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Abstract

The recent development of stretchable electronics expands the scope of wearable and healthcare
applications. This creates a high demand in stretchy conductor that can maintain conductivity at
high strain conditions. Here, we describe a simple and novel fabrication way to achieve stretchable,
3D-printable and low-cost conductive composite ink. It can be favorable in printing the complex
stretchable patterns with high conductivity. Such elastic ink is composed of silver(Ag) flakes,
fluorine rubber, an organic solvent and dispersive agent. The dispersive agent must be compatible
with the chosen fluorine rubber as it accounts for multiple roles in the composite which promotes
compatibility between silver flakes and fluorine rubber and also affects the mechanical properties
of the hosting fluoropolymers as well as adhesion properties of the composite. Based on
experimental observations in our work, we discuss the exact role of the dispersive agent in the
composite. The resulting composite exhibits high conductivity value of 8.49 x10* S/m along with
high reliability against repeated four stretching/releasing cycles. Interesting examples of transfer
printing of the printed ink and its applications in working devices, such as conformal antennas and

stretchable heater, are also showcased.

Keywords: flexible electronics, elastic conductive ink, dispersive agent, polymer composites,

printed antennas
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Chapter 1. Introduction

1.1 Introductory overview of the thesis!

The development of flexible and stretchable electronics rely heavily on the performance of
interconnects that can withstand high deformation while maintaining electrical conductivity [1].
The stretchable interconnect is a key component to fabricate sensors and antennas for wearable
electronics. An important aspect for wearable healthcare electronics is the ability to accommodate
mechanical strain and deformation correlated with body motion without deteriorating the
performance of the electronics [2]. Interconnects are passive component in electronics and are
easier to accommodate deformation compared to active components such as sensors or integrated
circuits [3]. In fact, many system-level integration of stretchable electronics has been achieved by
assembling macroscopic integrated circuit chips (mm to cm scale) that are encapsulated in
stretchable substrate [4]. In this case, stretchable interconnects and antennas are the only two
electrical components that are actually stretchable. The printed stretchable interconnect can be
achieved in numerous ways. Firstly, stretchability can be achieved even when the conducting
material is not intrinsically stretchable. For example, metal films can be deposited on pre-stretched
elastomeric substrate to achieve accordion-like ‘wavy’ structures[5] . Making structural relief in

the metal patterns also allows stretchability, as can be exemplified by serpentine- [4] fractal- [6],

1 Section 1.1 has been taken from the paper “A Highly Deformable Conductive Ink for Printed Antennas and Interconnects:

Silver/Fluoropolymer Composite Amalgamated by Triethanolamine” to be submitted to Flexible and Printed Electronics



mesh-[7] , and coil-shaped[8] interconnects. These examples are not printed electronics, but their
concepts can be easily applied in printing to achieve stretchability. Secondly, intrinsically
stretchable, resilient, and conductive material can be developed. Percolating networks of
nanowires embedded in or deposited on elastomeric substrate can be one example [9]. Metal
precursor may be printed with elastomeric host materials and then reduced as a post-treatment to
achieve conductivity [10, 11] as shown in fig 1.1. However, the post-treatment often involves high
curing temperature or corrosive chemical that may lead to the degradation of the host or the

substrate materials.

-

Figure 1.1 Reduction of metal ions. Reproduced with the permission from [9-11]

Thirdly, intrinsically plastic but non-resilient material can be filled and then encapsulated in
elastomeric trough, like a microfluidic channel. A liquid-metal filled polydimethylsiloxane

(PDMS) channel can be a good example[12] .

Enhancing printability to the conductive materials has been of research challenge. For example,
Someya and co-workers introduced an imidazolium-based ionic liquid to achieve adequate

viscosity of ink solution consisting of carbon nanotubes (CNT) and fluorinated rubber [13] as



shown in fig 1.2(a). This ink, however, has shown delamination issue between PDMS substrate
and the interconnect layer. The group recently introduced a new formula that incorporates silver
flakes, a fluorine rubber, and a surfactant to achieve enhanced adhesion on PDMS substrate (figl.2
(b))[14]. Baik and co-workers developed a printable silver and CNTs composite ink with
polyvinylidenefluoride (PVDF) binder, but a rather high curing temperature of 160°C was
necessary as shown in fig 1.2(c) [15] . Yang and co-workers developed a particle free conductive
ink containing soluble Ag salt and adhesive rubber that allowed direct pen-writing as shown in fig
1.1(c). This ink could maintain good adhesion with polyethylene terephthalate (PET) and
polyimide (PI), but multiple writing steps and chemical reduction post-treatment were

necessary[16] . Pei and co-workers developed a water based silver nanowire ink with cellulose and

Ag flakes
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Figure 1.2: Composite based ink. Reproduced with the permission from [13-16]

fluoro-surfactant molecules [17] as shown in fig 1.1(d). Table 3 summarizes the key features of a
few notable conductive inks for stretchable interconnects. An ideal ink of printable conducting

material for stretchable interconnect will be to achieve all desirable traits, such as ideal viscosity



for printability, adhesion to various substrate, high deformability of conductive material, and low

curing temperature.

Here, we developed a new formula to achieve a stretchable ink with high conductivity. We
introduced triethanolamine (TEA), which has conventionally been used as a surfactant in cosmetic
industries or a plasticizer in plastic manufacturing[18, 19], in our ink formulation of silver flakes
and fluorine rubber. When fabricating the ink, TEA facilitated dissolution of the components in
the co-solvent of methylisobutyketone (MIBK), resulted in a homogeneous solution. The ink could
be easily printed and adhered well on various elastomeric substrates. After printing and drying of
solvent, the composite exhibits high conductivity value of 8.49 x10* S/m without any need for
post-treatment. Moreover, TEA plasticized the composite so that the printed interconnects were
freely deformable without losing the conductivity. The composite was not conductive by itself, but
a combination of stretchable substrate and the composite’s good adhesion allowed stretchable
interconnect to be bended, twisted and stretched up to 100% without deteriorating its electrical and
mechanical performances. We fabricated wireless local area network (WLAN) antennas with four
different three different geometries: loop, patch, and bowtie. The performances of three different
antenna geometries on human arm were simulated and measured for original geometry and

uniaxially-strained conditions.

1.2 3D Printing Technology

In the recent years, several complex fabrication methods such as screen printing, photo-
lithography, mask assisted printing has been employed for the fabrication of flexible and
stretchable circuits. However, these methods are time- consuming and arduous to fabricate a

complex pattern. Therefore, the direct printing of conductive inks/materials is a fast-facile process,



received a great attention due to its low material wastage, simplicity and flexibility which can be
used for the fabrication of various devices such as wearable displays, flexible batteries and
stretchable antennas. Therefore, the usage of 3D printer is an ideal choice, a versatile material
conservation fabrication technique. It is an additive process where lying down of successive layers
(horizontally or vertically) leads to the formation of 3D/complex structure from a digital file, which
allows the users to form the desired product within few hours after CAD design completion [20].

Here we reported a brief overview about different additive manufacturing techniques such as fused
deposition modeling (FDM)), stereo-lithography and inkjet printing. All these methods are different
in manner of building layers and the types of materials used to operate them. The key success of
additive manufacturing depends on the proper optimization of the parameters while printing onto

the substrates.

1.2.1 Fused Deposition Modeling (FDM)

It is a famous 3D additive manufacturing and extrusion technique used for modeling, prototyping
and manufacturing [21]. In short, the filament is fed through the extruder and melted in the head
before printing the final pattern as shown in fig 1.3. There are different optimized temperatures for
all types of filaments. In case of better adhesion of the printed design into the bed, the base/bed

temperature needed to be maintained around 65-80°C while printing.
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Figure 1.3: Fused Deposition Modeling. Reproduced with the permission from [22].

There are several advantages using FDM such as reduction in materials wastage, high throughput

and easy to handle.

Notes for FDM Printer Operation: Fused deposition modeling (FDM) is the process of additive
manufacturing technologies for numerous engineering applications. In this technique, a
thermoplastic polymer feeds into the head of the printer, where it gets melted and extruded through
the nozzle. The nozzle diameter varies from printer to printer. For the operation, it also needs a
CAD file (created by modeling program) which can point the instruction to the printer. The .stl file
is being created by using the CAD modeling program, followed by slicer tool. The slicer helps in
converting the specific model into a series of thin layers and produces a G-code file containing
instructions to a particular 3D printer. They are also known as FDM (fused deposition modeling)
printers as shown in fig 1.4. The G code is then imported to the 3D printing clients such as Repetior
- host, Replicator G for the final products. The materials which can be printed using such
techniques are polycarbonate (PC), acrylonitrile butadiene styrene (ABS), PC-ABS blends, and
thermoplastic polyurethane [23]. The major advantage of using FDM technique is that it is a
cheaper method without any post treatment, polymer resin and UV exposure for producing the
products. The quality of the printed structure through FDM depends on the precise selection of
variables. For example, if the extruder temperature is too high corresponds to the filament melting

temperature, then it can clog the nozzle orifice with the burnt filament.
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Figure 1.4: Extrusion AM process principle and schematic. Reproduced with permission[21]
FDM technique is a slow process and takes longer time while printing the complex structure.
Dimensional measurement, base surface roughness and printed resolution are the most concerned
parameters in FDM technique. The most important is the process control algorithm which controls
the feed rate of the filament. So, the user has no control in additive manufacturing technique [23].
The printed part resolution and dimensional accuracy depends on the design parameters as well as
the filament feedstock properties. Dimensional accuracy refers to fidelity of part geometry to the

computer design [23].

1.2.2 Stereo-lithography

Stereo-lithography (STIL), the first technique which was widely used for rapid prototyping where
the liquid polymer gets hardened by UV light exposure, developed by 3D Systems Inc as shown
in Fig 1.5. It starts with CAD modeling tool and .stl extension file has been added to slicer tool
which can cut the samples in slices and generate G- Code for the same [22] . There is also a need
of the platform to anchor the piece and structures. Then, a highly-focused UV laser beam is applied
above the liquid surface to produce the desired pattern by selectively curing the UV-sensitive
liquid polymer gel in layer-by-layer manner. The platform gets lowered down after each layer

completion. After printing all layers, excess resin get removed. The basic principle of such process



is the photo-polymerization, where a monomer or polymer can be converted to solidified object
under UV exposure. This process is known as ultraviolet curing. If it is done for a longer time, the
parts get dangle due to non-fusion of the bottom layer [22]. Stereo-lithography (SL) also give the
options of using different materials while building a single piece, that is known as multiple material
stereo-lithography. To print with different materials, there should be proper drainage system and

replacement of new material at the same time.

FPlunger
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Figure 1.5: Schematic of stereolithography process. Reproduced with permission from [24]

1.2.3 Ink Jet Printing

Ink jet printing is a computer based digital printing by propelling the inks on the substrate. It
works on two modes of operation: (a) DOD (Drop on Demand) mode and (b) continuous mode. In
continuous mode, the ink is ejected from the nozzle in the form of jet breaks into small periodic
parts due to the surface tension driven force whereas, in DOD mode, drop ejection takes place with
the help of acoustic pulse and show small droplet size with better placement accuracy as shown in

fig 1.6. Among these modes, DOD technique is highly preferred.
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Figure 1.6: Schematic of Continuous mode- Inkjet printing and DOD printing. Reproduced

with permission from [25]

Here whenever a positive pressure pulse is applied to the fluid inks in the supply tube, then ejection
of fluid takes place. The droplet (coming out of the nozzle) total energy goes into viscous flow,
surface tension and kinetic energy [26]. Ink viscosity and surface tension are some of the most
crucial parameters in designing the ink for a printer. Therefore, the viscosity must be in ideal range
and surface tension needs to be higher which makes the ink to grip to the nozzle without dripping.
So, the first droplet is the major concern for printing which clogs the nozzle by partly dried ink.
When the droplet impacts the substrate, one of the primary challenge is the feature resolution,
which is totally controlled by the volume of droplet size. Thereafter, drying mechanism also takes
place through solvent evaporation and elimination of coffee ring effect (discussed in chapter 2 in
detail). In our work, we have used nScrypt 3Dn inkjet printer which operates in a different manner
as compared to techniques described above. The details of nScrypt 3Dn inkjet printer will be

discussed in Chapter 2.3.



Chapter 2. Fabrication procedure of Ag elastic ink

The fabrication procedure of silver elastic ink consists of four components such as fluorine rubber,
4 methyl 2-pentanone (organic solvent), triethanolamine(TEA) and silver (Ag) flakes. Herein we
reported a simple and novel method to fabricate printable, highly conductive silver elastic ink,

where no harsh conditions are required.

2.1 Materials and method?

2.1.1 Materials: Fluorine rubber (DAI-EL 801) was purchased from Daikin industries Itd, Japan.
4-methyl-2-pentanone (or methylisobutylketone; MIBK) and Silver (Ag) flakes (10um, > 99.9%
metal traces) and Triethanolamine (TEA) (= 99.0%) were purchased from Sigma Aldrich. A
double sided clear transparent acrylic elastomer roll (VHB-4910) was purchased from 3M. All

these reagents were used as-received without further purification.

H, F, F F, O CH,
+C —CHro—cH L PN
CF, H,C CH,
Fluorine rubber Methyl isobutyl ketone
HO\/\I\Q\/OH
OH

Triethanolamine(TEA)

Figure 2.1: Chemical structure of the ink components

2 Section 2.1 has been taken from the paper “A Highly Deformable Conductive Ink for Printed Antennas and Interconnects:
Silver/Fluoropolymer Composite Amalgamated by Triethanolamine” to be submitted to Flexible and Printed Electronics
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Fluorine (FI) rubber: DAI-EL G-801 is a fluoro-elastomer comprising copolymer of
vinylidenefluoride/ hexafluoropropylene. It is translucent/light yellow in color with 66 weight%
fluorine content and can be easily dissolved in low molecular ketones and esters. This material has
excellent mechanical properties and chemical resistance. In terms of mechanical properties, it can
be extended up to 440% strain of its original length. The above-mentioned ketone solvent was
excellent in dissolving the fluorine elastomers, also volatilize easily due to high vapor pressure at

room temperature, which is excellent for ink drying.

2.1.2 Preparation of highly conductive elastic ink: The mixing ratio of the four components is
a vital parameter which is responsible for both mechanical durability and electrical conductivity
of the elastic ink. We identified the optimal weight ratio between the fluorine rubber: MIBK: TEA:
the Ag flakes to be 1:2.3:1:X in order to achieve both stretchability and conductivity. The X values
are 2.95, 2.40, 1.90 and 1.45 for 40 wt%, 35 wt%, 30 wt%, and 25 wt% Ag content, respectively.
Here, the nomenclature of ‘wt% Ag content’ refers to the total weight of the solution including the
solvent. Firstly, fluorine rubber dissolved in MIBK for 24 hours. Then, TEA is added as a
dispersive agent and the mixture was stirred for 6-8 hours. Once the mixture becomes
homogenous, silver flakes are added and the mixture was stirred for 4 hours to attain the silver
elastic ink. All these procedures were carried out at the room temperature. The antennas (On-body
loop, patch and bowtie) were patterned onto an elastomer substrate (VHB-4910) by using a 3D jet
printer (nScrypt tabletop 3Dn printer). After printing, antennas pattern were dried at 100°C for 20
minutes to remove the excess solvent. When complete drying is needed, samples were placed in a
vacuum oven for 24 hours at 120 °C (Symphony-VWR, Vacuubrand 2C). The schematic of the

fabrication procedure is shown in figure 2.2.
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Step 1: Dissolution of Fluorine rubber
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F R
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3 3
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Step 2: Addition of TEA

|g e
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5 [ N mm) REE

OH

Dissolved Fl rubber TEA Dissolved polymer

Step 3: Addition of Ag flakes

S— Stir 8 hrs, 25°C
+ Ag Flakes :>

Dissolved polymer Silver elastic ink

Figure 2.2: Steps for the preparation of 3D printable Ag elastic ink
2.1.3 Role of TEA in the elastic ink solution and in the stretchable traces

The elastic ink solution is composed of silver(Ag) flakes, fluorine rubber, an organic solvent
(MIBK) and a dispersive agent (TEA). The role of TEA in our stretchable ink is two-fold: (1)
compatibilizer between the components to ensure a uniform dispersion of Ag flakes (filler) in the
matrix of fluorine rubber in ink solution state and (2) plasticizer for the PVDF polymer network,

which bestows high stretchability in printed conductive trace state.
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Figure 2.3: Schematic based on the role of TEA in fluoropolymer based elastic ink

TEA has long been used as an emulsifier to achieve complete wetting of water-soluble and oil-
soluble ingredients in skin care and hair care products [27]. Due to the presence of 3 hydroxyl (-
OH) groups and aliphatic chains on one molecule, TEA has also been used as a dispersing agent
to disperse hydrophilic particles, such as titania [28] and hydroxyapatite [29, 30] in organic
solvents for electrophoretic deposition (EPD) and as a surfactant for the surface stabilization of
nanoparticles [31, 32]. In our case, TEA functions as a dispersing agent by establishing
compatibility between Ag flakes and MIBK which drives a uniform distribution in solution state.
After drying of solvent, TEA contributes the formation of percolating conductive network of Ag
flakes inside the polymer matrix of PVDF. TEA also plays a role as a plasticizing agent. During
the initial attempts to synthesize the stretchable ink solution, we found that the process of
dissolution of fluorine rubber in MIBK was extremely time consuming. By the addition of TEA,
the mixture dissolved homogeneously within a few minutes. This suggests that TEA diffuses into
the fluoropolymer and quickly swell the network when in MIBK. In molecular sense, the
compatibility may have been facilitated by the matching between the partial polarity of the
hydroxyl groups in TEA and the polar C-F bonds in fluorine rubber. The swelling of the
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fluoropolymer chains and their increased mobility can certainly facilitate the uniform dispersion
of Ag flakes, whose surface is also compatabilized by TEA. The asymmetric molecular structure
of TEA also aids in its high plasticizing ability [33], which gives high stretchability to the printed
traces after drying out the solvent. Furthermore, very low vapor pressure of TEA (3.59 x 10 mm
Hg at 25 °C) and high boiling point (335.4 °C) ensures that TEA molecules do not evaporate in
low-temperature operating conditions, which is an excellent trait for a plasticizer [18, 34]. This

point is supported by our TGA result as shown in Fig 3.2.

2.2 Selection of substrate

The selection of an appropriate substrate is an important initial step for printed flexible and
stretchable electronics. In the substrate selection process, there is a need to determine the basic
properties of the stretchable and flexible substrates as shown in the table 1. In addition, we found
that our elastic ink strongly adheres to the VHB elastomer (VHB 4910 3M Company), which is
useful for stretchable electronics application. Furthermore, it also has excellent mechanical

properties, chemically stable as well as fast, clean, and simple to apply.

Figure 2.4: VHB 4910 3M Company
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While selecting the substrates for stretchable electronic devices, it is also mandatory to know the
value of some important parameters such as dielectric constant (€), substrate thickness, and loss

tangent (tan o) of the substrates for the application purposes.

Table 1: Properties of various substrates

Substrates | Surface Energy Loss tangent Dielectric constant Deformability Ref
(Dynes/cm)
VHB 38-39 0.03 at 1GHz- 5GHz" 3.20 at 1GHz-5GHz" High [70]
PDMS 23 0.01-0.05 at 1IGHz - 5GHz | 2.67-3.0 at 1IGHz — 5GHz High [71] [35] [36]
0.02 at 3GHz 2.80 at 3 GHz
0.05 at 3.45GHz 3.00 at 3.45GHz
0.0134 at 2.4 GHz 2.7 at 2.4 GHz
Kapton 40 0.002 at 2.45GHz 3.24-3.4 at 2.45GHz Low [71] [37] [38]
Polyimide
PET 42 0.01 at 2.45GHz 4.0 at 2.45GHz Low [71] [39]

* values experimentally measured in this study (with dielectric measurement probe by M.M.H. Kalateh and H. Saghlatoon
in Prof. Mousavi’s lab)

After measurements, value for tan é and € values are found to be 0.03 and 3.20 with the substrate

thickness of Imm. The dielectric constant (¢) is a complex parameter. In equation,
e=¢€o&r=¢o(€ r—€ 1)
Where € ¢ (the permittivity of vacuum) = 8.854 x 10”12 F/m

In general, the dielectric property depends on the frequency, temperature, moisture content,

homogeneity, and surface roughness. The ratio of the imaginary to real part called tangent loss.
Loss tangent, tan8=¢' '/ € ;

The low dielectric constant value substrates helps in reducing the surface wave losses which are
being tied to guided wave propagating and highly recommended for high frequency applications

[40]. If the dielectric constant (¢) value is higher, waves concentrate more onto the substrate
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because of the polarization of the electric field is stronger inside the substrate. Thus, it is superior
to use a low dielectric constant (€) substrate which increases the spatial waves in the surroundings
and hence increase the impedance bandwidth of the antenna making it more efficient with high
gain. Moisture content in the substrate affects the permittivity value which results in bandwidth
change [40]. Therefore, usage of low dielectric constant (¢) substrate such as VHB, PDMS and
PET are highly recommended which have additional features such as flexibility, re-configurable
and capability to work at higher frequency because of the low dissipation factor (loss tangent).
Loss tangent describe the inherent dissipation of electromagnetic energy in the dielectric material
used for antenna fabrication because higher the value, more will be dissipation within the substrate
resulting in lower radiation, hence, the efficiency decreases. Therefore, lower the loss tangent

value, better would be the antenna performance.

Substrate thickness: As we mentioned above the thickness of dielectric substrate is also an
important parameter for the designing of antenna. When the value of k is fixed, the substrate
thickness may be chosen to maximize the bandwidth of the proposed antenna. But the substrate
thickness is not the only parameter which can optimize the antenna efficiency.

Bandwidth ~ 1/ Q (quality factor)

Therefore, thickness of the substrate is one of the factor influencing the bandwidth. If the height
of antenna increases, Q factor decreases which will increase the bandwidth of the antenna by
allowing a thicker substrate [40, 41]. Here, we have chosen acrylic VHB elastomer with thickness

of Imm for stretchable antenna and heater applications.

2.3 nScyrpt 3Dn printer and its components

[ used nScrypt 3Dn printer to print the elastic ink onto various elastomeric substrates. It consists
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of two pumps: an nFD pump for 3D printing of polymeric filament (FDM printing) and a Smart
Pump for jet printing of fluidic ink. In case of ink printing, smart pump consists of variable sizes
tips in 12.5um - 175um range (as shown in fig 2.5). They can be controlled using digital input and
can be programmed to accommodate a wide range of materials. In fact, the strongest feature of
nScrypt 3Dn printer lies in its proprietary jet printing technology that enables printing of fluids
with viscosity ranging from 1 cP to 1 million cP. Materials such as particles, flakes and tubes can
be loaded and form low viscosity inks having nanoparticles to extremely high viscosity pastes,
whereas flakes maintain good control, small features and fast prints. It is possible to print lines as

narrow as 12.5 microns.

nScrypt 3Dn tabletop printer Ink Smart Pump nFD Pump

Nozzles Ink printing

Figure 2.5: nScrypt 3Dn printer and its parts [69]
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2.3.1 Printing Procedures: Before printing, it requires numerous calibration and actuation steps
for the operation of smart pump. The conductive elastic ink printing onto the substrate can be done
by using variety of approaches. First, the syringe filled with the conductive ink elastic is mounted
onto the printed head along with positive pressure pipe; which is followed by the assembly of
several other components such as valve rod, O-rings, and nozzle onto the smart pump. There are
several other steps such as PCAD file conversion to path file, import path file, editing of path file,
height test and teach origin before start printing. So, whenever a positive pressure is applied onto
the mounted syringe on the print head, it starts feeding the materials into the valve body. To start
micro-dispensing, valve will open and allow the material to flow smoothly through the nozzle
orifice onto the polymer surface [42]. The valve rod moves to a closed position to stop ink
dispensing which not only blocks the channel, but also maintains a negative pressure in the
dispensing tip chamber. The valve rod which is responsible for ink flow move up and down with
the motor support. The patented ceramic dispensing tip in our work reduces the pressure of
outcoming material through the nozzle orifice. Such smart pumps can control the materials volume
flow up to pico-liter level with higher speed printing and handle inks having high viscosities and
loaded materials. The major advantage of 3Dn printer is low material wastage because there is

fraction of milliliter dead volume in the entire pump [42].

2.3.2 Nozzle diameter: The nozzle diameter decides the resolution of direct printing. In our work,
we patterned with the nozzle, made up of ceramic, having diameter of 125-175um for printing. As
we know, patterning of thin line is quite challenging which highly depends on nozzle diameter. If

the particle diameter is just 5% larger than the nozzle, it will clog the nozzle [43]. Smaller particles
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also can cause jamming at the nozzle, which results in a catastrophic clogging. We also observed
the clogging issues with smaller nozzle diameter(50um) by silver flakes whose size was around
10um. However, high resolution could be achieved by making the smaller nozzles whose
manufacturing is quite challenging because once the clogging issue starts occurring, leads to the
non-repeatability of the nozzle and increases its manufacturing cost [43]. Therefore, in our work,

we preferred to work with larger diameter nozzles due to the large particle sizes.

2.4. Drop Impact and Spreading Behavior

When a liquid drop falls onto the substrate, then the phase change will take place which will help
in transforming the liquid drop into a solid. Such phase change comes up with desired product,
otherwise additional step sintering is required. The droplet impact on hard surface can be controlled
by multiple physical factors such as inertial, capillary and gravitational forces. The important
dimensionless terms to determine the drop behaviors are the Reynolds, Weber, and Ohnesorge
numbers along with the bond number (Bd), where gravitational forces [44].

The droplet impact can be divided into three stages: contact, spreading and recoil. When a droplet
contacted with the substrate, a thin circular film formation takes place around it. The radius of the
circular film must be greater than that of in-flight droplet radius because of the kinetic energy
dissipation of the droplet. When the drop starts spreading, liquid will make radially outward flow
and there would be mass accumulation obtained at the periphery to form a liquid ring which is
called coffee ring effect. Some part of the kinetic energy is dissipated because of the viscous flow
within the thin film. Recoiling of film occurs when it reaches to the maximum value. Finally, the
fluid comes to steady state after a number of inertial oscillations, which gets further dampened by

viscous dissipation (shown in fig 2.6). In all cases mentioned above, the solidification will take
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place after the deposition of ink, and the printed pattern must have some stability in the liquid state

prior to solidification [45].
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Fig 2.6: Schematic illustration of the sequence of events that occurs after droplet impact on

a substrate. Reproduced with permission from [44].

The contact angle also plays an important part in controlling the resultant shape of the printed
pattern. As the drop falls on the substrate then contact diameter (d con) increases, the contact angle
would certainly decrease. When the drop spreads after impact, the contact angle would be
advancing angle rather than equilibrium angle [44, 46]. However, while forming the pattern onto
the substrate, drop interaction may take place with the neighbouring drops. Such interactions can
cause flow reversal and then receding angle plays a vital role. Receding angle play a major role in
drop solidification during solvent evaporation. Decreasing the receding angle means decreases the
drop volume and surface area. However, droplet drying occurs due to the contact line pinning from
solute deposition which help in increasing solvent evaporation rate from the edge and migrate the
solute particles towards the side which give rise to a phenomenon called coffee stain effect [44,
46]. The contact diameter of spreaded drop (dcon) is obtained by its volume and equilibrium contact
angle (O¢q). To determine the size of the droplet, bond number (Bd) should have least value which

permits the shape of spreaded drop can be taken as a sphere shape [47].
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The resolution of the inkjet printing is determined by the droplet contact diameter onto the surface;

a linear function of the drop flight diameter.

2.4.1 Rheology Control

When droplet impact and spreading takes place, ink rheology is of great importance, which is
affected by numerous parameters such as concentration of polymer additives, solvent composition,
surfactants and dispersion quality. In general, most of the inks have Newtonian behavior, with
constant viscosity over a wider range but non-Newtonian inks are also available [48, 49]. It was
observed that sedimentation of large particles will occur, if the particles are larger in size.
Therefore, large efforts are being made to obtain particles as small as possible in the ink
manufacturing for printing. To prevent the particle sedimentation and non-Newtonian behavior,
controlling viscosity is the only available option left for the ink designer. In general, it has been
found that the ink has high viscosity during storage and low viscosity during jetting conditions
[48, 49]. Due to the different shear rates during storage and jetting can lead it to the formation of
non-Newtonian ink. Such type of behavior would certainly affect the ink properties such as ink

flow through the printing system, droplet ejection and satellite formation.

2.4.2 Droplets phase behavior and Stability

When the ink droplets interaction takes place, then there would be possibility of two phase transfer

processes. Firstly, kinetic energy dissipation will help in spreading droplet onto the substrate. The
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spreading of the droplet onto the surface totally depends on the surface wettability and viscosity,
and wait until it reaches the equilibrium shape with the balanced forces. Therefore, the stability of
the pattern is required before solidification takes place at the liquid state. There could be number
of reasons for the occurrence of phase change such as solvent evaporation, cooling through a
transition temperature, chemical reaction and polymer precursor gelation [50]. In the initial phase
of droplet phase change, the characteristics time scale is given by the relation t = Ro/ U ,, where
R, is the initial droplet radius and U, is impact velocity with which droplet fall onto the substrate.

In general, value of characteristics time scale is lesser than 1ms in inkjet printing [51].

After the initial phase, it is being followed by the drying phase, where the solvent evaporation
takes place and formed a solid residual layer remains after the solvent evaporation. The timescale
of the drying process totally depends on the ambient temperature, droplet radius and humidity
level. In general, it is found in the order of few seconds for inkjet printing. It displayed that the
two phases, spreading and drying takes place in a distinct way [51]. So, the processes taking place
during the drying phase showing interesting behavior and are of crucial importance. In most of the
cases, such processes are enough but sometimes there is a need of sintering process too. Therefore,
it is crucially importance to understand the phenomenon involved between the printed pattern and

substrate before solidification occurs.

The below available equations are derived for droplet generation and concentration of solute while
drying process occurs which is only valid when the droplet size is in micrometer range. The initial
point of the droplet derivation is the Navier-stokes equation [51]. It has been assumed that liquid

has incompressible nature of the droplet, then the Navier-stokes equation can be written as

pou 5
?+pu.|7u =—-Vp+nV-u-—ge,
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And the continuity equation is given by

V.u=0

Where u is the fluid velocity, p is the pressure; p and 1 are mass density and dynamic viscosity of

the fluid, g is the gravity acceleration which points in the negative direction.

The order of magnitude of numerous distinct terms in above equation can be determined by the
insertion of characteristics value for horizontal size, R and vertical size of the liquid droplet, H.
Such values corresponds to the radius and height of the droplet when the initial spreading phase
takes place [51]. When the vertical velocity component of the liquid equals the evaporation
velocity which is averaged over the droplet surface, ve, ay the calculated value for the horizontal

velocity is given by

If there is comparison between the droplet radius and its height, then horizontal velocity is large
as compared with vertical velocity. In further part, split the velocity in its horizontal component u
and vertical component which is given by u=u + w e , [51].Therefore, the horizontal and vertical

component of the Navier - stokes equation can be written as

i * * %y 2 *
M/e (a a‘l:;li + u*. Vu”) == _Ri;; V P * + Ca(a;:! + %V” u”
and also
We (02 +umvw) = — L2 4 ca (2% 4+ viwe) - Bd
e \o¢ TU-VW )= ~Ren? oz ozz TRz VIV

Here asterisks used for scaled variables and V represent the horizontal component of the gradient

operator. C, is the capillary number which is given by
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We is the weber number and given by
VZR
We = P
(6)
And Bd is the bond number which is given by
RZ
Bd = pg
(6)

Finally, Rc is the radius of curvature which gives ¢ / R ¢ value for pressure [51].

Printable Fluids/ Droplet generation

The droplet generation in the inkjet printing is a complex process. The characteristics of the
droplets can be determined by the number of dimensionless constants such as weber number,

Reynolds number, Bond number and Ohnesorge number [44].

Reynolds number, Re = VeR

Similarly, Ohnesorge number is a dimensionless number and defined as the ratio of viscous force
to inertial and surface tension force. This ohnesorge number is used for determining the behavior

of the drop impacting onto the substrate. The equation for Oh number is given below

Viscous forces VWe
Ohnesorge number, Oh = = ~ "
Vinertia . surface tension Re +JOPR

Where W ¢ and Re are the Weber and Reynolds numbers for the flow, 1 is viscosity of the liquid
is surface tension, p is density of the ink and d is orifice diameter.

Here Oh is not dependent on the velocity of the fluid. The value of Oh must lie between 0.1-1 in
order to avoid the formation of large number of small drops called satellite formation. It also helps
in disturbing the fluid instability for the satellite drop formation. Finally concluded that while

printing, the intervals of the energy number E, (ratio of kinetic and surface energy) and the inverse
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Ohnesorge - number Z™! (depending upon printing system) for inks must be between 0-1 and 1-10

respectively, to avoid satellite drop on the substrate surface.
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Figure 2.7: Fluid regime properties in DOD. Reproduced with the permission from [44]
Reis et.al shows that value of 10 > (Z=1/0Oh) > 1 range, for stable drop formation as shown in fig
2.7. At the lower values of Z, viscous dissipation stops drop ejection through the nozzle, whereas
at high values of Z, the first droplet guided with numerous satellite droplets formation [44, 52].
For the droplet generation, there are some other limiting factors available at the liquid/air interface.
The ejection of droplets through the nozzle orifice needs sufficient energy to overcome the barrier

[53]. The minimum velocity for droplet ejection through the nozzle orifice is given by
4o
Vinin = (ﬁ)l/z
Above equation in terms of weber number, the minimum value for printing is given by

W= Vmin(%) /2 'Where d, is nozzle diameter o, p are the surface
o

tension and density.

2.4.3 Ink Drying
The deposition of particle morphologies can be controlled by varying the components

concentration. The ink drying phenomenon totally depends upon the volatility of the solvent. It
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undergoes through three regimes: constant diameter, constant contact angle, and both before the
final chaotic regime [50]. In the case of constant diameter, there is a linear evaporation of the
droplet from the overall surface with decreasing the contact angle and height till the receding angle
is reached. In other case, contact angle remains constant or at a fixed value, while the diameter
gets shrinks. Finally, both the diameter and contact angle shrinks until the evaporation process gets
completed. In general, it was observed that droplet with lower value of the initial contact angle has

high evaporation rates and occurrence of linear mass loss during the drying process [50, 51].

Mechanism: When the droplet drying occurs, it utilizes the evaporation-induced flow which is the
combination of radial and Marangoni flow. The radial flow is also called evaporation induced
radial flow which made solutes particles to move to outer periphery of the droplet due to the higher
evaporation rate at the droplet edge. In Marangoni flow, surface gradient plays a major role

between the periphery and droplet interior from the region of low to high surface tension [50, 54]

If the minor component in the mixture has higher boiling point with low surface tension than the

major solvent, which leads to droplet recirculation in the counter direction and Marangoni flow
occurs. When the minor component has lower boiling point with high surface tension then the
Marangoni flow helps in enhancing the radial flow (shown in fig 2.8). So, the evaporation-induced
radial flow totally depends on the solvent mixture composition. It is almost similar to coffee ring
effect [54, 55]. Therefore, they used the solvent mixtures to balance the Marangoni and radial flow.
Here controlling the morphology of the drying droplet is a major concern. To increase the
homogeneity of printed films, mixtures of low-boiling good solvents and high-boiling solvent inks

under consideration were used.
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Figure 2.8: Self-organization of solute during drop drying using marangoni flow.
Reproduced with the permission from [54]

The usage of a binary mixture of solvents in polymer solution can remove the formation of ring
stains, when one of the solvent in the mixture has a much higher boiling point than other. Due to

solvent evaporation and Marangoni flow, uniform thickness of the film can be obtained.

Reduction of coffee stain effect

The coffee stain effect can be reduced by using the heated substrate because the material transfer
to the contact line is minimized but the evaporation rate got highly increased at the deposited
features [50]. The other way to reduce it is by increasing the contact angle of the printing pattern

or increase the solution concentration.
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Chapter 3. Characterization of ink properties

After the development of elastic ink, measurement of several ink characteristics has been carried
out. Thus, it has been divided into two sections (i) physicochemical properties of the ink (ii)
mechanical durability of the ink. The physicochemical properties include viscosity measurements,
thermal degradation of ink components, conductivity variation and temperature effect on
resistance where as the mechanical properties includes conductivity variation with stretchability
as well as multiple stretch-release cycle. All these measurements were done using different tools

as described in the section below.

3.1 Characterization Techniques

The morphology of Ag flakes was characterized by scanning electron microscopy (Zeiss EVO
M10 SEM - imaging). All samples drying were carried out in a vacuum oven at 120 °C (Symphony-
VWR, Vacuubrand 2C). Further, sample loading/unloading tests were performed on Instron tensile
tester (Instron 5649). Thermo-gravimetric analysis (TGA) was performed by using TGA-Q550
tool. Thermo-camera (Seek Therma CompactXR Smartphone Thermal Camera) was also used to
see the film surface temperature. The viscosity measurements were done on a viscometer (Anton-
Paar) at room temperature. The film thickness was measured by using profilometer and resistance

was measured using Keithley 2400 source meter (Keithley instruments).
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3.2 Physicochemical properties of the ink?
3.2.1 Viscosity measurement

Ink viscosity is a vital parameter which has direct influence on printability resolution. In case of
solution based ink, there should be perfect loading of the solute particles in the ink and dried in a
controlled manner at the substrate—ink interface to avoid the volumetric cracks. They are totally
dependent on the ink viscosity and solvent volatility, which can provide the good resolution print
once the rheological properties of ink are known along with the surrounding environmental
condition. In the case of suspension-based inks, which consists of colloidal suspensions and
particles (micro and nano range), grant the ink manufacturer to exceed solubility limits
significantly by enhancing the weight loading and producing more durable films. However, such
suspensions may have fixed shelf-life beyond which can lead to the formation of aggregation,

precipitation and instability of the ink.

The operation of 3Dn jet printer completely depends on the viscosity of the ink flowing through
the nozzle orifice which can be affected by the rapid solvent loss. It is mandatory to attain the
proper ink viscosity within the approachable limits. Here number of viscosity tests at set intervals
were carried out to verify the ink stability and printer ink requirements. The viscosity of the particle
suspension is non-Newtonian, which implies that it is a function of shear rate. In case of inkjet
printing, the printers have a limit on two important parameters, namely ink viscosity and the shear
rate (or the frequency) at which the ink comes out of the nozzle. The maximum allowed viscosity

of the ink is 0.02 Pa-s and the shear rates fall in the range of 10>-10% s"'[56]. In this case, the

3 Section 3.2 has been taken from the paper “A Highly Deformable Conductive Ink for Printed Antennas and Interconnects:

Silver/Fluoropolymer Composite Amalgamated by Triethanolamine” to be submitted to Flexible and Printed Electronics
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viscosity of elastic ink measured was between 0.3 Pa-s and 1.1 Pa-s (at 25°C) at different
concentration of silver flakes (25-40 wt. % respectively) by using viscometer at shear rates from

60 to 100 s™!. The variation of viscosity with shear rate is shown in figure 3.1.
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Figure 3.1: Viscosity variation with shear rate

As seen from the figure, viscosity shows a decreasing trend with shear rate at all concentrations
taken, which reinstates the fact that the elastic ink shows shear thinning behaviour. The viscometer
has a maximum shear rate limitation of 1550 s™ and this falls in the lower end of the range of shear
rates used in inkjet printing. On extrapolation, the data indicates that the viscosity of all four
concentrations of Ag flakes would fall below 0.02 Pa-s at shear rates above 1000 s™! and it would
be difficult for the viscometer to produce accurate values at such low viscosities which requires
high shear rates. Thus, we can conclusively state that this ink conforms to standards of inkjet
printing and can be used without any hassle. Therefore, it is concluded that ink viscosity decreases
with increase in shear rate as well as with decrease in Ag flakes concentration from 40 to 25 wt.

% by keeping concentration of other components as constant.
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3.2.2 Thermal stability of elastic ink and its components

Thermal gravimetric analysis (TGA): It is a technique which helps in measuring the
mass/weight loss of the material as a function of temperature while sample is placed in a controlled
atmosphere. An alternate definition to remember, which measures a sample’s weight when it is
heated or cooled in a furnace. It is having a pan which is being supported by precise balance. The
monitoring of sample mass is done during the experiment. It can help in quantifying number of
information such as water loss, solvent loss, plasticizer loss, oxidation, decomposition, weight %
filler and weight % ash. The typical size ranges from 5-20mg or little more. Instead of one large
chunk, small pieces of respective sample are preferable in TGA. The explosion of large surface

area is better to the sample purge.

Thermal degradation of the printed trace (fluorine rubber + TEA + Ag flakes; 0.72) is an important
measure to assess maximum processing temperature after printing. We studied the property of the
printed trace and three control samples using thermal gravimetric analyzer (TGA; TA Instrument
Q500) in N> gas at a heating rate of 10 °«C/min from 30°C to 700 °C (Fig. 3.2). In all the samples,
the solvent (MIBK) was completely removed by vacuum oven drying at 120 “C for 24 hours. The
three control samples, TEA, fluorine rubber, and fluorine rubber + TEA (at the mixing ratio of
1:1), were selected to study the effect of each component and the influence of mixing. Fluorine
rubber seemed stable up to ~400 ‘C. TEA appeared to be volatile at temperatures as low as ~170
°C. The reported boiling point of TEA is 335.4 °C and is non-volatile at room temperature (3.59 x
10 mm Hg), but the volatility rapidly increases at higher temperatures (for example, 10 mm Hg
at 205 °C) [57]. Mixing with fluorine rubber significantly suppressed TEA’s volatility; even

stronger effect was observed when mixed with Ag flakes.
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Figure 3.2: TGA of conductive ink and its components

Here, only 25% of weight loss was observed for the printed trace after the TGA cycle up to 700
°C. If more than 90% of TEA and fluorine rubber are to be volatized at 700 °C, as shown in the
result of the fluorine rubber + TEA, the projected weight loss is ~60% as shown in fig 3.2.
Interestingly, we observed the formation of black char residue in the printed trace sample after the
TGA cycle, which suggest that there was some silver-mediated chemical reaction of fluorine

polymer and/or of TEA. Further chemical analysis is required to elucidate this phenomenon.

3.2.3. Conductivity variation with silver content wt.%

Here we prepared conductive elastic ink with different weight% in a controlled manner at room
temperature. For the conductivity measurement, elastic ink is directly printed onto the elastomeric
substrate using 3Dn printer, after drying at 80°C for 30 min, then it is connected to two copper
electrodes along with the multimeter. In each of the case, film thickness and surface smoothness
was measured using profilometer. It is arduous to control the thickness of the film while printing

and average film thickness was found to be 20-70um for all the different wt.% samples.
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Figure 3.3: Measurement of thickness

Figure 3.3 shows the variation of conductivity of the printed trace with respect to the content of

Ag flakes. The electrical conductivity increased monotonically with increasing Ag flake loading

between 25wt% and 40wt% of the weight of the total ink solution including the solvent. To

calculate the conductivity of the printed film,
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Figure 3.4: Conductivity Vs Ag flakes weight% at 25°C
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Table 2: Conductivity measurements with Silver content wt.%

1 25 18 L=20 W=3 4.1%10%4
2 30 35 =20 W=4.2 |5.23*10™4
3 35 70 L=22 W=5 7.61*¥10"4
4 40 50 =14 W=4.2 |849%10"4

The conductivity mechanism is explained by percolation theory; as per which, a continuous
mechanical network is formed between the silver flakes of elastic ink, which act like bridges for
the conduction of electrons. Here, the maximum conductivity value of 8.49*10* S/m was achieved

in the 40 wt.% Ag loading and minimum value of 4.1*10* S/m in the 25 wt.% Ag (as shown in

table 2), which is calculated by using the following equation: ¢ :% = ﬁ where o, L, R, W, t are

the conductivity, length, resistance, width and thickness of the printed film.

3.2.4 Temperature effect on the resistance

Once the Ag elastic ink (with 30 wt.% and 35 wt.% silver flakes) was printed onto elastomeric
substrate, it was cured in a vacuum oven at 120°C for 24 hours to remove the excess solvent. After
the complete removal of solvent, change in resistance was measured with varying temperature

from 30°C to 110°C by fabricating two copper electrodes connecting the printed lines to a
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multimeter. During measurements, the surface temperature of the printed film was monitored
continuously by using thermal camera. In our experiments, each reading was recorded after the

temperature gets stabilized at an interval of 10 minutes.

Figure 3.4 shows the temperature dependences of the change in resistance values with respect to
each sample’s 25 °C values. When temperature increases from 25 °C to 110 °C, both samples
exhibit positive temperature coefficients of resistance due to thermal vibration of atoms within the
printed film, hence making the electrons flowing through the film more likely to collide with

one of the atoms.
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Figure 3.5: Change in resistance with temperature

3.3 Mechanical durability of the ink*

Using a combination of a tensile tester and a source meter unit, we studied the resistance change

4 Section 3.3 has been taken from the paper “A Highly Deformable Conductive Ink for Printed Antennas and Interconnects:

Silver/Fluoropolymer Composite Amalgamated by Triethanolamine” to be submitted to Flexible and Printed Electronics
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of printed traces during multiple stretch-release cycles. To attain the superior operation of the
stretchable and flexible devices, printed pattern must maintain their well performance
characteristics upon stretching, bending or twisting and retain firm adhesion with the substrates.
Here all the samples were heated at 110°C for 30 minutes to remove the excess solvent before
stretching. In each cycle, the printed film (shown in fig. 3.5) was stretched to 110% strain at a

crosshead speed of 10 mm/min, and then the strain was released at the same speed.

Unstretched state
(0% strain)

Printed film

Stretched state
(110% strain)

Substrat:
ﬁReleasﬁl g

JRElaxed state
Releasing a {0% strain)

Figure 3.6: Schematic drawing for the uniaxial stretching and releasing cycle and

After stretching

corresponding pictures of our experimental setup
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This stretch-release cycle was repeated four times (Fig 3.6(a, b)) confirms that there was very little
change in resistance between each cycle due to the breakage of interconnections between the silver

flakes in the composite ink, which is commonly observed on elastomer substrates.

12 (b)
110% Strain 2
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9% Strain -5 o4 == | 4th Releasing
0 T T T T T T Y T T T T T T
0O 200 400 600 800 1000 1200 0 2 Rain %0 80 100

Time

Figure 3.7: Change in resistance of the stretchable interconnect film during four stretch-
release cycles. (b) Results in (a) are replotted in relative resistance versus strain curves to

examine cycle to cycle variations

We also tested the change in resistance until the trace’s ultimate failure at the strain value of ~500%
as shown in fig 3.7. As we can see towards higher strain values, there is a rapid change in the

resistance value.
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Figure 3.8: Relative resistance values with respect to strain up to the eventual failure at

~500%.

Therefore, we considered extension of 0-110% strain as “operation range” for our devices to work

in a reversible manner. The comparison between the previous work and our work with conductivity

value at different strain has been shown in the table 3.

Table 3: Comparison study of various elastic ink

Components

Printing method

Conductivity value at diff.

Strain %

Curing temperature

Ref

Sliver- CNT composite, PVDF

Drop casting

Hot rolling

5710 S/cm -0% strain
20 S/cm- 140% Strain

160° C, 12 hours

Ag/Pt embedded
rGO mixed with PVDF

Screen Printing

Hot Rolling

3012 S/cm- 0 % strain

322.8 S/cm — 35% strain

Room temperature, 24
hours(drying)
150°C,90 min
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Ag trifluoroacetate, SIS
Rubber,Butanone,
DMAc(dimethylacetamide)

Printable

0.8ohm/cm — 0 % strain

20.8ohm/cm — 100% strain

Room temperature

[16]

Ag flakes (91wt%), polyurethane Screen printable 3570 S/em — 0% strain 70°C,3 hours [58]
1200 S/cm- 70% strain .
Low adhesion to
PET/PVC
Ag flakes, MWNT, Benzyl Wet spinning ~ 6000 S/cm — 0% strain 135 °C,45 min [59]
mercaptan, Ethanol, ~260 S/cm — 70% strain
Ag flakes, Fluorine surfactant Printable 738 S/cm — 0% strain 80 °C, 30 min [14]
MIBK, Fluorine rubber 400 S/em- 70% strain
(Hydroxypropyl)methyl Screen printed 46700 S/cm - 0% Strain 150 °C ,30 min [17]
cellulose, fluorosurfactant, AgNW, 8002 S/em — 70 % strain
Defoamer MO ’
Silver flakes, TEA, 4 -methyl 2 3D Printer 849 S/cm — 0% Strain Room temperature Our
pentanone, Fluorine rubber ~100 S/em -110% work

3.3.1 Adhesion tests on various substrates

The ability of printed pattern to sustain deformation is a key parameter for the fabrication of

flexible devices. Thus, printed structures must maintain their well- performance upon stretching,

bending as well as strong adhesion with the substrates.

Here we have tested the adhesion of silver elastic ink on various substrates (PET, PDMS and VHB)

by using three different methods, namely, scotch tape test, ultrasonication test and soaking test.

We also want to point out that the substrates used to carry out adhesion tests were not modified in

any way either chemically or through plasma treatment. As we know that these surface

modifications can have significant influence on the interface bonding of the elastic ink with

elastomer. However, in our case, the adhesion comes only from the adhesive nature of the ink and

thus independent on the substrate. In scotch tape test, clean peeling of scotch tape from the printed
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film is performed and no delamination occurs. In case of sonication test, samples were kept in

ultra-sonicator for 10 minutes and observed no change in the printed film surface.
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Figure 3.9: Adhesion test using different methods

In case of soaking test, samples were kept in a beaker filled with DI water for 3 hours. Since there
was no case of ink delamination from any of the untreated substrates, thus, it is concluded that
elastic inks adhere strongly to each of the untreated substrates and show precise, intact patterning

with excellent continuity as shown in figure 3.8.
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Chapter 4. Applications using elastic ink

4.1 Fabrication procedure of stretchable antennas®

The antennas (On-body loop, patch and bowtie) were patterned onto an elastomer (3M, VHB-

4910) by using 3Dn jet printer (nScrypt tabletop 3Dn printer). Briefly, after the elastic ink

preparation with desired viscosity, the ink is filled up in the syringe and mounted onto the printer

where the positive pressure starts feeding the materials into the valve body. To start micro-

dispensing, valve open and allow the material to flow smoothly through the nozzle orifice onto the

substrate surface. After printing, the antennas patterns were dried at 100°C for 20min. to remove

the excess solvent. The schematic of the complete process for the fabrication is shown in fig 4.1.
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. —

Triethanolamine

Stirring

-
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Ink loading

Device fabrication

3

Loop antenna
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Figure 4.1: Schematics of elastic ink fabrication and the printing of stretchable traces onto

elastomeric substrate for stretchable antenna fabrication.

5 Section 4.1 has been taken from the paper “A Highly Deformable Conductive Ink for Printed Antennas and Interconnects:

Silver/Fluoropolymer Composite Amalgamated by Triethanolamine” to be submitted to Flexible and Printed Electronics

Nozzle
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4.2 Conformal antenna ¢

Three types of stretchable antennas were designed and fabricated in this work. One stretchable
antenna (on-body stretchable antenna) is designed to apply on the skin of human body while the
other two are targeted to wireless local area network (WLAN) for internet of things (IoT) as shown
in fig 4.2(a, b). In order to convey the sensory data and provide remote diagnosis, wireless
interfaces to the external communication devices are highly required and critical component for

such communication is on-body antennas.

(b)

Figure 4.2: Antennas dimension (a) On-body type loop antenna (b) Patch and Bow-tie
antenna. [Dimensions provided by H.A Damis and H. Saghlatoon, Device fabrication is done

by Amit Kumar]

6 Section 4.2 has been taken from the paper “A Highly Deformable Conductive Ink for Printed Antennas and Interconnects:

Silver/Fluoropolymer Composite Amalgamated by Triethanolamine” to be submitted to Flexible and Printed Electronics. Simulation, antenna

characterization and data interpretation in Chapter 4.2 are primarily done in Dr. Mousavi’s research group.
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Two other antennas types, patch and bow-tie were also operated in a normal environment with

different strain%.
4.2.1 On-body loop antenna

On-body stretchable antenna: There are a few design considerations for antennas in on-body
operation. This is due to large relative permittivity of body tissues that causes significant losses of
electromagnetic waves in body, and complex surface contour of body surface, while person-to-
person variation of shape and body composition complicates the problem to further extent [60-62].
We attempted to have a first-order approximation model that resembles human arm to design on-
body antennas by judicial simulation. Table 4 represents the parameters we employed to simulate

human arm using known characteristics of body tissues and layers.

Figure 4.3: Simulation model of the on-body antenna & the arm. Reproduced with

permission from [63]
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Table 4: Characteristics of body tissues and layers. Reproduced with permission from [63]

Matter &r ¢ (S/m) Tan o
Skin 38 1.4 0.28
Fat 52 0.1 0.14
Muscle 52.7 1.7 0.24
Bone 18.5 0.8 0.31

The loop antenna is one of the best options for on body applications because the design’s magnetic
dipole performance is relatively less affected by the relative permittivity of surrounding medium
compared to other antenna designs. Human body has very high relative permittivity because of its
high-water content. For the on-body antenna, a square-loop structure with four circles is designed
to operate at 3.5 GHz. The role of the four circles is to improve the gain and impedance bandwidth
by enhancing the current distribution in the conductor path. The designed antenna structure was a
16 mm by 16 mm square and each circle is 4 mm in diameter while the thickness of the lines is 1
mm as shown in fig 4.2 (a). For the substrate, a 1 mm thick Acrylic elastomer VHB Tape 4910
(3M) with relative permittivity of 3.2 and tangent loss of 0.03 was used. As discussed earlier in
the section 2.2, tangent loss value and relative permittivity are the most important parameter in
selecting a substrate for antenna application. All these calculations (shown in table 4) are utilized

in considering the placement of the antenna above the arm.

4.2.2 WLAN stretchable antennas

Using stretchable material and ink, reconfigurable antennas for many applications such as WLAN

channels can be printed [64]. Finding new materials for stretchable antennas has been driven the
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progress of the field [65-67] and the pursuit for optimal material for better performance is still in
progress. Here the patch antenna and slot bow-tie antenna has been fabricated for WLAN
application are shown in fig 4.4(d, g). The patch design is one of the fundamental antennas, where
a ground plane is included as a separate layer that is parallel to the antenna plane, while a dielectric
layer lies between the two layers. The operation frequency of a patch antenna is directly depending
on the patch length, thus stretching the patch alters its resonance frequency. For the patch antenna,
two-section impedance transformer has been designed to match the reflection coefficient to 50
Ohm. The bowtie slot antenna, one-side is printed by using 3D printer and the other side by screen
printing technique, a wide band monolayer antenna whose shape improves the impedance of the

antenna when the structure is stretched.

Vector network analyzer (VNA): For the measurement of reflection coefficient/S-parameters,
vector network analyzer was used. VNA is a measurement instrument for acquiring the scattering
parameters (S-parameter) of electrical networks. At RF/Microwave frequencies, measurement of
the reflected and transmitted power is more convenient compared to voltages and currents which
mean S-parameter measurement is more feasible than Z-, Y- and H-parameters. Although VNA is
usually utilized at higher frequencies, it is possible to use it at frequencies as low as 1 Hz. The
measurement results of S-parameters are shown versus frequency in VNA. According to the
maximum power transfer theorem, the input impedance of the antenna should be conjugate
matched to the impedance of the system. The impedance 50 Q is set as a standard value for
impedance of the RF/Microwave system [68][72]. Thus, for delivering the maximum power to the
antenna, its input impedance should be 50 Q. Since, an antenna is a one-port network only the
reflection coefficient (S11) can be defined and measured for it. To test the mechanical tunability

as a stretchable antenna, a tensile strain of 0-100% would be applied to it while the reflection

45



coefficient and radiating properties are measured using VNA, whose data should match well with
the simulation results. Here, in our case, the proposed antennas are designed to operate at 3.45
GHz. As the antenna is flexible, tunable and stretchable which enable the resonant frequency to

change as a function of the applied strain

4.2.3 Antennas measurement and results’

The simulation and measurement results of S11 in logarithmic scale for the three proposed
antennas have been shown in Fig.4.4 (b), (e) and (h), respectively for different stretching lengths.
The S11 graph versus frequency help in extracting the exact amount of power reflected from the
antenna input port. If impedance matching occurs, then less power will be reflected and there is
maximum power radiation into the space. The dB scale helps us in determining the exact value of
reflected power from the input antennas port. In general, lower the value, more efficient is the
antenna in accepting and radiating in space. If the value of reflection coefficient is lower than -10-
dB line, i.e., more than 90% of the power is accepted by the antenna, then this value is considered
as the operational bandwidth of the antenna. The frequency at which the antenna shows the higher
acceptance rate in the S11 graph is considered as the resonance frequency of the antenna. In our
work, when simulation was performed, it was found that the resonant frequency shifts to the lower
side when the antenna was stretched to almost double of its length due to the inversely proportional
relation between resonant frequency and antenna length which matches perfectly with the

measurements results.

7 Simulation, antenna characterization and data interpretation in Chapter 4.2 are primarily done by Dr. Mousavi’s research group.
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Figure 4.4: (b, e, h) Simulation and measurement results of the input reflection coefficient for
different length of On-body loop, patch and bow-tie antenna. (c, f, i) normalized radiation patterns
of simulation and measurements of On-body loop, patch and bow-tie antenna. [ measurements were

done by H. Saghlatoon and M.M.H. Kalateh]
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The simulation and measurement results of the radiation patterns in E-plane and H-plane are
illustrated in Fig.4.4 (c), (f) and (i). E-Plane of an antenna is the plane containing the Electric field
vector which is the radiation pattern in the YZ plane. H-Plane of an antenna is the plane containing
the Magnetic field vector which is the radiation pattern in the XZ plane in this paper. In addition,
0 is the polar angle between Z axis and the line crossing the origin and ¢ is the azimuth angle in
the XY plane between X axis and the line crossing the origin. These patterns are presented as
normalized gain in dB scale for better comparisons. The radiation pattern depicts the graphical
representation of the antennas radiation into the space. The higher value shows that the antenna
radiates better at that specific angle, thus needs less power to communicate properly with other

antennas at a certain distance.

4.2.4 Limitation of using Vector network analyzer (VNA): The limitation using such technique
is noise at the measurement frequency band due to other wireless transmitter, temperature and

noise of the system surroundings.

Figure 4.5: Vector Network analyzer
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In order to have a proper antenna measurement, the medium should be similar to an infinite free
space which means no wave should be reflected back by the boundaries in the measurement
ambient and no external signal should reach the antenna from other transmitters. Therefore, an
anechoic chamber is used for antenna measurements in which the walls are covered with
RF/Microwave absorbers while the outer walls are shielded to insulate the inner medium. While
measurements, calibration, is also one of the limitations of VNA, which is a highly complex and
time consuming process. In addition, utilization of proper cables and connections is an important

issue in RF/Microwave measurements.

4.3. Stretchable Heater for tunable transparent device®

In this work, fabrication of polyampholyte (PA) hydrogel based optically tunable window that is
stretchable as well as temperature tunable is done. In brief, PA hydrogel undergoes a transition
between opacity and transparency at the upper critical solution temperature (UCST). Here we
demonstrated a temperature-tunable stretchable window by the combination of PA hydrogel and
stretchable electric heater. The heater is fabricated with a stretchable and 3D printable elastic ink
material which was initially developed in this work, using nScrypt 3Dn printer. To fabricate the
stretchable heater, it is first printed onto the PET film due to the non-uniformity of the printing

bed, which is further, transferred onto VHB elastomeric substrate as shown in fig 4.5.

8 Section 4.3 has been taken from the paper “Modulating Phase Transition Temperature of Tough Hydrogel Coating for Stretchable Smart

Window Application” to be submitted to Advanced materials.
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4.3.1 Antenna dimensions and working: It is a 2 by 2 matrix array form of an active smart
window. The nozzle with diameter of 125-175um was used. After printing, the line resolution was

measured using SEM image, which was observed around 200um.

Transfer
Jet printing the heater

clasticheater @ 7 Ny
777 J 2

|
PET film—

Acrylic film

Figure 4.6: Fabrication steps of stretchable heater

To make use of stretchable heater, herein, we built an example of stretchable smart window using
thin-film of PA hydrogel as shown in fig 4.8. For operation control, an elastic heater was attached
to the PDMS substrate coated by the PA hydrogel thin-film. High adhesion of the acrylic elastomer
and PDMS was obtained during fabrication. It is done because direct integration of the elastic
heater not only offers intrinsic stretchability of the device, but also enables to control temperature
of the hydrogel thin-film. Secondly, the heater is intrinsically stretchable so that its resistance

change is negligible when being stretched.

Fig 4.7: Printed heater at 0% and 80% strain on VHB. [Fabricated by T.G. La, A. Kumar]
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The stretchable heater is found to be in steady-state heating even under largely mechanical
deformation. Consequently, the hydrogel coating remains at stable temperature, at the same time
of being stretched or wrapped. Lastly, the hydrogel-coated PDMS substrate was placed onto the
heater which was printed initially onto the acrylic substrate. Thereafter, the whole device was
packaged by placing another VHB acrylic membrane on top of the hydrogel which acts as

‘protective encapsulation’ against the shrinkage and drying-out of the PA hydrogel coating.

Figure 4.8: (a) Printed heater onto PET substrate (b) Microscopic image of printed heater
(¢) SEM image | Fabricated by T.G. La, A. Kumar]

Thereafter, a certain amount of current was allowed to flow through the device through the direct
heating strategy where a hydrogel-based window can complete a cycle of heating and cooling
(20°C to 60°C and reverse) in only 50 seconds (as shown in fig 4.8 a, b) in response to temperature

change as shown in fig 4.8 (c).
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Figure 4.9: a) Applied current in cyclic process b) Resistance value in response to the applied
current (¢) Effect of temperature on optical properties of PA hydrogel. [ Fabricated by T.G.
La and A. Kumar]

Thus, the hydrogel-based window transitioned from opalescent to transparent and vice versa. In
case of stretchable heater functionality, the resistance exponentially increased 80 times higher than

the original value when the heater was uniaxially stretching from 0 to 200% strain.
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Chapter 5. Conclusion

This work attempts to develop a novel synthesis formula for highly deformable conducting traces,
where TEA 1is used as a compatibilizer and a plasticizer for the composite of fluoropolymer and
Ag flakes. In chapter 1, we have described, in brief, about the different fabrication methods to
demonstrate the functioning of several stretchable electronics devices such as reduction,
meandering shape and composite based inks methods along with their challenges, drawbacks in
their technique and novelty in our work. We also mentioned about the distinct types of 3D printing

technique and their basic working principle.

Specifically, in chapter 2, we have described about the synthesis procedure of a novel and simple
fabrication procedure for the development of 3D printable, highly conductive composite ink for
the direct writing of stretchable circuits and patterns. Here we also discussed the role of TEA in
the ink solution and in the printed traces which ensures a uniform dispersion of Ag flakes (filler)
in the matrix of fluorine rubber and also act as a plasticizer for the polymer network, which bestows
high stretchability to the conductive composite. We have also discussed about the 3D printing
operation and how it works while ejecting the droplet onto the heated substrate. The droplet

behaviour after impact has also been discussed in the same chapter.

In chapter 3, measurement of physicochemical and mechanical properties of the ink has been
performed. Physicochemical properties include ink viscosity, thermogravimetric analysis of elastic
ink and its components, conductivity variation with flakes loading and temperature effect on

resistance, whereas mechanical properties include stretchability over repeated cycles and adhesion
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tests on various substrates. The measured viscosity was in the range of 0.3Pa-s to 0.9Pa-s for
printing. It shows excellent conductivity value because of the silver flakes and TEA interaction
within the dissolved polymer matrix. Repeated extension of 110% strain was achieved easily
without deteriorating the device performance with no major change in the resistance value (10-15
times of its original value). The ink also shows better adherence property to number of substrates
due to the introduction of an elastomeric polymer in the ink, in addition, even better stretchability

after drying.

In chapter 4, we fabricated 3.2GHz on-body loop, patch and bowtie antennas and measured their
specific characteristics such as reflection coefficient and radiation pattern before and after
stretching. It was observed that there is shift in the resonant frequency of antennas, when the
antennas are stretched to double of their original length due to the inversely proportional relation
between the length and the operating frequency. In case of stretchable heater for tunable smart
window applications, a coating of PA hydrogel was done whose optical properties can be tuned by
raising the temperature of the overall device and it also shows better performance with repeated

extension of 80% strain.

Finally, we concluded that the preparation of novel fluoropolymer based composite elastic ink is
a novel and convenient procedure; ink shows excellent behavior in terms of conductivity, stretch
ability and adhesion to various substrates. Due to the attribution of TEA in the elastic ink, printed
circuit not only have better adhesion but also the excellent stretchability after drying. The
fabricated devices such as On-body loop antenna, patch antenna, bow-tie antenna and heaters, has

shown excellent performance over the repeated cycle and their measurement results are well -
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matched with the simulation results. These proves that our novel ink recipe can be a promising
pathway towards facile antenna fabrication which can also resolve the complex fabrication
procedure for the stretchable patterns and broaden the application for wearable electronics and IoT

things in daily life.
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Chapter 6. Future work

Future developments of such novel material and processes will allow the fabrication of numerous
stretchable electronic, radio frequency and sensory devices in a simple manner while removing the
complex fabrication materials and processes. Nevertheless, some opportunities for extending the

scope of this thesis still remained challenges.

1. High resolution patterning of stretchable and flexible circuits
In present work, the size of silver flakes is too high to be printed through a smaller diameter nozzle.
Thus, in order to improve the resolution of the printed circuits or patterns, the available option is

the replacement of micro-sized silver flakes by silver nanowires.

2. Developing low cost, highly conductive and 3D printable composite based ink

Silver flakes are highly expensive for producing the cheaper electronic devices. To lower the cost
of the stretchable and flexible devices, one way is to reduce the materials cost. It can be possibly
done by replacing the Ag flakes with Ag coated copper flakes due to which cost required for device
fabrication will reduced significantly. However, there is oxidation issue occurs with the Ag copper

flakes, which is needed to be improved in the future to make a better use of them.

3. Fabrication of several stretchable and flexible electronic devices

The fabrication of various applications of flexible and stretchable electronics/devices, including
strain sensors, paper based RFID, pressure and touch sensors, stretchable displays built-in circuits

and organic LED array can be carried out in a single-step process.
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Appendix 1 — Supplementary Data

Drop coalescence and Stability: To develop a continuous feature, overlapping of drops will occur
and formation of beads takes place. Duenveld et.al [47] studied the stability of fluids/beads on the
flat and smooth surface at certain conditions. In the first case, the contact angle was fixed at the
line but the contact line is free to move. The contact angle was considered as function of contact
line with zero line speed and the contact angle can be changed but this time the radius of the fluid
was kept fixed. In such kind of printing, bead formation takes place only due to the overlapping of
adjacent drop spreading. If the overlapping between drops doesn’t occurs, then it leads to non-
formation of the beads. When there is occurrence of contact line pinning, then the two overlapping
drops will coalesce, and allow to form a continuous flow. In the experiments, they explored the
liquid drop behavior on number of substrates with different contact angles and observed three
regimes. If there is no change in the contact angle to the substrate, then line is found to be unstable.
But in case, if the hysteresis occurs in the contact angle of the liquid drop, stability can be achieved
at low value of the receding angle. Thus, instability can be observed, when a new deposited drop
interacts with the leading edge of the liquid bead. They found that there is maximum stable liquid
bead width using inkjet printing and considered how a stable liquid bead i1s formed through droplet
overlapping. At low contact angle, the bead can be considered as a segment of sphere which is
defined by the contact angle. The width of the liquid bead is given by

2043
W=
e cosO"
3p(

sin?@"  sine”

Where p is the drop spacing, © is the static advancing angle.
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There will be minimum width of line at threshold but as the spacing between the droplets

decreases, leads to the formation of thicker beads.
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