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ABSTRACT

Traditional strain sensors are widely used in measure systems due to their extraordinary
precision and stability; however, their large size and miggs limit their application in flexible
and wearable sensors. New crbased strain sensors are often fabricated on soft polymer
substrates, which enables the easy integration in epidermal electronics-toneealonitoring.
In this paper, the loveost, wearable strain sensors baseditver nanoparticlesNgNPS9 inks on
Polydimethylsiloxang(PDMYS) is designed and manufactured using a commefiadct Ink
Writing (DIW) systemin the lab. We expanded the currently narrow measure range of crack
basedstrain sensors by incorporating serpentine and wavy connections. It could be applied in
electronic skins and devices that could be attached to clothing or directly onto the body for motion

detection as well as further health monitoring systems
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Chapter 1. Introduction

1.1Strain Gauge

A SG(SG) is a sensor used to measure strain (relative change in length) on an object. When
external forces are applied to a stationary object, stress and strain are the result. Stress is defined
as the object's internedsisting forces while strain is defined as the displacement and deformation
that occur. Strain is referred as positive if the object is stretched and negative if it is compressed,
also defined as tensile and compressive strain. The most common neetheddure strain is
using a SG, whose electrical resistance varies to the amount of strain in the device. The first SG
was developed in 1938 by Edward E. Simmons and Arthur C. Ruge (working independently of
each other). The latter invented the device ifT Nb help his graduate student complete his
investigation of earthquake stress on elevated water tanks. This bonded, metalypevitss
had a simple design with a tiny piece of higlsistance filament bent in a zigzag pattern and fixed
in a rigid bas. The gauge was attached to the object, so any deformation on the surface could be
easily detected by measuring the changes in electrical resistance. With supplementary invention
of bonded, metallic foitype SG at 1952, developing distinct advantageh @s a reduction in

size and production costs, the bonded metallic SG then became the most common type in use today.

Structure of strain gauge
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Figure 1: Schematic diagram of a typical foil strain gauge.
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The strain gage is one of the most important sensor of the electricalremeastitechnique
applied to the measurement of mechanical quantities. The strain of a body is caused by an external
influence or an internal effect, which might be caused by forces, moments, heat, structural changes
of the material and so on. The amoonthe value of the influencing quantity can be derived from
the measured strain value. Therefore, SG has been widely used in many fields. In experimental
stress analysis, the measured strain values state the stress in the material and predicaitd safety
endurance (e.g., SG bonded on bridge, rail and airplane to monitor their status). In manufacturing
of some special transducers, SGs are usually bonded with a pressure sensitive diaphragm to
measure forces or other derived quantities like moments|esations, vibrations, etc. Besides
these traditional applications, SG also plays an important role in some emerging fields, especially

in stretchable and wearable sensors in recent[\i¢ars

Wearable technolgghas been emerging in recent decades, which integrates electronic
devices and sensors into clothing and accessories, stuck on human skin like tattoo or even
implanted into the body. Physical, chemical and biological status of the human body could be in
situ monitored by various flexible sensors, such as body temperature, heart rate, and blood glucose.
They are also used for human motion detection and environment monitoring with a high efficiency
and low cost. Particularly, wearable strain sensors haye tagidly developed because of their
wide applications in continuous heathoni t or i ng, human motion det e
interfaces. For example, some wearable strain sensors have been directly mounted on the joints to
monitor their state continllg and collect the related dga4]. When it comes to skimountable
sensors, several characteristics are vital including high stretchability, flexibility, lightweight,
biocompatibility, low energy consumptioatc. Such requirements should be taken seriously in
terms of working mechanism, design, material and manufactory methods of the wearable strain

Sensors.

1.1.1Type & parameters

There are several types of strain sensors including resistive, capacigzeglectric,
optoelectrical, etc. The resistitygpe and capacitiveype sensors are mainly chosen for wearable
strain sensors due to their simple input/output system, relatedly high resolution and the capability

to offer high flexibility and stretchabilt vy . Resistive type strain se



electrically conductive sensing components coupled with flexible substrates. When sensing
components are stretched, the electrical resistance changes as a function of the applied strains
following its sensing mechanism. After release of the strain, restoration of the sensing components
to their original statuses recovers the electrical resistance of sensors. Capgistisensors

usually contain a highly compliant dielectric layer sandwichetiveen a pair of stretchable

electrodes. Tensile strain brings two electrodes closer and results in an increase of capacitance.

The performance of strain sensors has been characterized by several parametegasgeh as
factor GF), stretchability, ihearity, hysteresis, response and recovery time, overshoot behavior,
durability, etc. These parameters are crucial for wearable strain seasideringthe high

requirements of their possilkd@plications.

Gauge Factors

Gauge factor (GF) of a strairagge is the ratio of relative change in electrical signal to the
mechanical strain, which reflect the sensitivity of a strain sensor. GFs are defihe& Oy
Y2TY 7R for resistivetype sensor, antl & O Y#¥6 7R for capacitivetype sensor. For
wearable strain sensors, the value of GFs varies due to the different sensing mechanisms, materials,
and structures of the strain sensorshe greater th&F of a sensor, the easier it detects small
strain (U<1%). -tyeeSGe haweGFs im ¢he ehge of 2LQ5], dut kome

semiconductoor nanomateridbased strain sensors might bear GFs00for largef6, 7].

Stretchability

Traditional siliconbased electronical sensors aigid and brittle. Large deformations would
causestructural damage and performance failure. While, the skin coordinates the moveiments
the body by bending and stretching itself. So wearable strain sensors must be stretchable enough
to suitnormal lody activities and be capable of bending to conform to the topography of the skin.
These demands become even more important for epidermal sensors where mechanical compliance
like human skin and high stretchability ( p 1 1) Rare required8] Strechable sensors can be

achieved either by using new stretchable materials in conventional structures, or by exploiting new



structural layouts with conventional materialsis noteworthy that most highly sensitive sensors

can only maintain their superity in a limited strain range, and the sensor with both high

stretchability( ~ p 1 m)lnd high sensitivity GF @ stl &fycus of researchfs.

Linearity

Linearity is another important parameter for wearable strain sensors, because it endows the
signal detection with accuracy and feasibility. Lineargytihe property of a mathematical
relationship or function which means that it can be graphically represented as a straight line. For
strain sensors, it refers to a good correspondence relationship between the relative change of the
output signals and inpwtrains. Most of the resistiitgpe strain sensors exhibit linearity under
low strains but nonlinearity under large strains, which is mainly caused 1by the occurrence of
nonlinear heterogeneous deformation upon stretchiNgnlinearity causes a largeewation
between the outpsignal and the input strain, which results in a complex and difficult calibration
process. Generally, a tradef f relationship between Ahigh se
stretchability e xi st s I n ma j ohighlyt sensitivé ser3@ss usually 1®quinec e
considerable deformations undstretching,even thoughhighly stretchable sensors require
homogeneous morphology changes upon stretching. These conflicting requirements enable the
development of strain sensors lwhigh linearity, stretchability and sensitivity simultaneously to

be a grand challenge.

Hysteresis and Response Time

Hysteresis and response time are important parameters for dynamical performance of
wearable sensors. Hysteresis is a key factor whesose are under dynamic load, especially for
skinrrmountable and wearable strain sensors. It is critical to have a consistent sensing performance
during loading and unloading in that most body motions are cyclical. Typically, capacitive sensors
feature a btter hysteresis than resistive strain sensors, since their reliance on the stable overlapped
area between opposing electrodes. However, for resistive strain sensors, a larger hysteresis is
caused by the viscoelastic nature of polymer substrates assvibi ateraction between fillers

and polymer substrates. A week interaction would delay the fully recovery of filler, results in a

4



high hysteresis behavior. While, a weak adhesion is needed to avbidcitiieg and facture of

fillers at the releasingycle. Hence, it is still a challenge optimizethe hysteresis performance

using novel polymer materials and structural engineerigsponse time illustrates how quickly

the strain sensors could achieve steady response to applied stimulus. Thesréslagnsxists in

almost all compositbased sensors due to the viscoelastic nature of polyniezoresistive

device usually has a larger response time because they need more time to reconnect percolation
network in resistive composites. However, tealy developed crackased sensors give a good
response time (~20 ms) due to the quick connection and disconnection of cracks upon the loading

and uploading cyclgl0]

Durability

Durability determines the endurance of sensors to thetlmg stretching/releasing cycles.
It is more important for wearable strain sensors since very large, complex, and dynamnsc strain
applied by the human body. The mainly problems affecting durability including fatigue or
damaged of substrates under high strains, and fracture, buckling, or even stripping of sensing
materials after numerous cycles. Researchers have tried using ¢derspasture and some novel
sensing materials to build wearable sensors with very high stftility2] It is worth mentioning
that selfhealing may be a potential way to promote durability. For example, elinigeekternal
healing agents and catalysts in polymers substrates or uskigeakifg materials could repair the
damaged sensors by releasing healing agents to trigger additional polymerization and link the
separated molecules together affe3n14] But there's still a long way to go before designing and
manufacturing wearable strain sensors with a durability which could meet the requirements of

commercialization.

1.1.2Material &fabrication
Chaosing the suétble material and fabrication method is the critical consideration of pursuing
a wearable strain sensor with good performance. The materials utilized in SGs mainly include
sensing and substrate material. Considering the organic materials which havengcbanical

flexibility but poor sensing performance, on other hand, inorganic materials which are sensitive



but usually rigid and frangible. Therefore, collaboration between different materials can be a
solution to achieve high sensing performance, lfliéiky/stretchability and mechanical robustness

in wearable sensors at the same time.

Sensing material

For sensing material, it is important to provide precise detection in a wide range as well as
good flexibility and stretchable for wearable strain semsdRecently, carbon materials, metal
nanomaterials and conductive polymers have attracted intensive attention due to their great
sensitivity and stretchability. Furthermore, they can be combined with elastomeric polymer to
enhance their flexibility. Dferent allotropes of carbon, such as graphfie 16] carbon
nanotube(CNT[L7, 18]and grapherj&9, 20] have been widely used in wearable sensors for their
good performance andrious manufacturing methods. However, challenges still exist for carbon
materials such as the instability to achieve bulk quantities of CNTs materials, the incorporation of
defects in the graphene significantly decreases its conductivity and so omc@umgolymers,
such a®?EDOT: PSSPPy, and PANI/PVDF, are mushrooming due to g¢agyepare feature and
mechanical similarity between them and many insulated substrate polymers. Among them,
PEDOT: PSSs one of the promising conductive organics duistexcellent solubility in water,
which makes it compatible with many manufacturing techniques, like spinning coating, dipping
drying and inkjet printing. But the dried PEDOT:PSS film cannot sustain continuous bending and
stretching cycles so it is oftgrinted and filled into porous substrates to promote the adhesion and
durabilityf21]. Even though the carbon materials or conductive polymers own exciting
characteristics, their electrical conductivity is still loMetal nanomaterial including namares
(NWs) and nano particlgdlPs) are promising candidates for sensing material for wearable strain
sensors due to their high conductivity and flexibility. NWs and NPs take advantage of as fillers
and conductive inksFor instance, AQNWs can be coated and encapsulated into PDMS to build a
crackinduced strain sensors which is highly stretchable and sef@#]vd he adhesion between
AgNWSs/AgNPs and polymers is not as strong as carbon materials, hence, they are usually
encapsulated between two substrate layers improve its reversibility, reproduabditurability.

The conductive inks with metal NPs can also be casted and annealed on the substrate surface to

form the sensing unit of sensfis Combining with flexible and stretchable structure design such
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as serpentine and wavy structures, metal nanomaterials offer an advantageous incorporation of
mechanical compliance and compatibility with excellent performa@ceNWs which have close
thermal and electrical properties are also appealing considering its cheaper price, but their poor

antioxidation and chemical corrosion should be concerned in the future development.

Substrate material

The substrate provides tflexible and stretchable support for wearable strain sensors, and
directly determines thevearabilityand durability. Lots of materials have been used including
polyethylene terephthalate (PEJZ3], polyimide (Pl)24], polyurethane (PU25], PDMJ26],
Ecofle{27], tissue pap¢28], textileg21] and cottof29]. For example, BT is frequently used
for its high creep resistance and good transparency (383%30, 31] but it cannot be stretched
well for its relatively high modulus (about 2~4 GPa). Among these materials, PDMS is deminat
for flexible substrate because of its outstanding comprehensive performance. This commercial
silicone elastomer has good mechanical properties (stretchability, bendability and transparency),
chemical properties (netoxic, nonflammability and hydrophadity) and strong compatibility
with other material82]. With the development of lithography technology, microstructures can
be fabricated onto PD8I films, making them more popular in highly sensitive and microfluid
devices. The flexible sensors based on PDMS can be pressed, bended, and twisted with excellent
properties, including ultrlow power consumption, fast response time and reliable duy@Rd].

Owing to its widespread availability and wetludied properties, PDMS could be easily fabricated

with alow cost, which also endows it great commercialization potential.
Fabrication

With the development of material science and manufacturing processapoaches have
become available for fabricating wearable sensors. The typical fabricagtmods inlkude
filtration, coating techniques, chemical synthesis and pattern transferring. The manufacture of
wearable sensors often contains multiple processes and many different techniques, which
combines strategies for substrates and sensing elements. fEtefilmethod is a powerful tool
to obtain uniform composite sensing films using filter membranes, which could then be transferred

to another substrate. For example, Yan daakicated highly stretchable graphenanocellulose



composite nanopaper usimaplycarbonate filter membranenitorm composite fms were
obtained after filtration due to the simultaneous extraction of solvent from the evenly distributed

track etched pores in the filter membr§B4]. Coating method use deposition or evaporation
methods to make sensing material uniformly grow on the substratextife basedwearable

sensor was fabricated by coating PDMS on the surface of the conductive fiber and stacking th
PDMS-coated fibers perpendicularly to each other, which obtained a high sensitivity in the low
pressure region and fast relaxation time (<1(38$) Wang et al. demonstrategraphene woven
fabrics (GWFs)wearablestrain sensoby adhering the GWFs on PDMS and medical tape
composit¢20]. The highly sensitive GWFs were fabricated by the chemical vapor deposition

(CVD) method using a crisscross copper mesh as the substrate.

Pattern transferring iwidely usel in producing wearable sensors, mainly including micro
scale modeling, lithography and printing (e.g., screen printing, inkjet printing, 3D printing)
technology. Micro-scale modeling is often employed to fabricate microstructure in flexible
substrates ahsensing component, especially appropriate for irregular microstructures. In the
modeling process, pending materials are poured onto the module and then peeled off after drying
with special pretreatment and geometric desiyrighly sensitive skirmourtable strain gauges
was fabricated by micrecale modeling processes with two types of conducting elastomers
integratedm another insulating elastonj@}. Lithography is another mature transferring method,
which could fabricate high resolutiemearable electronics with great performance. This process
deposits sensing components onto the substrate and then etches the undesired parts via
photolithography. The highly controlled deposition and patterning capability make it suitable for
wearable sasors and epidermal electronics, many researches have been done using this
method36-39]. However, the lithographic techniques are limited by their complicated fabrication
steps, materiavailability and labointensive processes.

As an alternative approach, printing techniques can simultaneously deposit and pattern
materials on various substrates in a simple, rapid and efficient way with desired precision and
accuracy. The current printing techniques can b&siflad into template and ndgamplate based
methodologies. Templateased printing processes include screen printing, gravure printing, and

many others. Screen printing is a typical tempkased printing process, during which the liquid



ink is forcedthrough a patterned mesh/stencil by a rubber squeegee and transferred onto substrate

surface. As the mask moves away, ink will remain on the substrate and form a patterned film.

Nontemplate printing techniques typically controlled ink dispensing oméoréceiving
substrate. Direct ink writing (DIW) technologies are being rapidly developed over the recent
decades for netemplate printing. These technologies basically utilize a compotdrolled
motion stage and a pattern generating device (e.gdephksition nozzle) to generate patterns with
a specific material composition and structural architeptOfe Moreover, the CAEbased
geometries can be directly printed onto substrate with the help of graphics software and printing
equipment. For example, Inkjet printing, depositing small ink droplets3QplL) onto paper,
plastic or other substes by a nozzle, represents a high precision, fast and reproducible non
template technique. Bruno et al. has builtadl-inkjet printed strain sensors which combined
conductive inks with inkjet printing to fabricate both sensing component and substoatagnga
convenient approach for rapid prototyping of wearable sedddrsit is worth mentioning that
thehybrid fabrication process wilea promising approach for manufacturing kggnsitive and
wel-patterned devices (e.g., combining printing
devel oped a sibretgbabséenfos brnmgitb makthesengtide s cr e
Ai sl ando units and | ithogr aphy[42] &uch rfew lybrid c at i n
fabrication strategy enables new way to manufacture wearable sensors that cannot be achieved via

individual fabrication routes.

1.2 Summary of approach

In this thesisywe design andabricate wearable resistantyge strain sensors by using a direct
writing method to print AQNPs onto PDMS substrate. When tensile strain applied, nanoscale
cracks informed in the AgN#pattern and thus the change of resistance can be sensed to quantify
the applied strain. klform microscale serpentindgNPs featuresare designed for better
stretchability, which cabe obtained by optimizing the printipgrameterencluding nozzle size,
printing ink, surface energy, and printing speeBurthermore, irégnse pulsed light (IPL) was
employed to sinterinddgNPsinks in order to protect the substrate and avoid the formation of
thermal stress induced cracks during conventional heat treatments. The AgNPs and PDMS based

strain gauge exhibit good stretchabilydstableGFs
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Chapter 2. Experimental procedures

2.1 Materialpreparation

As mentioned in the introduction part, metal nanomaterial are promising candidates for
sensing material for wearable strain sensors. In this work we choose commercial silver
nang@articles ink(Metalon® JSA191, NovaCentriy to print thesensingpattern The physical
property of the ink is listed in thEablel, it is an electrically conductive ink designed to produce
circuits on norporous, temperatwgensitive substrates includyj polycarbonate and PET. The
ink can be thermally cured simteringprocesse@nd then have a good conductivity according to

the datasheet.

General Description ......... Water-based Ag ink
FlashPoint ...................... Non-flammable
Value Units
Ag content 40 wit%
Viscosity 8-12 cP
Surface tension 28-32 dyne/cm
z-avg particle size3 30-50 nm
Specific gravity 1.6 —

3 Malvern dynamic light scattering

Tablel: Physical property of the AgNPs ink

Here we choos®DMS as the substrate materla¢cause of its outsnding comprehensive
performance Thefirst step ignixture of a PDMS prgolymer and auring agent (Sylgard 184,
Dow corning, USA) with a weight ratio of 10:1Then the mixturés spin coatean an acrylic
board(rpm 600, 30% and put onto hot plai& 8Q)for 15 minutes to cureHere we use acrylic
board instead dofilicon wafer because the adhesion between PDMS and doogidis weaker

than silicon wafer, which make it easto peel off the sensors.

A plasma treatmentbW,1 minsusingTeplaM 4 L Rshe) for PDMS substratds needed
to improve thewettability during the printing processWettability depends osurface energy
measured in mN/rfor solid, or surface tension for liquidheasuredlyne/cm The sirface energy

10



of the PDMS substrate dectly affects how welthe AgNPs inkwets the surfaceThe surface
energy of PDMS is 49.8mM/m while the surface tension of AQNPs is ~30 dyne/&moragood
wettability between a liquid and a substrate surfiltes s ub st r at eb6s saeedf ace
the | iquido6s -10eniNei43p rPlasmstreatmerd is & uséful and environmental
methodto alter the surface chemistrfExposure to plasma causes the formation obxadized
surface layer containing dense S#ch material which could increasehe surface energy of
PDMS However, theoxidized surface layes brittle and microcrack may happetth increasing
exposure time and radicequency (RFpowef44]. After several attempts, wignally obtained
the proper atting (45W, 1 min) foplasma treatmentvhich is good enough for AQNPs ink to wet
the PDMS surfacewithout theformation of cracking. However, the surfacesould gradually
recover their hydrophobicitwhen it exposed to the air becausenemodynamicayl favorable
orientation of the functional group@®]. According to the researpt6], we storage the treated
PDMS substrates in DI water to mtain the hydrophilicity of the surface. We take out the PDMS
substrate from DI water before printing each time, the hydrophilicity wautdhin available for

printing around 5 hours.

2.2 Direct Ink Writing

As we mentioned in last chapt@irect ink writing (DIW) technologies are being rapidly
developed over the recent decadetere wefabricate our strain gauges hgng a commercial
DIW machine,SonoPlot® Microplotter lIwhichis a precision picolitre fluid dispensing system
for the microarray angolymer electronics marketsAs shown in Fig2c, the core of the
Microplotter is a dispenser that uses controlled ultrasonics to deposit fluid in a noncontact manner.
This patented technology can prodpasolitre droplets that form features on a surfasesmall as
5 um wide. When combined with automatic surface height calibration, coefficients of variability

e

for deposited feature diameters as small as 10% can be achigvede Mi cr opl ot t er 6

ultrasonic liquid dispensing technology lets it panwide variety of inks, including every ink that
a standard inkjet can, plus a wide range of additional ink formulatiofisere are three
requirements for the inks to primiscosities from 0 centipoise up to 4&ntipoisessuspensions

with particles anging from nanometers to up to 15 microns in aizéagueous solutions work

11



well, as do ones with organic solvents that are less volatile than tollieeeAgNPs we choose

meets all three requirements.

(@) (b)

() (d)

Ultrasonic
vibrations

Piezoelectric

I | ]: 8mm
Droplet

- - 1cm
Figure 2: DIW system. (a) DIW system; (b) micropipette attached on the dispenser; (c) working
principle of printing process; (d) printed dumbbell shape samples.

Hollow glass
needle

Microplotter Il can draw true continuous features, such as lines, arcs, and bé&eds. are
uniform elements, not made from overlapping droplets like other technologies, and are particularly
well-suited to the polymer electramsi field. The system is controlled bts ownsoftwarecalled
SonoGuide through adjustipgint parameterandprinting process Theprinting pattern could be
directly desiged and drown in its own software call8dnoDraw olimported from AutoCAD.

The pinting process could be automatically executed by SonoGuide or manually controlled by the
user. Before printingsurfacesensing andalibration functionis neededo detect the surface
topography of theubstrate The resulting datavould beused to agist the height of the needle
during printingprocess The attached camera calsomonitor and record the printing process as
shown in Fira
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(@) (b)

000
X :2981.781 om

Figure 3: Thickness of printed patterns. (a) dumbbell shape; (b) serpentine shape.

Many parametersvould affect the printing processmainly including thetip size of
micropipette dispense voltage, printing speed and the projpefty t he i nk. 't 6s i m
the proper paramete for printing different inks and substrate, so we would have a detailed
discussion about these parameters in next Chapter. In this work, we successfully printed samples
of two patternsdumbbellshapeand serpentinghape, théhickness of PDMS andgNPs pattern
are~0.1 mm and ~0.12 mnshown in Fig 3measure bNe x vi ewE 3D | maging a

Metrology System

2.3 Heating andsintering

After printing, the obtained samples are not conductive because the sale&st not
evaporateand the AgNPs ameot sintered. Hence, we need teealerate the solvent evaporation
processand sintering the AgNPs to make it conductitgere we use dying oven (Jeio Tech
ON-02G) to heat the sample and keenchtop Pulsed Light syste@®X-1100 from XENON
Corporation to sintering the AgNPsThe specific parameters for heating and sintering depend on

the condition of printed samples, which would be discussed in next chapter.
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Figure 4: Sintering and heating system. (a) Drying oven Jeio Tech ON-02G; (b) benchtop Pulsed
Light system X-1100, XENON Corporation; (c) light measurements of optical energy with different
voltage and pulse width.
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2.4Measurement

After processing the samples, we ussed-built stretching and measurement system to
measure theerformanceof strain gauge samplesThe stretching and measurement system
includes a homenade programmablestretching platform and a commerci8lourceMeter
(Keithley 2401) The stretching platform is based on a linear stage driven by a stepper motor,
which couldbe programmed and controlled via Arduinbhe program we coded for this work is
attached on the Appendix. SourceMeter is used to precisely measure the resistance of strain gauge
during the stretching testdere we usel-V Softwareto control the Source®ter and record the

measured data.

Figure 5: Self-built stretching and measurement system.
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As shown inFig 5, the samples affest loaded on the stretching platform with two ends fixed
by doublesided sticky tape rather than clamps to avoid poterdialagde to the sampl&hen the
two ends of the samples are connected with SourceMeter through copper foils which attached with
silver paste.After the data is stable, tistretchingreleasing cyclexperiments would begin, and

the collected data would lesed teevaluatehe performance of the samples
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Chapter 3. Results anddiscussion

3.1 Optimizationof DIW process
As we mentioned before, many parameters would affect the printing process. In this section,
we would explore the keygpameter®f printing process and summarize an optimized parameter

setting for the fabrication of strain gauges.

3.1.1 The property of ink

Viscosity, surface tension arige particle size of inlare main factors determine the printing
results.Bradley Larson has compared the printing results of two solutions with different viscosity,
as show in Figs. The red food coloring viscosity is close to that of water, while the blue food
coloring is significantly more viscous. To demonstrate the effect of vigamsideposited spots,
the applied frequency and voltage were held constant for the two solubdiferent spot sizes
resulted 28 em di ameter for the red [4]pbthesviscostay0 € m d
is higher than 450 centipoises, it wouldveey difficult to load the tip and fluently dispense the
ink. For the surface tension, as we discussed in Sectiohhle substrateds surfa
exceed thankdb s t e n s i o410 nb\ym toaobtairud godd wettability between ink and
substrateduring printing. Other than using surface treatment to improve the surface energy of
substrate, its alsofeasibleto add ingredieninto the solution to reduce tlserrface tension. Le et
al. have addedriton X-100 in the commercial AgNPs ink and sessfully tune the surface
tension for a better wettabilig8]. In terms of particle size, the ink akld be uniform and no
particles larger than 10nis allowed(the inner diameter of tip). Otherwise the tip would be stuck

by the big particle. HencbééAgNPsink needs to bgentlyshaken beforéhe printing
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3.1.2Tip size

The tip size of micropipette is another key parametédre glassnicropipette consists of a
conical tip and a cylindrical bodyhich was shaped during itsamufacturing proces3 he inner
diameter (ID) of conical tip is ctrollable Here we tested three different ID (BD and 5& mh
micropipetts provided by SonoPlot Fig 7 shows the image of three different micropipettes
printing straight linerecorded by the system camera.

Figure 7: Image of three micropipettes with different ID and their printed lines. (a) The ink is
loadng by the capillary force; I D are (b)) 10 ¢&m;
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Figure 8: Optical microscope imaging of three AgNPs line printed by micropipettes with different
IDs. @ 10em; (db&m; 30cm. 50

We measure and compare the widthtlufee AgNPsline printed by micropipettes with
different IDsusing a optical microscope (ME300, Amscope) as shown ingid\ll parameters
are consisterfor each printing processxceptthe ID. It is obvious that the width of printed line is
proportional to the ID.But the width of printed liness not the sameas the ID of microscope

because it is determined by several factors such as the wettability, ink property, printingtspeed

3.1.3Voltagecontrol

The Microplotter system could apply dispense and sp@ljage to control the printing
process. Both types of voltage could control the vibration of the micropipettes, however, they play
different roles in the DIW system. The dispense voltage is usegkpthemicropipettevibrating
continuously during t printing processensuring the ink coming out from tip uninterruptedly.
This is also an advantage of the DIW compared to the inkjet printing. After the pritigng, t
might beink residue immicropipette. The spray voltage is used here to spragsicue out from
the tips, which could also be used to spray the impurity inside the micropipette before loading the
ink. They both have a range of 12V, but the common range of dispense voltage\isvihile
8V-11V for another one. Because higher vadtaguld damage the tip during the printing due to
theextremely short distandeetween tip and substrate. On the contrary, the lower voltage would

be not enough to spray the residue out.
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