microgel based etalons use either a spincoating or a ”paint-on” method[11, 12].

• Reflectance spectroscopy of microgel based etalons deposited by inkjet printing.

1.4. Research Objective
Hence, the research goal arises is conduction an experimental study on microgel-based inks for inkjet
printing. For this scope rheological and physical properties of aqueous pNIPAm suspensions are stud-
ied. In particular, density, surface tension, viscosity and particle size measurements are being per-
formed. An inkjet printer designed for Research and Development (R&D) is used to deposit the pNI-
PAm onto a substrate. Lastly to validate the the printability of pNIPAm and its success, a reflectance
spectroscopy measurement is conducted to investigate if there is a shift in the measured peak when
the temperature is increased. However, what is outside the scope of this research is both optimising
the pNIPAm ”ink” and optimising the printer.
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1.5. Thesis outline
The project can be devided in three sections. The first section is characterization of the microgel,
poly(N-isopropylacrylamide)-co-acrylic acid (pNIPAm) and what the effects are of adding surfactants
have on the pNIPAm suspension. This chararacterisation consists of measuring the density, surface
tension, viscosity, particle size and zeta potential. The second part is using the inkjet printer to verify
if depositing pNIPAm is viable. The last part is conducting reflectance spectroscopy and measure the
decrease in peak wavelength when the temperature is increased.

The report is structures as follows;

• Chapter 2: Methodology of Materials and Equipment, and of Characterization of pNIPAm and the
added surfactants

• Chapter 3: Results and discussion of the characterization of the pNIPAm, Images of the deposited
pNIPAm from inkjet printing and the reflectance spectroscopy results

• Chapter 4: Conclusion
• Chapter 5: Recommendations for further studies or direction this research can be taken in



2
Methodology: Materials and

Equipment

2.1. Inkjet Printer
The inkjet printer LP50 PiXDRO from SUSS MicroTec,Germany with the accompanied software PIX-
DRO 4.4.8.4, seen in Figure 2.1 is used to check the printability of the pNIPAm suspension. The
cartridge is a Dimatix® Materials Cartridge - Samba® Cartridge (DMC Samba) from Fuijifilm. The com-
pany of this cartridge provided a list of characteristics as the ideal requirements of a fluid that uses
the Dimatix. The characteristics are shown in Table 2.1. The pNIPAm microgel suspension has to be
adjusted in such a way that it fits or approaches theses ideal requirements.

Table 2.1: List of characteristics of ideal fluid requirements for the Dimatix® Materials Cartridge - Samba® Cartridge as
suggested by Fuijfilm used in the LP50 PiXDRO.

Ideal Fluid Requirements Dimatix cartridge
Viscosity 4-8 mPas

Surface Tension 28-32 mN/m
Type Water-based, Solvent-based, UV Curable, Hybrids

Mixture Homogeneous, sub-micron particle size
pH neutral

Stability Thermally stable for 2 weeks at 60 ◦C (140◦F )

Figure 2.1: LP50 PIXDRO [13].

Print precision
Another subject that is important when it comes
to inkjet printing, is the effect of the impact of
the drop on the substrate. The spreading of the
drop, splashing of the drop when it hits the sub-
strate. Thus, reducing the quality of the print. The
splashing and spreading of the drop depends on
the roughness and type of substrate [14, 15, 16,
17]. The impact angle of the droplet on the sub-
strate also contributes to the shape of the droplet on the substrate affecting the quality of the print [18,
19].

Drying of the drop
The next step would be to let the ink dry. During drying it is possible that the pNIPAm particles will form
a structure among the edge of the drop. This phenomena can also be describe as the Coffee Ring
Effect [20]. This Coffee Ring Effect happens due to the fact that the evaporation rate is faster at the
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edges than at other parts of the drop, leading to an induced flow in the droplet. This phenomena is
also known as the Maragoni Effect. If the flow in the droplet is strong enough, it is capable to move the
particles to the edge of the drop. It is therefore important to be able to control the evaporation to keep
the overall quality of the print and prevent the build-up of particles along the edges of the drop [21].

2.1.1. Surfactants
It is known that surfactants reduce the interfacial tension between surfaces. Besides lowering the in-
terfacial tension, adding surfactants also have an effect on the contact angle with the substrate [22].
Surfactants have an important influence on various processes when it comes to inkjet printing. The sur-
face tension is important for the droplet jetting, the formation of satellite drops, the impact of the droplet
on the substrate, interaction between drops and drop and substrate, and the drying of the droplet [23,
24, 25, 26]. The surfactants that will be used in this report are: Triton X-114 (TRT) Sigma-Aldrich
laboratory grade, Sodium Dodecyl Sulphate (SDS) Sigma Aldrich ≥ 99, 0% and Hexadecyltrimethylam-
monium bromide (CTAB) Sigma Aldrich ≥ 98%. These are in order mentioned non-ionic, anionic and
cationic.

2.2. Dimensionless number for printable fluids
In fluid dynamics the use of dimensionless numbers to express ratios of various forces or scales is
utilized to explain behaviour of liquids. These dimensionless numbers are also applicable to inkjet
printing. The most relevant ones for inkjet printing and Newtonian fluids are as follows.

Weber Number
The Weber number gives the ratio between the inertia and surface tension forces. This is given by
Equation:

We =
U2ρD

γ
, (2.1)

where γ (mN/m) is the surface tension, ρ (g/cm3) is the density , U (m/s) the velocity and D (m) a
characteristic length.

Reynolds Number
The Reynolds number defines the ratio between inertial and viscous forces and is given by Equation:

Re =
UρD

µ
, (2.2)

where ρ (kg/m3) is the density of the fluid, U (m/s) is the velocity of the fluid , µ (mPa · s) the viscosity
and the D (m) is the characteristic length. In this case it is the diameter of the nozzle.

Ohnesorge Number
Combining the Reynolds number from equation (2.2) and Weber number from equation (2.1) removes
the dependency on velocity U and gives the Ohnesorge number (Oh), which is given by Equation:

Oh =

√
We

Re
=

µ√
ργD

. (2.3)

This number shows the ratio between viscous, surface tension and inertia forces. The Oh number
gives the stability of the drop. These numbers are able to give an inkjet-printable area to produce
pNIPAm beads/drops. In Figure 2.2 the plot of Reynolds number vs the Oh number is presented. The
No Drop Formation line means the minimum needed kinetic energy to jet a drop. This is determined
that the We ≥4 by Derby,2010[27] and the splashing region criteria is OhRe5/4≥50 also determined by
Derby,2010[27]. This figure show that, to have a printable fluid, the Oh number has to be in range of
0.1 and 1 [28], We ≥4 and OhRe5/4≥50.

To form a drop there has to be enough energy to overcome the surface tension thus, a minimum
velocity is needed to eject a drop [29]. Equation 2.4 shows the required minimum velocity,

vmin =

(
4γ

ρdn

)1/2

, (2.4)

https://www.sigmaaldrich.com/NL/en/product/sial/x114
https://www.sigmaaldrich.com/NL/en/product/sial/x114
https://www.sigmaaldrich.com/NL/en/product/sial/436143
https://www.sigmaaldrich.com/NL/en/product/sigma/h5882
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Figure 2.2: Diagram of the operating regime for stable drops. When the Ohnesorge number is higher that 1 the ink can be
considered too viscous. As a result the cartridge is unable to create drops. When the Ohnesorge number is below 0, 1 the
drops produce satellite drops. The No Drop Formation line like the names suggest is the region where there is insufficient

kinetic energy to eject a drop. This line is determined by Derby,2010[27] to be We ≥4. The splashing region is determined by
Derby,2010[27] to be OhRe5/4≥50.

where γ (N/m) is the surface tension, ρ (kg/m3) the density and dn (m) the nozzle diameter. To perform
the experiment 1 ml of the pNIPAm suspension is used.

2.3. Microgel Based Etalon
An interferometer or etalon is an optical device consisting of two reflective mirrors or surfaces. These
two surfaces are separated by a dielectric layer. When light enters the etalon, the difference in contrast
between the mirror and the layer causes interference with the light. Besides this difference, the reflec-
tive properties of the surfaces also contribute to this interference. This interference can be measured
as a reflective spectrum. This spectrum can be described by the Bragg’s Law as seen in Equation 2.5,

mλ = 2ndsinθ. (2.5)

Where λ is the wavelength (m) of the peak, m is the peak order, d is the distance between the mirrors
(m ), n is the reflective index of the dielectric layer and θ is the angle of incidence. For this project
the layer between the mirrors is a pNIPAm microgel layer. As mentioned in Chapter 1 pNIPAm is
thermo-responsive. Thus the swelling and deswelling of the pNIPAm changes the distance between
the mirrors when the temperature decreases or increases, which as a result produces a shift in the
peak wavelength.

2.3.1. Monolithic layer
Considering the pNIPAm particles swell and deswell depending on the temperature[30] or pH[31], it is
important to control the deposition of the particles. If a monolithic layer of the particles is not achieved,
see Figure 2.3a, then the distance between the two mirrors are not the same. This means that the
measured reflectance spectrum is not accurate. When the particles form a dense monolithic layer, the
particles and the two mirrors (represented by gold layers) are almost parallel to each other. Figure
2.3b shows the schematic of a dense monolithic layer of the beads. Thus the measured reflectance
spectrum is more accurate.

2.3.2. Etalon fabrication
The fabrication of the etalons is based on the procedures in [32, 11] with some minor adjustments
because of location limitations. The paper[32, 11] mentions that the glass coverslips are first rinsed
with ethanol and then dried with N2 gas before the first reflective layer. This is not done during this
project. The step of annealing the first Cr/Au substrate at 250°C for three hours was also not done. After
removing excess pNIPAm particles of the samples, they were not soaked overnight in Milli-Q® water.
The glass coverslips that are used are from Menzel-Gläser,Germany of 18 by 18 mm. To deposit the
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(a) (b)

Figure 2.3: Schematic of a non monolithic layer (a). When there is a non monolithic layer of the pNIPAm particles the etalon
mirrors are not parallel to each other. This causes the measured reflectance spectrum to be inaccurate. When the pNIPAm

particles form a monolithic layer like in b. The mirrors are parallel from each other. This means the the measuered reflectance
spectrum is accurate.

Cr/Au on the glass physical vapor deposition a CHA’s Solution™PLC-S7 from CHA Industries Inc,USA is
used. The first reflective layer of the etalon is of 2 nm of Chromium followed by a 15 nm layer of Au
at a speed of 1 and 3 As−1. After the first layer of chromium and gold a 3 mm dot of the pNIPAm will
be deposited by the LP50 PiXDRO from SUSS MicroTec inkjet printer. After printing the samples will
be put on a hotplate at 30°C for 1 hour. Followed by rinsing with Milli-Q® water for removing excess
pNIPAm particles and dried covered overnight on a hotplate at 30 °C. The next step is to add the second
layer of Cr and Au, which as the first layer will have the thickness of 2 nm and 15 nm and will deposited
at a rate of 1 and 3 As−1.

2.3.3. Imaging and quality check
To be able to check the monolithic layer of the pNIPAm suspension, a scanning electron microscope
(SEM) JSM-6010LA from JEOL, Ltd, Japanwith the accompanied softwareInTouchScope 1.12 software
is used. The SEM will be primarily used for investigating the monolithic layer of the beads. An optical
microscope Nanoro M and software-version 4.8.103 from LIG Nanowise,UK will be used to check the
print quality. The print quality can be determined by checking the following; the overall drop precision,
consistency of each drop, how does the drop dry.

2.3.4. Reflectance Spectroscopy
The final step is to check if the inkjet-printed etalons respond to temperature and show a peak shift
similar to spin-coated etalons. To measure this peak shift a Ocean Insight FLAME Miniature Spectrom-
eter, Ocean optics CO, LTD spectrometer in combination of the company’s software Oceanview 2.0.14
is used. To conduct this experiment the etalon is placed in a glass petri dish. This petri dish is put on
a hotplate. The temperature range during this experiment is from 20 till 65°C in steps of 5°C. The data
is collected at each temperature after waiting for 20 minutes. This is to assure that the temperature
is steady and that the pNIPAm beads have time to adjust to the temperature. The baseline of 20°C
is used. The difference in wavelength peak shift at higher temperatures compared to the baseline is
considered the ∆λ.



Methodology: Characterization of
pNIPAm

2.4. pNIPAm Characterisation
The printability of pNIPAm depends on its physical properties. There are several properties that have
an influence on the printability. The main properties to be characterized are density (ρ), surface ten-
sion (γ) and the viscosity (µ) [33, 34]. When a liquid is a suspension, the particles will also play a role
in its printability as they can provoke clogging of the nozzle. These particles can aggregate [35] and
influence the printability. Therefore it is important to characterise the particle size of the pNIPAm beads
and its stability. To determine the stability, the zeta potential has to be measured. As mentioned, the
pNIPAm microgel changes from hydrophilic to hydrophobic around the LCST. Therefore, the character-
isation is done at the following temperatures; 20, 25, 30, 32, 33, 34, 35, 36, 40 and 45°C. As mentioned in
Chapter1 the LCST is experimentally established between 30 and 35°C. Hence, the steps taken in this
range are smaller. The pNIPAm suspension has to be in range of the given fluid requirements seen
in Table 2.1. The used surfactants, Triton X-114 (TRT), Sodium Dodecyl Sulphate (SDS) and Hexade-
cyltrimethylammonium bromide (CTAB) are non-ionic, anionic and cationic, respectively. The amount
of surfactant used is determined by their Critical Michelle Concentration for 10 ml water seen in Table
2.2. These surfactant mixtures are then added to the pNIPAm. The base concentration of pNIPAm is
47, 9 mg/ml. This is diluted till 42, 57 mg/ml for each of the four samples. These samples are;

• pNIPAm; 1 ml pNIPAm diluted with 1, 25 ml Milli-Q® water
• pNIPAm-TRT; pNIPAm diluted with 1, 25 ml Milli-Q® water plus 4, 7 µl of TRT
• pNIPAm-CTAB ;pNIPAm diluted with 1, 25 ml Milli-Q® water plus 6, 7 µl of CTAB
• pNIPAm-SDS; pNIPAm diluted with 1, 25 ml Milli-Q® water plus 22, 8 µl of SDS

Table 2.2: The samples are made by starting with a pNIPAm base concentration of 47, 9 mg/ml. Of each surfactant a dilution
is made based on the CMC level. After which four samples are made with an end concentration of 42, 57 mg/ml. Sample one,
pNIPAm; is 1 ml pNIPAm diluted with 1, 25 ml Milli-Q® water, sample two, pNIPAm-TRT; pNIPAm diluted with 1, 25 ml Milli-Q®

water plus 4, 7 µl of TRT, sample three, pNIPAm-CTAB; pNIPAm diluted with 1, 25 ml Milli-Q® water plus 6, 7 µl of CTAB and
sample four, pNIPAm-SDS; pNIPAm diluted with 1, 25 ml Milli-Q® water plus 22, 8 µl of SDS

Surfactant CMC (mM)
TRT 0, 9[36]
CTAB 0, 92[37]
SDS 8[38]

2.4.1. Density
Density is a physical property that is defined as a mass per unit volume and it depends on the mass of
the elemental molecules and the amount of molecules per unit volume [39]. The amount of molecules
per unit volume can depend on a variety of factors such as pressure and temperature. When tempera-
ture increases the molecules gain more energy and separate. This separation means that there will be
decrease in the number of molecules per unit volume, hence a lower density. To measure the density
a DMA 5000 from Anton Paar, Austria is used. This device uses what is called a Forced Oscillation
Method to determine the density of a liquid. The period of the oscillations can be used to calculate the
density. Equation (2.6) shows the relation between the period τ and the density.

ρ = Aτ2 −B, (2.6)

where τ is the period in seconds, and A and B are constants to a particular device. These are de-
termined by performing a calibration measurement with air and with water. This experiment is done
by using 2 ml of the pNIPAm suspension. At each temperature mentioned in paragraph 2.4 three
measurements are taken, which are used to determine the average.

9
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Figure 2.4: Schematic of the pendant drop method, used for measuring the surface tension of pNIPAm, pNIPAm-TRT,
pNIPAm-CTAB and pNIPAm-SDS. The light source creates a shadow of the drop which the camera registers. The software

calculates the surface tension based on the Young-Laplace equation.

2.4.2. Surface Tension
When there are two or more liquids that do not have the same density and are immiscible, an interface
is formed between them. This interface acts like a membrane under tension because of the unbal-
anced attractive intermolecular forces [40]. Commonly, the surface tension depends on the fluid, the
temperature, impurities and the possible presence of chemicals that can change the surface tension,
for example surfactants. Surface tension affects the formation of drops, possible satellite drops as well
as the spreading of the ink on the substrate. The surface tension is measured by using an OCA 25
Goniometer from DataPhysics Instruments, Germany accompanied by the software SCA202 V.5.0.41,
by applying the pendant drop method. A schematic of the method is shown in Figure 2.4 The software
used with the OCA 25 Goniometer uses the Young-Laplace equation to analyse the drop shape.

∆p = γ

(
1

R1
+

1

R2

)
, (2.7)

Where ∆p is the pressure difference (Pa) over the interface, γ (N/m) the surface tension and R1 &
R2 (m) the radii of the curvature. At each temperature, 10 measurements are taken, which are used to
determine the average.

2.4.3. Viscosity
Viscosity is a property that describes the resistant to shear deformation or flow [41]. The viscosity
is temperature depended. When the temperature increases the molecules in the liquid will gain more
energy and start to separate which would decrease the cohesive molecular forces and as a result would
decrease the viscosity. It is important to know if the viscosity of the ink because this has an influence on
the printability of the fluid. To determine the viscosity of the pNIPAm samples, an Anton Paar, Austria
Rheometer MCR 302 is used with a 25 millimeter diameter parallel plate at a height of 0, 145mm. one
measurement consists of a exponential incerase of the shear rate (ramp up) from 0, 1 till 10000 (1/s).
This is followed by an exponential decrease in shear rate (ramp down) from 10000 to 0, 1 (1/s). This is
done according to the G. Ovarlez [42]. These measurements are done at the following temperatures;
20, 30 and 35°C. At each temperature two measurements consisting of a ramp up and ramp down are
conducted, of these measurements the average is taken.

2.4.4. Particle size
Considering the fluid is a suspension of pNIPAm particles it is of importance to determine the size of
the particles. In the case of the pNIPAm suspensions it is not pigments but it is the polymer beads that
are present. Marin et al. 2018, [43] determined a probability when a suspension could clog the nozzle.
This not further examined or studied because it is outside the scope of this thesis. Besides clogging,
the size of the particles are important considering the ideal fluid requirements given in table 2.1. To
measure the particle size a Zetasizer Nano ZS from Malvern Panalytical,UK is used, in combination
with a ZEN0112 cuvette. To conduct these measurements a volume fraction of 0.25% of pNIPAm and
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Milli-Q® water is used. An average is taken of the 3 measurements conducted at each temperature
mentioned in Paragraph 2.4.

2.4.5. Zeta Potential
At the interface of a solid and a liquid a charge is developed. This charge or electric potential at this
interface is known as the zeta potential (ζ) (mV ). This zeta potential gives an indication how stable
the dispersion of the particles on the surface is, if the particles flocculate or disperse evenly over the
substrate. The Zeta potential gives an insight on the stability of the pNIPAm beads and the formation
of a monolithic layer on the substrate. When the potential is close to 0 mV , there is a change that the
pNIPAm particles will agglomerate or flocculate. If the zeta potential is high,≥ ±30mv, the particles are
dispersed and resist agglomeration. Considering the surfactant used are non-ionic, anionic or cationic,
it is important to know if these surfactants have an effect on the stability of the pNIPAm suspension.
Table 2.3 shows a general guideline given by Kumar and Dixit, 2017. [44] where it shows when the
behaviour of the particles can be considered stable. Typically the range of the zeta potential is between
−100 to +100mV [44, 45]. To determine the zeta potential the same equipment as the one used for the
particle size measurements is, the Zetasizer Nano ZS from Malvern Panalytical,UK with a DTS1070
cuvette. To conduct these measurements a volume fraction of 2% of pNIPAm and Milli-Q® water is
used. At the temperatures mentioned in Paragraph 2.4, 10measurements are taken which are used to
determine the average.

Table 2.3: Zeta Potential and stability [44]. The zeta potential gives an insight on the stability of the pNIPAm beads in the
suspension. It shows the repulsion between each charged particle. When this is low, there is a change that the particles

flucculate. But when the zeta potential is high, it means that the particles are desperesed well enough to avoid aggragation.

Zeta Potential (mV) Stability Behaviour
0 to ±5 Flocculation or coagulation
±10 to ±30 Incipient instability
±30 to ±40 Moderate stability
±40 to ±60 Good stability
greater than ±60 Excellent stability



3
Results & Discussion: Microgel

Characterisation

3.1. Microgel Characterisation results
3.1.1. Density
Figure 3.1 shows the density of pNIPAm with various surfactants added. Adding SDS and CTAB has
a marginal influence on the overal density of the pNIPAm suspension. However, when adding Triton,
the density deviates when the LCST is approached. Of the three surfactants that have been used,
TRT is the only one that is of liquid form when it was added to the pNIPAm suspension. The other
two are solids. This deviation seen in the graph is consistent with the research done by Szymczyk,
Katarzyna & Taraba, Anna. (2016) [46]. Which states that the increase of temperature, results in a
volume expansion. This expansion creates more space between the molecules of the surfactant, this
leads to a disorganised structure of the molecules. Table 3.1 shows the densities at temperatures 20,
30 and 35°C.

Figure 3.1: This graph shows the average of three measurements the pNIPAm, pNIPAm-TRT, pNIPAm-CTAB and
pNIPAm-SDS density (g/cm3) vs the temperature (°C). It shows that adding the surfactants SDS and CTAB does not affect the
density of pNIPAm compared to the without any added surfactants. However, adding TRT to the suspension does have an

effect on the density when the LCST is approached.

12



3.1. Microgel Characterisation results 13

Table 3.1: Density ρ (g/cm3) of pNIPAm, pNIPAm-TRT, pNIPAm-CTAB and pNIPAm-SDS at temperatures 20,30 and 35°C.
This table shows that the density decreases when the temperature increases. The standard deviation is determined by three

measurements taken at each temperature.

Sample ρ at 20°C ρ at 30°C ρ at 35°C
pNIPAm 1, 00235 ±2, 16E − 5 0, 99941 ±4, 34E − 5 0, 99668 ±8, 71E − 5

pNIPAm-TRT 1, 00331 ±7, 85E − 6 0, 99913 ±3, 97E − 5 0, 99505 ±1, 11E − 4
pNIPAm-CTAB 1, 00197 ±1, 7E − 6 0, 99921 ±2, 62E − 6 0, 99733 ±4, 5E − 6
pNIPAm-SDS 1, 00199 ±2, 05E − 6 0, 99924 ±2, 16E − 6 0, 99737 ±3, 56E − 6

3.1.2. Surface Tension
Surfactants adsorb at the interface, in the case of inkjet printing pNIPAm this is the interface between
air and the pNIPAm suspension. The amount of surfactant added is based on the Critical Micelle Con-
centration (CMC). This is the maximum amount of surfactant that can be added before it has no affect
on the surface tension of the pNIPAm. As mentioned in the chapter 2 there are three surfactants that
have been used; Triton X-114 (TRT), Sodium Dodecyl Sulphate (SDS) and Hexadecyltrimethylammo-
nium bromide (CTAB). The methods described in Chapter 2.3.4 is used. Figure 3.2 shows the surface
tension measured at various temperatures. The pNIPAm without any added surfactant has an average
surface tension of 67, 44 mN/m at 20°C. Where pNIPAm-SDS is 42, 7 mN/m, pNIPAm-CTAB is 41, 55
mN/m and pNIPAm-TRT is 38, 39 mN/m. Table 3.2 shows the surface tension at at temperatures 20,
30 and 35°C. The surface tension decreases when the temperature increases.

Figure 3.2: The graph shows the average surface tension of ten measurements of pNIPAm, pNIPAm-TRT, pNIPAm-CTAB and
pNIPAm-SDS vs Temperature (°C). It can be seen that the surface tension decreases when the surfactants are added to the
pNIPAm suspension. Also, that it decreases when the temperature increases. Of the three surfactants used Triton X-114

lowers the surface tension the most. The standard deviation is determined by three measurements taken at each temperature.

Table 3.2: Surface Tension γ (mN/m) of pNIPAm, pNIPAm-TRT, pNIPAm-CTAB and pNIPAm-SDS at temperatures 20,30 and
35°C. It can been seen that the surface tension for all samples decrease when the temperature increases. Of the three

surfactants Triton X-114 lowers the surface tension the most, from 67, 44 till 38, 4 mN/m.

Sample γ at 20°C γ at 30°C γ at 35°C
pNIPAm 67, 44 ±0, 67 66, 88 ±0, 41 66, 37 ±0, 85

pNIPAm-TRT 38, 4 ±0, 86 37, 20 ±0, 76 37, 04 ±0, 89
pNIPAm-CTAB 41.55 ±0, 20 41, 55 ±0, 39 41, 12 ±0, 44
pNIPAm-SDS 42, 70 ±0, 68 41, 95 ±0, 46 41, 01 ±0, 64
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3.1.3. Viscosity
The assumption that is made in chapter 2 is that the pNIPAm microgel behaves as a Newtonian fluid
when the Shear Rate is of the 105 order of magnitude. To validate this assumption various rheological
experiments have been conducted using the equipment and method mentioned in chapter 2.3.4. Fig-
ure 3.3 shows the Shear stress vs Shear rate. This shows that when the temperature is increased the
shear stress decreases. While Figure 3.4 shows the Viscosity vs Shear rate for different temperatures.
It shows that for all samples the viscosity decreases when the temperature is increased.

(a) (b)

(c) (d)

Figure 3.3: Shear Stress vs Shear Rate of pNIPAm (a), pNIPAm-TRT (b), pNIPAm-CTAB (c) and pNIPAm-SDS (d) at
temperatures 20,30 and 35°C. As can be seen in a,b,c and d the measured shear stress lowers when the temperature

decreases. The standard deviation shown is determent by two measurements.
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(a) (b)

(c) (d)

Figure 3.4: Viscosity vs Shear Rate of pNIPAm (a), pNIPAm-TRT (b), pNIPAm-CTAB (c) and pNIPAm-SDS (d) at temperatures
20,30 and 35°C. It shows in a,b,c and d that when the temperature increases the viscosity deceases. The standard deviation

shown is determent by two measurements.

Figure 3.5 compares pNIPAm and the various surfactants added. In figure 3.5a, 3.5c and 3.5e, the
shear stress vs the shear rate is compared. It shows that at high shear rates in the order of 10000
1/s the surfactants have little to no influence on the measured shear stress. The same can be said
about Figures 3.5b, 3.5d and 3.5f, which compares the viscosity vs shear rate of pNIPAm, pNIPAm-TRT,
pNIPAm-CTAB and pNIPAm-SDS. The added surfactants play minimal to no role when it comes to the
measured viscosity. Only at a temperature of 20°C there is a notable difference in the viscosity. For
pNIPAm, 10, 90 mPa · s and for pNIPAM-CTAB, 5, 68 mPa · s. However, if there is a relation between
the surface tension and the viscosity has not been investigated. The pNIPAm suspensions show shear
thinning behavior at low shear rates up to 300 1/s, the viscosity decreases as the shear rate increases
seen in Figure3.5. At higher shear rates of 1000 till 10000 1/s the viscosity and shear stress are constant.
Therefore, depositing pNIPAm with an inkjet printer it can be assumed to be Newtonian fluid. Based
on the requirements given in Table 2.1 the best suited temperature to print would be at 20°C. Table 3.3
shows the measured viscosity at 20, 30 and 35 °C and at a shear rate of 10000 1/s. At low shear rate
there is a noticeable difference between the measured viscosity and shear stress, when pNIPAm is
compared to pNIPAm with the added surfactants. A cause of this deviation can be due to the fact that
the surface tension of the pNIPAm without any added surfactant is higher and therefore can impact the
measured torque [47]. Which as consequence affects the measured shear stress and viscosity.
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Table 3.3: Measured viscosity of pNIPAm, pNIPAm-SDS, pNIPAm-TRT and pNIPAm-CTAB at a shear rate of 10000 1/s at 20,
30 and 35°C. At 30 and 35°C, the surfactants have little to no influence on the viscosity. However, at 20°C, there is a noticable

difference in the viscosity. It is however not investigated if the surface tension has an relation with the viscosity.

Sample Viscosity (mPa · s) 20°C Viscosity (mPa · s) 30°C Viscosity (mPa · s) 35°C
pNIPAm 10, 90 ±1, 92 2, 65 ±0, 19 1, 184 ±0, 03

pNIPAm-SDS 8, 19 ±1, 83 2, 35 ±0, 22 1, 62 ±0, 25
pNIPAm-TRT 5, 81 ±0, 24 2, 67 ±0, 06 2, 02 ±0, 05
pNIPAm-CTAB 5, 68 ±0, 70 2, 18 ±0, 11 1, 40 ±0, 11
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(a) (b)

(c) (d)

(e) (f)

Figure 3.5: a, c and e shows the Shear stress vs Shear rate at 20,30 and 35°C of pNIPAm, pNIPAm-TRT, pNIPAm-CTAB and
pNIPAm-SDS. At high shear rate the added surfactants have little influence on the measured shear stress. Figures b, d and f
compares the Viscosity vs Shear rate at 20, 30 and 35°C for pNIPAm, pNIPAm-TRT, pNIPAm-CTAB and pNIPAm-SDS. The
added surfactants have no meaningful influence on the viscosity at a shear rate of 10000 1/s. The values shown in the graph

represent the average taken from two measurements.
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3.1.4. Particle size
The pNIPAm particles have the ability to change their size depending on the temperature they are
exposed to. The advise given by table 2.1 shows that the particles should be sub micron. Figure 3.6
presents the change of pNIPAm particles size with respect to temperature. The initial size at 20°C
for all the studied samples are in the range of 924, 33 nm for pNIPAm, to 1051 nm for pNIPAm-CTAB.
Increasing the temperature leads to a decrease of the particle size reaching aminimum of 411, 43 nm for
pNIPAm to and for pNIPAm-CTAB 409, 53 nm. This decrease is as expected and found in literature [48].
The surfactants do not have an influence on the particle size of the pNIPAm beads. Table 3.4 shows
the particle size of each sample at 20°C, 30°C, 35°C and 45°C.

Figure 3.6: Particles size (nm) of pNIPAm, pNIPAm-TRT, pNIPAm-CTAB and pNIPAm-SDS vs Temperature (°C). Adding
surfactants have minimal influence one the size of the pNIPAm particles. Each data point in the graph is an average of three

measurements. As the literature suggests, the pNIPAm particles decrease in size when the temperature is increases.

Table 3.4: Particles size nm of pNIPAm, pNIPAm-TRT, pNIPAm-CTAB and pNIPAm-SDS at temperatures 20,30, 35 and 45°C.

Sample at 20°C at 30°C at 35°C at 45°C
pNIPAm 924, 33 ±17, 52 766, 23 ±25, 80 603, 133 ±0, 03 411, 43 ±3, 15

pNIPAm-SDS 1046, 67 ±6, 85 772, 4 ±18, 32 607, 93 ±4, 78 406, 03 ±2, 50
pNIPAm-TRT 1017, 67 ±34, 66 766, 23 ±12, 01 635, 37 ±4, 65 411, 43 ±3, 15
pNIPAm-CTAB 1051 ±27 750, 33 ±15, 21 600, 37 ±7, 34 409, 53 ±1, 11

3.1.5. Zeta Potential
Three surfactants have been used to lower the surface tension of the pNIPAm suspension, the three sur-
factants are Triton X-114 (TRT), non-ionic, Sigma-Aldrich laboratory grade, Sodium Dodecyl Sulphate
(SDS), anionic, Sigma Aldrich ≥ 99, 0% and Hexadecyltrimethylammonium bromide (CTAB), cationic
Sigma Aldrich ≥ 98%. Adding the surfactants have an effect on the Zeta potential seen in Table 3.5. It
shows that the anionic surfactant SDS lowers the zeta potential the most while the cationic surfactant
CTAB lowers the zeta potential the least. The non-ionic surfactant TRT is in between the two other sur-
factants.This change in zetapotential is due to the deprotonation of acrylic acid which is present in the
pNIPAm suspension. But according to Table 2.3 all samples show incipient instability. This means that
there is a chance that the particles can agglomerate and/o flocculate which can cause nozzle clogging.
The graph shown in Appendix A FigureA.1 represent the overall trend regarding the zeta potential vs
temperature.

https://www.sigmaaldrich.com/NL/en/product/sial/x114
https://www.sigmaaldrich.com/NL/en/product/sial/436143
https://www.sigmaaldrich.com/NL/en/product/sigma/h5882
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Table 3.5: The Measured Zeta potantial at 45°C. it shows that adding surfactants lowers the overall zeta potential. Of the three
surfactants the anionic surfactant SDS lowers the zeta potential the most. While the non-ionic surfactant TRT is in between

SDS and CTAB the cationic surfactant.

Sample Zeta Potential (mV) at 45°C
pNIPAm −25, 2 ±1, 21

pNIPAm-TRT −26, 3 ±0, 68
pNIPAm-CTAB −26, 1 ±0, 43
pNIPAm-SDS −26, 7 ±0, 05

3.1.6. Which surfactant?
Based on the results of this chapter it is chosen to use Triton X-114 as the surfactants. Each of the
suggested surfactants have minimal influence on the viscosity measured at a shear rate of 10000 1/s
as seen in paragraph 3.1.3. This can also be said about the particle size and density. As expected the
biggest impact each surfactant has is on the surface tension. Both SDS and CTAB reduce the surface
tension significantly compared the original pNIPAm suspension, 67, 44 mN/m to 42, 70 mN/m and
41, 55 mN/m respectively. But TRT reduces the surface tension the most, from 67, 44 mN/m to 38, 39
mN/m at 20°C. This is still higher than the ideal fluid requirements given by Fuijifilm for their Dimatix
cartridge which is between 28 and 32 mN/m. Hence, the surfactant that will be used for testing the
printability of pNIPAm is Triton X-114.

3.1.7. Ohnesorge, Reynolds and Weber Number
As mentioned in chapter 2 the Ohnesorge gives the stability of the drop and it estimates if the pNI-
PAm would be able to produce a drop. To determine the velocity which is needed to calculate the
Reynolds and Weber number Equation 2.7 is used. Table 3.6 shows all the characteristics of the sam-
ple pNIPAm-TRT, this table only includes Triton X-114 because that is the surfactant chosen to be
used for further experiments. Figure 3.7 shows Ohnesorge number corresponding to the temperatures
20(blue), 30(green) and 35°C(red). It shows that using the calculated velocity it will not be able to pro-
duce drops, because there is insufficient energy. As seen in Table 3.7 the Weber number is 4. The
criteria given by Derby,2010[27] says the Weber number should be higher than 4.

Table 3.6: The measured characteristics of pNIPAm-Triton X114 at shear rate of 10000 1/s and temperatures 20,30 and 35°C.

Parameter at 20°C at 30°C at 35°C
Density (g/cm3) 1, 00331 0, 99913 0, 99505

Surface Tension (mN/m) 38, 40 37, 20 37, 04
Viscosity (mPa · s) 5, 81 2, 67 2, 02
Nozzle size (µm) 23, 25 23, 25 23, 25

Minimum Velocity (m/s) 2, 57 2.53 2.53
Particle size (nm) 1017, 67 ±34, 66 766, 23 ±12, 01 635, 37 ±4, 65

Table 3.7: The Reynolds, Weber and Ohnesorge Number for pNIPAm-TRT at a temperatures of 20, 30 and 35°C. Given that
the requirement is We ≥4), indicates that there will be no drop ejected due to the lack of kinetic energy.

at 20°C at 30°C at 35°C
Re 10, 28 22, 02 28, 98
We 3, 98 4, 00 4, 00
Oh 0, 194 0, 091 0, 069
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Figure 3.7: Diagram of the operating regime for stable drops. The dots blue (20°C), green (30°C) and red (35°C) show that
using the calculated velocity will not result in pNIPAm-TRT drop formation.



Results & Discussion: Printing

3.2. Printing
Chapter 3 concluded that the surfactant that will be used onwards to investigate if it is possible to deposit
pNIPAm on glass substrates is Triton X-114 . As previously mentioned the printer that will be used is
a LP50 PIXDRO inkjet printer as seen in figure 2.1. Besides the chosen surfactant, the temperature
range that will be investigated is between 30 and 35°C. This chapter will also investigate if the deposited
pNIPAm is able to form a monolithic layer on the substrate by the use of an SEM. The size of the print
is decided to be a diameter of 3 mm. This is due to the fact that the Organ on Chip (OoC) that inspired
this research has an available surface of 3mm. It is possible to increase the Dots-Per-Inch or DPI. Just
like the name suggests this means how many dots are deposited per inch during printing. The higher
the DPI, the better the resolution. The DPI’s that are chosen were 500, 1500, 2000 and 4000. These
were chosen because at 500 DPI the deposited drops would, according to the software of the LP50
PIXDRO create individual drops. While the other DPI’s would create the illusion of one single drop of
3 mm diameter. Thus better comparable to spincoated samples.

3.2.1. Print settings
Figure 3.8a shows a schematic of a waveform that is used for inkjet printing. Various settings can be
changed when it comes to the waveform. The applied voltage and its amplitude affects the nozzle
chamber. The pulse width determines the period this voltage is applied to the nozzle chamber. While
the pulse spacing determines the pause that is between pulses. The applied voltage has an influence
on the drop speed and the possibility of producing satellite drops. Satellite drops is a phenomenon
where there are one or multiple small drops after the ”main” ink drop. This can influence the overall
quality of the print. The pulse width is used to optimize the drop speed for the voltage that has been
used. The first step that has been taken was using the default settings of the inkjet printer. These
defaults settings of the printer are;

• the Waveform; Voltage of 26mV , Pulse width of 2, 2µs and a pulse space of 4, 5 µs

• the number of iterations; means how many times the printer will print on the same figure on the
same spot, default is one iteration

• print direction; the LP50 allows the print-head to move or the substrate-bed, the default setting is
that the substrate-bed moves and the printhead stays still

• substrate-bed temperature; it is possible to heat the substrate-bed, the default setting is that the
bed heating is turned off

• printhead temperature; this is the temperature that heats the ink in the cartridge, default setting
this is turned off

There are more settings but this requires further research. The settings that are used to deposit
pNIPAm-TRT on a golden substrate are;

• the Waveform; two pulses where the first pulse is of Voltage 38.8mV , Pulse width of 2, 2µs and
a pulse space of 4, 5 µs. While the second pulse has a Voltage of 10.0mV , Pulse width of 3, 2µs
and a pulse space of 4, 5 µs seen in Figure 3.8b. This waveform is found by trial and error by
visualy looking at the drop seen in Figure Figure3.8c and the corresponding prints. These trial
prints can be seen in Appendix A, (FigureA.8, A.9 and A.10).

• the number of iterations; This is kept at one unless it is mentioned.
• print direction; The default settings is kept, meaning the substrate bed moves while the printhead
stayed still. This is to keep the amount of variables to a minimum

• substrate-bed temperature; this is kept off, just like the print direction, this is not changed to keep
the variables to a minimum

21
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(a) (b)

(c) (d)

Figure 3.8: (a) shows a schematic of a Waveform for inkjet printing. (b) shows the waveform that is used to jet the pNIPAm. (c)
shows the drop velocity and drop volume. The arrow represents the angle in which the drop is falling. Ideally this angly should
be 0°because that means the the drop jets straight. (d) shows the dots blue (20°C), green (30°C) and red (35°C) using the
measured velocity. Of theses three temperatures, the 20°C, is the only temperature what is in the printable area. While the

other two, 30°C and 35°C are in the regime where satellite drops can be formed.
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• printhead temperature; this is set to a temperature of 33°C. This is chosen because there was no
jetting at 20°C. While drops started to form at 33°C

Using the dedicated LP50 software it is possible to determine the size and velocity of the drop.
The velocity of a drop at 33°C print-head temperature is 5, 70 m/s and it has a volume of 3, 0 pl. The
velocity given by the software is higher than the minimum required velocity that is needed to overcome
the surface tension determined by using equation 2.7, which is 2, 98 m/s. This changes the actual
Reynolds andWeber number which can be seen in Table 3.8. TheWe is greater than 4, thus passed the
No Drop Formation because insufficient kinetic energy. Comparing Figure 3.8d with Figure3.7 shows
that with the new velocity moves the printing region to the right and passed the No Drop Formation
barrier. However, of the three temperatures, 20°C is the most suitable option according to this graph.
But, at this temperature there was no pNIPAm jetting out of the cartridge. This could be caused by the
fact that the pNIPAm particles are 1017, 67 nm at this temperature. This is larger than the ideal particle
size given in Table 2.1. Hence, it is needed to increase the temperature of the cartridge, so that the
particles shrink to sub micron.

Table 3.8: The Reynolds, Weber and Ohnesorge Number at a temperature of 20,30 and 35°C calculated with the new
measured velocity of 5, 70 m/s.

at 20°C at 30°C at 35°C
Re 22, 88 49, 59 65, 28
We 19, 73 20, 29 20, 29
Oh 0, 194 0, 091 0, 069

3.2.2. Print results
500 DPI
The printed result of the 500 DPI can be seen in figure 3.9. Figure 3.9a shows that it is possible to
form an evenly distributed print with pNIPAm. It is however not optimal. There are dark spots which
can be seen in the lower part of Figure 3.9a. This likely caused by not using the optimal waveform
and inkjet printer settings. Considering the print direction is from bottom to top, it could be that during
the brief period of the cartridge moving to the bottom, more particles agglomerate in the nozzle. As a
result it jets more particles compared to the others. This requires more research in finding the optimal
inkjet printer settings. Using the SEM, it shows that there is a monolithic layer of pNIPAm and this is
consistent within each individual drop. This can be seen in Figures 3.9b, 3.9c and 3.9d. The size of and
spacing between each drop can be seen in Figure3.9e. Each drop is roughly 22 to 23 µm in diameter
and the distance between each drop is between 26 and 30 µm. The shaded roster in Figure 3.9a is
caused by the microscope and is not present on the actual print.
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(a) (b)

(c) (d)

(e)

Figure 3.9: (a)Optical microscope image showing a print of 500 DPI. The shaded roster is caused by the microscope and is not
present on the actual print. (b) SEM image of a 500 DPI print at 1000x magnification, (c) SEM image 4000x magnification, (d)
SEM image 10000x magnification of a printed pNIPAm-TRT sample at a DPI of 500 and (e) shows the drop size and spacing

between each drop.
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1500 DPI
The next print is one of 1500 DPI. Figure 3.10 shows a picture taken from the NanoRo microscope of
the printed pNIPAm and SEM pictures at various magnifications. The bad quality of the print is quite
noticeable in figure 3.10a. Even though the simulated print showed that the drops would fuse. It is
actually not the case. This could be caused by the fact that the pNIPAm is not optimised as a jettable
ink as seen in chapter 3. Another cause of this could be that the used waveform, is not optimal. The
SEM pictures shown in figure 3.10b, 3.10c and 3.10d shows that where the drops did fuse together a
monolithic layer is formed. Under SEM the monolithic layer of the beads formed in the gold/white spot
in the middle of the print (Figure3.10a) was observed and it was noticed that they were more densely
packed compared to the blue parts (FigureA.7,appendix). This spot is formed after following the steps
given in paragraph 2.3.2. Specifically during the step between rinsing it with Milli-Q® water and drying
it overnight. It was noticed that spot would form where the residual water stayed after rinsing.

(a) (b)

(c) (d)

Figure 3.10: a) Optical microscope image showing a print of 1500 DPI, (b), (c) and (d) are SEM images at 1000x, 4000x and
10000x magnification of a printed pNIPAm-TRT sample at a DPI of 1500. The SEM pictures are taken in the blue area of the

print. It shows that a monolithic layer is formed of the pNIPAm particles.
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2000 DPI
As seen in Figure 3.10a, it is still possible to see the golden substrate layer. This is not ideal, because
the spectrometer would measure not only a pNIPAm layer but also the gold layer. Thus, an incear in
the DPI to 2000 is a necessity. There are still spots where the substrate is visible. Again a gold/white
drop is formed where a residual water drop was located before the sample went into the oven. There
are still some areas that are not covered by the pNIPAm. This is caused by the fact that the printer
settings and the pNIPAm ink are not optimised. Looking at the SEM pictures in figure 3.11b,3.11c and
3.11b, shows that a monolithic layer is formed.

(a) (b)

(c) (d)

Figure 3.11: a) Optical microscope image showing a print of 2000 DPI, (b), (c) and (d) are SEM images at 1000x, 4000x and
10000x magnification of a printed pNIPAm-TRT sample at a DPI of 2000. All the images show that a monolithic layer of

pNIPAm particles is achieved.
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4000 DPI
Increasing the DPI further from 2000 to 4000, results in a printed sample shown in figure 3.12a. It shows
that the drops form visually one cohesive drop. It has to be mentioned that there are still some drops
that splashed outside the intended print area. This can be caused by the fact that the Oh number is
0, 105 which is on the border where satellite drops are formed. Looking at figure 3.12b, 3.12c and 3.12d.
It clearly shows that a monolithic layer is formed by the pNIPAm particles.

(a) (b)

(c) (d)

Figure 3.12: a) Optical microscope image showing a print of 4000 DPI, (b), (c) and (d) are SEM images at 1000x, 1000x and
40000x magnification of a printed pNIPAm-TRT sample at a DPI of 2000. All the images show that a monolithic layer of

pNIPAm particles is achieved.
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1500 DPI 2 iterations
Figure 3.10a shows that the substrate is not completely covered when one iteration of printing is used.
To see if this could be prevented, it was chosen to print twice over the same spot or two iterations.
Between each iteration the sample was rinsed to remove any loose pNIPAm particles. The result can
be seen in figure 3.13. It shows that there are less gaps. The substrate is less visible and the drop
looks almost like one cohesive drop. The biggest concern using two iterations was that it would not
create a monolithic layer with the pNIPAm particles. Figure 3.13b clearly shows two separate prints on
top of each other. The vertical strips are from one print and the darker spots on top of those are the
second print. At higher magnification in figure 3.13c it seems like a monolithic layer is formed. However,
zooming in further, figure 3.13d shows that there is a hill like landscape, which could indicate a multi
layer of pNIPAm particles.

(a) (b)

(c) (d)

Figure 3.13: a) Optical microscope image showing a print of 1500 DPI 2 iterations, (b), (c) and (d) are SEM images at 500x,
1000x and 4000x magnification of a printed pNIPAm-TRT sample at a DPI of 1500 2 iterations. In b it shows that there appear
to be two layers of pNIPAm particles, because of the two iterations of printing, but it still appears to be monolithic. However, c

and d show a hill like structures. Thus implying a non monolithic layer.
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3.2.3. Cleaning of the cartridge
The surface of the cartridge will get covered during printing, as seen in Figure 3.14. This is called
wetting and this phenomena can occur when the printer settings are not set correctly. This can be the
result of leakage or it can also be the result of air motion created by the jetting of the pNIPAm [49].
Figure 3.14a is the nozzle prior to pNIPAm-TRT deposition on the substrate. Figure 3.14b shows the
nozzle after use. It shows that around the nozzle pNIPAm particles are agglomerating. The cleaning
procedure consists of putting the cartridge in a tube filled with Milli-Q® water and put in a sonicator
bath for 2 minutes, after which the water was disposed of. Most of the bead were removed after this
treatment as can be seen in Figure 3.14c. The cartridge is stored in a tube filled with Milli-Q® water.

(a) (b) (c)

Figure 3.14: Clean nozzle (a) before use, (b) shows the nozzle after use. It can be seen that the area is covered with pNIPAm
particles. It is therefore needed to clean the nozzle after each use. To clean the nozzle a sonicator for 2 minutes is used as

seen inc.

3.3. Inkjet printed sample compared with spincoated sample
This section is dedicated to the comparison of spin coated samples with inkjet printed ones. Figure 3.15
shows both the sample that was spincoated with pNIPAm-TRT and the sample that deposited pNIPAm-
TRT with the inkjet printer at a DPI of 4000. Both Figure 3.15a and Figure 3.15b show that a monolithic
layer is formed. The monolithic layer formed by spincoating was expected for every sample that used
this method see Appendix A FiguresA.3,A.6 and A.5. Based on these images it can be concluded that
it is possible to form a monolithic layer by depositing pNIPAm with an inkjet printer.

(a) (b)

Figure 3.15: SEM image of (a) Spincoated pNIPAm with Triton X-114 and (b) Inkjet printed pNIPAm with Triton X-114.
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3.3.1. Print Consistency
During the printing part of this work it was noticed that the overall printing quality was not consistent.
Figure 3.16 shows various printed samples. All these samples were printed with the same waveform
seen in Figure 3.8b in paragraph 3.2.1. The only setting changed was the DPI. Figures 3.16a, 3.16b and
3.16c, show various printing results at a DPI of 1500. The golden substrate layer is clearly noticeable.
The same can be said about Figures 3.16d, 3.16e and 3.16f. However, the gold is less noticeable. This
is because of the increase in DPI from 1500 to 2000. It shows that the deposited pNIPAm cover more of
the substrate. This inconsistency in coverage is probably a cause of non optimal print and waveform
settings. To prevent this from happening further studies have to be conducted regarding the pNIPAm
suspension and the printer settings. The best print results are done with a DPI of 4000, as can be seen
in Figures 3.16g, 3.16h and 3.16i. All three show a cohesive ”single” drop. What is noticeable, the
splashing around the edges of the print. Again, this is probably a cause of non optimal settings. This
requires a study on what kind of print quality is needed.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 3.16: Print quality of 3 mm samples with DPI of 1500(a,b,c), 2000(d,e,f ) and 4000(g,h,i). At 1500 DPI the difference in
quality is the most noticeable. There is no consistency where there is no pNIPAm deposit. Same can be said for the 2000 DPI.
However, the consistency is more noticable. The gold substrate is more covered compared to the 1500 DPI. The 4000 DPI

covers the substrate the best and shows the most consistency amongs the three different DPI’s.
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3.3.2. Gold/white spot removal
As shown in Figure3.16, each printed sample has a gold/white spot on it. This is a result of the rinsing
step after depositing the pNIPAm-TRT on the substrate. As an affect of this step, residual water stayed
on the deposited pNIPAm. When left to dry overnight, the next day this gold/white spot is formed at the
location of the residual water. As shown in Figure A.7 in Appendix A, there is a difference in density.
Besides the density, the gold/white spot shows that it is not a monolithic layer. To remove this spot
various procedures have been tested, these are;

• Removing the residual water after rinsing with tissue paper
• Removing the residual water after rinsing with an Argon gun
• Removing the residual water after rinsing by putting the sample in a petri dish and fill it with
Milli-Q® water and slowly tilt it and remove the drop by ”gravity”

All these procedures reduced the gold/white spot as seen in Figure3.17a, 3.17b and 3.17c. There
is still some gold/white spots left. Further studies have to be conducted in implementing a procedure
in making a microgel based etalon where the microgel is deposited with an inkjet printer.

(a) (b)

(c)

Figure 3.17: In (a) the sample, the residual water is removed by a tip of tissue paper. (b) the residual water is removed by
blowing argon of the deposited pNIPAm-TRT. It shows that the majority of the gold/white is removed using this method. The
last method (d) was putting the sample in a small petri dish and fill it with Milli-Q® and slowly remove the water by tilting the

petri dish until all the water is removed. This methods shows that the drop in (c) is almost completely removed.



Results & Discussion: Reflectance
Spectroscopy

3.4. Reflectance spectroscopy results
As mentioned in chapter 1 the pNIPAm microgel are thermo-responsive. To test its responsiveness
reflectance spectroscopy experiments are conducted. The expected results should behave similar
as in the paper by Andrews Ahiabu and Michael J. Serpe, 2017 [50]. The peak wavelength should
decrease when the temperature increases and that it will eventually reach a plateau. This plateau
means that increasing the temperature will not result in a further peak shift because the particles are in
the complete deswollen state. Figure 3.18 shows the results of various DPI’s that have been printed.
The graph shows the ∆λ of the peak shifts. Which is the difference in peak shift where the peak at
20°C is considered the base line. In appendix A FigureA.11 till A.18 shows the reflectance and intensity
vs the wavelength. Which are used to determine the ∆λ. Figure 3.18a, 3.18c, 3.18b and 3.18d shows
∆λ peak shift of the samples that were made at a DPI of 1500, 2000, two iterations of 1500 and 4000
respectively. These figures show that there is a shift towards the blue spectra when the temperature
increases. Which means the ∆λ decreases due to the deswelling of the pNIPAm particles. When
the temperature reaches 40°C and higher, a plateau is reached. This is in correspondence with the
literature found [50, 11]. It can therefore be said that using an inkjet printer to deposit pNIPAm on a
substrate is a viable alternative to spincoating or ”painting-on” method [11].
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(a) (b)

(c) (d)

Figure 3.18: Reflectance spectroscopy results of the peak shift. (a) 1500 DPI, (b) 1500 DPI 2 iterations, (c) 2000 DPI and (d)
4000 DPI. They all show a decrease in ∆λ. This due to the fact that the pNIPAm particles deswell when the temperature

increases. When the temperature reaches 45°C and up, a plateau is reached. Because the pNIPAm particles do not deswell
further beyond this point.



4
Conclusion

There were two points that needed to be investigated at the start of this thesis. The first one was
the possibility to deposit pNIPAm on a substrate by using an inkjet printed as depositing mechanism.
The second point was, if there will be a peak shift in the wavelength number when the temperature
increases, just like spincoating or ”painting-on” methods of applying pNIPAm.

To answer the first question it was needed to characterise the physical properties of the pNIPAm
suspension that is used. This suspension had to be within range of the requirements of the Dimatix car-
tridge Table 2.1. To lower the surface tension, three surfactants have been chosen; Triton X-114 (TRT),
Sodium Dodecyl Sulphate (SDS) and Hexadecyltrimethylammonium bromide (CTAB). It is known that
surfactants lower the surface tension but it was also necessary to investigate if they had any influence
on the density, the pNIPAm particle size and the viscosity. The surfactants had little to no influence
on the measured density, the particle size and the viscosity. Of the three surfactants; TRT, SDS and
CTAB, TRiton X-114 was the surfactant that lowered the surface tension the most From 67, 44 mN/m
to 38, 39 mN/m at 20 °C and 66, 37 mN/m to 37, 04 mN/m at 45 °C from . Based on these results
it was decided that TRT is the surfactant that will be used to see if pNIPAm is jettable with an inkjet
printer. With these characterisations it is also possible to determine the minimum velocity needed to
produce a drop, to overcome the surface tension at the nozzle. The minimum velocity needed is 2, 57
m/s. The Ohnesorge and Reynolds number derived from these characteristics were to low to produce
a drop. Not enough energy is produced to form a drop. Hence it was necessary to change the wave-
form setting of the inkjet printer. This resulted in a measured velocity of 5, 70 m/s, which is enough to
overcome the surface tension but also enough to come into the region of drop formation.

To simplify the answer to the question; Is it possible to deposit pNIPAm by using an inkjet printer,
the answer is yes. It is possible to deposit pNIPAm on a substrate. However, consistency is a problem.
The inkjet printer did not deliver the same quality for each print, the end result varied from sample to
sample. This is especially the case for prints with a DPI of 1500 or 2000. But this difference in quality
could be a cause of the fact that the pNIPAm is on the border of producing satellite drops. The the-
ory suggest that satellite drops will be formed if the Ohnesorge(Oh) Number is lower than 0, 1. The
measured Oh number at temperatures of 30 and 35°C of the pNIPAm-TRT is between 0, 091 and 0, 069.
When the DPI is 4000, there is consistency. Each of the 4000 DPI samples look the same under the
SEM. One consistency that each sample has is a gold/white spot on the deposited pNIPAm. This spot
is likely caused by residual water after rinsing it with Milli-Q® water. Several attempts have been made
to remove this residual water thus reducing this drop. This is possible however a proper procedure has
to be constructed to be consistent.

The last part of the project was to see if there is a peak shift in the wavelength when the temperature
is increased. Literature shows that there will be a peak shift when pNIPAm is applied with methods like
spincoating or paint-on method. This shift is caused by the swelling and de-swelling of the pNIPAm
particles. The peak shift was observerd in the inkjet printed samples with increase of the temperature.
It even shows that a plateau is reached when the temperature is increased further than 40, 45 °C. This
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plateau is reached because the pNIPAm does not de-swell any further after these temperatures. It
was also observed that there is no difference when it comes to printing in 1500, 2000 or 4000 DPI. Even
printing twice over the same location shows the same kind of trend. The only sample that was unable to
show this trend was the one with a DPI of 500. This was mainly due to the fact that the used reflectance
spectrometer was not sensitive enough and that there was too much space between each deposited
drop and the substrate layer. Overall this project can be seen as a success. It is possible to use an
inkjet printer to deposit pNIPAm and it behaves as expected. This method of applying pNIPAm will
bring various new opportunities to the usage of pNIPAm. For example for Organ-On-Chip application.
For instance, it is not necessary anymore to use masks to prevent pNIPAm from going to places where
it is not needed and/or welcome. Inkjet printing gives the opportunity to deposit precisely and in small
quantities pNIPAm on substrates, which means that Organ-on-Chip designs can also be reconsidered
by not taking spincoating or ”pain-on” method into designing criteria.



5
Recommendations

5.1. pNIPAm INK and Inkjet printing
Printing and creating a monolithic layer of pNIPAm is achieved but the pNIPAm ”ink” can be optimized.
This thesis focused on just three surfactants, there could be surfactants that lower the surface tension
more than what was achieved in Chapter 3. For example for;

• Anoionic surfactant: Docusate, this is a surfactant that is already used in medicine.
• Cationic surfactant: Cetylpyridinium chloride, this surfactant is an antiseptic that is used in mouth-
wash.

• Non-ionic surfactant: Tweens or Polysorbate, these surfactants are used in the pharmaceutical
and food industry.

• Amphoteric surfactant: Myristamine oxide, which is a surfactant used in shampoos and or condi-
tioners.

Also what can be researched is the effect of increasing or decreasing the concentration of pNIPAm
beads. As mentioned this was kept consistent throughout the whole thesis to reduce the number of
variables. Besides the ink optimization the printing itself can also be optimized. As seen in Chapter
3.1.7, the overall quality of the print is not consistent. To create consistency, a further investigation
has to be done on the settings of the inkjet printer. It is also important to define what the overall quality
should be with the prints. Does it matter that there is some splashing or is it needed that the edges of the
print are tidy and neat. Another aspect that needs to be investigated, is how to remove the gold/white
spots on the printed samples. Some trials have been conducted and there is limited success in the
removing of the gold/white spot. Therefore, a procedure has to be developed how to produce printed
microgel based etalons.

5.2. Application of the inkjet printed pNIPAm
Now that it is possible to deposit pNIPAmwith an inkjet printer. It is needed to investigate where this can
be applied. Is it possible to use this method when it comes to applying pNIPAm on an Organ-On-Chip.
If this will be used for OoC then it is important to keep the surrounding atmosphere controlled, hence it
should be moved to a cleanroom.
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Figure A.1: Zetapotential of pNIPAm, pNIPAm-TRT pNIPAm-SDS and pNIPAm-CTAB.
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Figure A.2: 3 mm diameter print at 500 DPI.
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Figure A.3: PNIPAM applied by spincoating.

Figure A.4: PNIPAM + Triton X114 applied by spincoating.
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Figure A.5: PNIPAM + SDS applied by spincoating.

Figure A.6: PNIPAM + CTAB applied by spincoating.
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Figure A.7: pNIPAm density difference on the border of a gold/white spot.

Figure A.8: Result of trial and error in finding the right waveform.
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Figure A.9: Result of trial and error in finding the right waveform.

Figure A.10: Result of trial and error in finding the right waveform.
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Figure A.11: 1500 DPI Normalized intensity vs Wavelength.

Figure A.12: 1500 DPI Normalized reflection vs Wavelength.
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Figure A.13: 2000 DPI Normalized intensity vs Wavelength.

Figure A.14: 2000 DPI Normalized reflection vs Wavelength.



50

Figure A.15: 4000 DPI Normalized intensity vs Wavelength.

Figure A.16: 4000 DPI Normalized reflection vs Wavelength.
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Figure A.17: 1500 DPI 2 iterations Normalized intensity vs Wavelength.

Figure A.18: 1500 DPI 2 iterations Normalized reflection vs Wavelength.
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