
Ink preparation and inkjet printing of 
eutectic gallium indium nanodroplets

Eric Wu, HyeRyoung Lee

SNF Staff Mentor Xiaoqing Xu

December 6, 2016

Engr. 241 Autumn 2016



Outline

Engr. 241 Autumn 2016

1. Introduction + motivation

2. Ink preparation process and characterization tools

3. Characterizing ethanol-based inks

4. Characterizing ethylene glycol-based inks

5. Preliminary inkjetting experiment



Introduction to inkjet
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(Fujifilm)

•ExFab has a piezo inkjet 

from Fujifilm Dimatix

•Like your desktop printer, 

but you bring the ink

•Printer ejects ink droplets

• Thermal inkjet

•MEMS piezo inkjet



Eutectic Gallium Indium (eGaIn)
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• eGaIn is a liquid metal, melting 

point 15.7 °C (liquid at room 

temperature)

• Mixture 75% Ga, 25% In by mass

• Surface oxide “skin” layer that 

makes it moldable

Image from [1] Ladd, C., et alI. (2013), 3D Printing of Free Standing 

Liquid Metal Microstructures. Adv. Mater., 25: 5081–5085. 

doi:10.1002/adma.201301400 
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  Experimental Section 

  Preparation of EGaInNPs : All EGaInNP samples were made using 

a QSonica Q700 microtip sonicator (part number 4417) at 30% 

amplitude (96 µm) inserted a fi xed distance (»1 mm) above the bottom 

of a Kimble Chase 3 dram glass vial (See Figure S2a, Supporting 

Information). All samples including thiol were sonicated for 60 min. 

Prior to sonication, all samples were fi lled with a fi xed mass (362 mg) 

of EGaIn (product number 495425 as purchased from Sigma Aldrich) 

using a syringe and a mass balance (OHAUS Pioneer TM ). Following this, 

4 mL ethanol/ thiol solutions were added to the vial by micropipetting 

(BioPette Plus BPP1000) a prescribed volume combination of 

highly concentrated ethanol/ thiol solution and neat ethanol (Koptec 

part number V1001) to achieve the desired concentration. High 

concentration thiol solutions were made by adding a measured amount 

of thiol (3-Mercapto- N -nonylpropionamid; part number 686492 as 

purchased from Sigma Aldrich) mass to a glass vial, followed by the 

addition of the appropriate volume of ethanol. The resulting mixture 

was shaken vigorously followed by a 1 min bath sonication (Branson 

1800) at room temperature to achieve uniformity. Each EGaInNP 

dispersion sample was allowed to settle for 24 h. Just prior to creating 

samples for particle characterization and compression testing, each 

sample was shaken vigorously and magnetically stirred for 5 min 

to ensure uniform dispersion of EGaInNP. Uniformity of EGaInNP 

concentration was confi rmed by measuring the post-evaporation mass 

of 1 mL samples. Multiple dispersions ( N  = 5) were made for each set 

of conditions (thiol concentration and sonication time) for confi dence. 

High speed centrifugation was employed to rinse the 3 and 5 ´ 10 -3   M  

samples to confi rm the presence of excess thiols. Sonicated samples 

were subjected to 6238 relative centrifugal force in a centrifuge (Cole 

Parmer WU-39065-05) for 20 min. After centrifugation, the aliquot was 

discarded, fresh ethanol was added, and the pellet was resuspended in 

a light sonication bath (Branson 1800) for »3 min. This process was 

repeated twice for each sample. 

  Plowing and Line Drawing : The plowed pile of EGaInNP chips shown 

in Figure  1 a was formed by drop casting 50 µL of EGaInNP dispersion 

onto a Si wafer (0.0035–0.0038 Wcm Si wafers (Silicon Sense, Inc.)), 

followed by a line-carving step with a diamond scribe. The coalesced line 

of liquid EGaIn was formed by gently tapping a similarly drop-casted fi lm 

of EGaInNPs with an X-Acto knife. 

  I–V Characterization : Samples for  I – V  characterization were made by 

spin-coating EGaInNPs/ethanol dispersions (0 ´ 10 -3   M ) onto Kapton 

substrates. Two-probe measurements were conducted on the non-

sintered samples by positioning electrical probes (Signatone SE-TZ) 

via micromanipositioners (Signatone S-926) onto the sample a spacing 

of »1 mm apart tracking the supplied voltage and measured current 

through a Keithley 2410-C SourceMeter. Voltage sweeps were performed 

manually (See Figure S1, Supporting Information), waiting»30 s for 

signal stabilization after each step prior to recording. 

  Particle Characterization : Samples for particle characterization were 

prepared by depositing 50 µL via micropipette (BioPette Plus BPP200) 

onto Si wafers (Silicon Sense, Inc., 0.0035–0.0038 Wcm) (See bottom-

middle image of Figure S2b, Supporting Information for process). 

Scanning electron microscope (SEM) images were then obtained (Philips 

XL-40 FEI, 15 kV, 3 µm beam spot size). All images were analyzed 

using the following procedure through ImageJ: (1) each raw grayscale 

SEM image was converted to a binary image (Image ® Adjust ® 

Threshold, with a lower cutoff of »15 and an upper cutoff of »230 

and Dark background option); (2) each resulting binary image was 

segmented using the built-in ImageJ watershed routine (Process ® 

Binary ® Watershed); (3) the sizes for all segmented particles were 

obtained using ImageJ’s particle analysis package (Analyze ® Analyze 

Particles, with size range going from 10 square pixel units to infi nity, 

circularity from 0 to 1, showing bare outline of particles); (4) the 

diameter for each particle was computed from the area output by 

ImageJ under a spherical approximation. This process was repeated 

over multiple experimental trials ( N  = 5) for each formulation condition. 

Energy-dispersive X-ray spectroscopy (EDS) was employed (FEI Quanta 

3D FEG Dual-beam SEM with an Oxford INCA Xstream-2 silicon drift 

detector with Xmax 80 window) to measure elemental composition in 

samples (results shown in Figures S3–S7, Supporting Information). 

The SEM system used to inspect the morphology of the rinsed samples 

(results shown in Figures S8 and S9, Supporting Information) is the 

same used for particle characterization on the thiol free and nonrinsed 

samples. 

  Compression Experiments : Polydimethylsiloxane (PDMS) devices 

containing copper wires were made to serve as EGaInNP reservoirs for 

the compression tests (see Figure S2b, Supporting Information, far right 

detail image for photograph of device). Specifi cally, PDMS (Sylgard 184) 

was mixed as received from Dow Corning with a 10:1 weight ratio of 

base to crosslinking agent. The resulting mixture was spincoated onto 

glass slides, yielding a thickness of »350 µm. After fi xing copper wires 

to the cured PDMS fi lms, a second coat of »200 µm was applied via 

spincoating. Finally, samples were cut and circular reservoirs »200 µm 

deep with a diameter of »2.5 mm were made in a single step using a 

laser ablation technique. The compression tests were conducted using 

a materials tester. Each device was fi xed to a platen loaded into a single 

column materials testing unit (Instron model 3345) fi tted with a 1 kN 

load cell. The electrodes of the device were attached to a Wheatstone 

bridge, where the three other legs of the bridge were 20 W resistors 

and the voltage supply was 3 V. The output voltage of the bridge was 

connected to the data acquisition of the materials tester and tracked 

with applied force during the experiments. All samples were compressed 

at a rate of 1 mm min -1 . This process was repeated over multiple 

experimental trials ( N  = 5) for each formulation condition. 

  Small Scale Line Drawing Experiments : Arrays of thin lines were 

produced (See Figure  4  for photograph of setup) via mechanical 

sintering by moving an EGaInNP-deposited sample (1 ´ 10 -3   M ) in 

Adv. Mater. 2015, 27, 2355–2360

www.advmat.de
www.MaterialsViews.com

 Figure 5.    Inkjet printing of EGaInNPs. a) Photograph of inkjet system printing EGaInNP dispersion. Scale bar is 5 mm in length. b) Human hand 

wearing inkjet functionalized nitrile glove with arrays of strain gauges, intricate wiring, and contact pads comprised of EGaInNPs. c) Same hand holding 

a tennis ball, demonstrating stretchability of the electronics.

Top: [2] Ren, L., et al. (2016). Adv. Funct. Mater. doi:10.1002/adfm.201603427

Bottom: [3] Boley, J.W., et al. (2015). Advanced Materials 27(14):2355–2360.

Goal: Use the Dimatix inkjet to print eGaIn contacts

• Electrical contacts to 

structures that move or are 

irregularly shaped

• Conductive patterns for 

soft or flexible electronics

• Resistivity 2.94 × 10-5 Ω

cm (about 20x bulk 

copper)



We cannot inkjet arbitrary liquids
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• The ink must satisfy certain properties for printer to form 

droplets

•Viscosity 2 < η < 30 cP, ideally 10 < η < 12 cP

• If using particles, particles << 21.6 μm nozzle diameter

•Surface tension near 30 dynes/cm

•No separation or settling

• Can’t directly print bulk eGaIn, 600 dynes/cm surface 

tension too high

• Inkjet process development is 90% ink formulation 

development, 10% printing



Divide eGaIn into 
nanodroplets

Mix eGaIn
and solvent

Inkjet printJoin droplets 

Images taken (clockwise from upper left)  from Clker, Qsonica, Fujifilm

Process flow: print eGaIn like a nanoparticle ink

Filter nanodroplet ink



Ink preparation process and 
characterization tools
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Ink preparation and characterization (1)
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1. Mix ink

Measure out eGaIn, surfactant, continuous phase 

solvent and combine. Sonicate for two hours, 

with water bath for cooling.

2. Drop-cast ink and SEM to measure size 

distribution

SEM and image processing to quantitatively 

estimate nanodroplet size distribution, 

qualitatively estimate nanodroplet density.



Ink preparation and characterization (2)
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3. Measure ink viscosity

Used viscometer and mass balance to calculate 

ink viscosity. Can also use rheometer in SMF.

4. Settling test to estimate stability

Let sit for 24h to determine whether nanodroplets

remain suspended. Settling suggests 

aggregation (might clog printhead). Ink may also 

separate in cartridge.



Ink preparation and characterization (3)
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5. Centrifuge (if needed)

Sediment and remove extremely large particles 

as a pre-filtration step.

6. Syringe filter before printing

Filter to remove large particles and clusters that 

may cause clogging.

(Fisher)
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Probe sonication setup in 155 (an ExFab tool!)

Sonicator in soundproof cabinet Ink preparation. Note water bath 

for cooling tip/reducing solvent 

evaporation.



• Glass tube with capillary

• To measure:

1. Measure density of fluid

2. Time how long it takes for 

fluid to flow through bulb

3. Calculate viscosity with 

calibration constant from 

manufacturer

• Small (3 mL) sample volume

compared to rheometer (10 mL)

• Needs to be dry and clean for 

accuracy

Engr. 241 Autumn 2016

Capillary viscometer for measuring ink viscosity



Characterizing ethanol-based inks
(what a bad ink looks like)
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• Ink formulation from [3] with correspondence from authors

• 90 mg/mL eGaIn to ethanol, 3 mM of thiol SAM surfactants 3-

mercapto-n-nonylproprionamide (1ATC9) or 1-dodecanethiol (C12)

• Surfactant serves as surface passivation

• Slows oxidation at surface, tighter size distributions

Ethanol-based ink experiments

2359wileyonlinelibrary.com©  2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A

T
IO

N

  Experimental Section 

  Preparation of EGaInNPs : All EGaInNP samples were made using 

a QSonica Q700 microtip sonicator (part number 4417) at 30% 

amplitude (96 µm) inserted a fi xed distance (»1 mm) above the bottom 
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  Plowing and Line Drawing : The plowed pile of EGaInNP chips shown 
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of EGaInNPs with an X-Acto knife. 

  I–V Characterization : Samples for  I – V  characterization were made by 
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substrates. Two-probe measurements were conducted on the non-
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Scanning electron microscope (SEM) images were then obtained (Philips 
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using the following procedure through ImageJ: (1) each raw grayscale 

SEM image was converted to a binary image (Image ® Adjust ® 
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containing copper wires were made to serve as EGaInNP reservoirs for 
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detail image for photograph of device). Specifi cally, PDMS (Sylgard 184) 

was mixed as received from Dow Corning with a 10:1 weight ratio of 

base to crosslinking agent. The resulting mixture was spincoated onto 

glass slides, yielding a thickness of »350 µm. After fi xing copper wires 
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Adv. Mater. 2015, 27, 2355–2360
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 Figure 5.    Inkjet printing of EGaInNPs. a) Photograph of inkjet system printing EGaInNP dispersion. Scale bar is 5 mm in length. b) Human hand 

wearing inkjet functionalized nitrile glove with arrays of strain gauges, intricate wiring, and contact pads comprised of EGaInNPs. c) Same hand holding 

a tennis ball, demonstrating stretchability of the electronics.

[3] Boley, J.W., et al. (2015). Advanced Materials

27(14):2355–2360.



Ethanol ink particle sizes are printable

3 mM 1ATC9, 90 

mg/mL eGaIn:

302 nm median diam.

334 nm mean diam.

3 mM C12, 90 mg/mL

eGaIn:

147 nm median diam.

170 nm mean diam.

No surfactant, 90 

mg/mL eGaIn:

157 nm median diam.

184 nm mean diam.



* Likely inaccurate, ink separated in viscometer while measuring 

Ink Formulation Flow time [s] Kinematic 

viscosity [cSt]

Density [g/mL] Viscosity [cP]

ethanol

(sanity check)

44 1.4 0.82 1.1

Ref. values [1]

1.144 mPa s @ 20°C

1.040 mPa s @ 25°C

ethanol, 3 mM

1ATC9, 90 mg/mL

eGaIn (1)

61 1.9 0.88 1.6

ethanol, 3 mM

C12, 90 mg/mL

eGaIn

41 1.3 0.90 1.1

ethanol, 90 

mg/mL eGaIn

41* 1.3 0.90 1.1

ethanol, 3 mM

1ATC9, 90 mg/mL

eGaIn (2)

40* 1.2 0.93 1.1

Printable range is 2-30 cP, ideal range 10-12 cP

Ethanol ink viscosities are too low to print

[1] http://www.cheric.org/research/kdb/hcprop/cmpsrch.php



24h

Still suspended

3 mM 1ATC9,

90 mg/mL

eGaIn solution

3 mM 1ATC9, 90 

mg/mL eGaIn

solution

24h
Complete 

separation

Ethanol inks are not consistently stable 

• Settling makes printing difficult and nonuniform

• Could be a sign of particle aggregation and clogging

• Given that the viscosities are too low, not worth solving

Engr. 241 Autumn 2016



Moving to a higher viscosity 
continuous phase ink
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Ethylene glycol as the ink continuous phase
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• Can use temperature to control ink viscosity

• Higher viscosity makes it easier for ink to stay suspended

Printable

Ideal printable

Temperature range

[1] http://www.cheric.org/research/kdb/hcprop/cmpsrch.php



Ink Formulation Flow time [s] Room 

temperature

kinematic 

viscosity [cSt]

Density [g/mL] Room temperature 

viscosity [cP]

ethylene glycol

(sanity check)

466 14.3 1.16 16.6

18.365 @ 20°C [1]

15.128 @ 25°C [1]

ethylene glycol, 

90 mg/mL eGaIn,

no surfactant

508 15.6 1.18 18.4

ethylene glycol, 

90 mg/mL eGaIn,

1 mM C12

443 13.6 1.22 16.6

ethylene glycol, 

90 mg/mL eGaIn,

3 mM C12

381 11.7 1.24 14.5

Printable range is 2-30 cP, ideal range between 10-12 cP

The ink viscosities are printable at room temperature

[1] http://www.cheric.org/research/kdb/hcprop/cmpsrch.php

Engr. 241 Autumn 2016

(We can use raise ink temperature to lower viscosity during printing)



Ethylene glycol inks are stable

12h
ethylene 

glycol,90 mg/mL 

eGaIn,

1 mM C12:

Still suspended

12h

Still suspended

ethylene glycol,

90 mg/mL eGaIn,

3 mM C12:

ethylene glycol

90 mg/mL eGaIn,

no surfactant: 

12h

Still suspended



Particle sizes are comparable to ethanol inks
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Ethylene glycol, no 

surfactant, 90 mg/mL

eGaIn:

125 nm median diam.

142nm mean diam.

Ethanol, no 

surfactant, 90 mg/mL

eGaIn:

157 nm median diam.

184 nm mean diam.

Particle size distribution relatively tight and in the correct 

range, surfactant doesn’t appear necessary



Filtering the ink to prevent 
clogging the printhead
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eGaIn particles are difficult to syringe filter
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• 1μm filter clogs

•Particle density drops

• Ink no longer uniform, sometimes even settles

• Ink volume limited to ~1 mL, want closer to ~10 mL

• Need to remove debris and large particles without fine 

filter 

After 1μm syringe filterBefore syringe filter



Low speed centrifugation 

+ coarse filtration instead 

of fine filtration

(also an ExFab tool!)

Using centrifugation to select for particle size
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Stoke’s law estimates fit reasonably to eGaIn particle 

differential segregation from [1] (guessed parameters)

We can a priori estimate how much centrifugation is needed

[1] Boley, J. W., et al. Hybrid Self-Assembly during Evaporation Enables 

Drop-on-Demand Thin Film Devices. ACS Appl. Mater. Interfaces (2016). 

doi:10.1021/acsami.5b12687

Still suspended in solution

Sedimented



Centrifuge + coarse filtration narrows size distribution
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Ethylene glycol, no 

surfactant, 90 mg/mL

eGaIn:

125 nm median diam.

142nm mean diam.

Ethylene glycol, no 

surfactant, 90 mg/mL

eGaIn, 300 RCF and

5 μm filter:

123 nm median diam.

134 nm mean diam.

Centrifuged at 300 RCF, which should sediment all 

particles larger than 1.6 μm according to modeling



The particle density is much higher than with 1μm filtration
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Ethylene glycol, no surfactant, 90 

mg/mL eGaIn after 1μm syringe 

filter

Ethylene glycol, no surfactant, 90 

mg/mL eGaIn after centrifuge 

and 5μm filter 

Centrifugation also lets us prepare 10 mL ink at a time



(Preliminary) Inkjet Test
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Printing Test
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Total 16 Nozzles
Nozzle size of 21.5 µm
(Other option : 9 µm)



Printing Test
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No jetting with high ink viscosity 
and low actuator voltage



Printing Test
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Ink starts jetting out when 
you increase actuator voltage



Printing Test
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Optimizing voltage and waveform gives straight 
uniform jetting  



Conclusions
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• Developed techniques for ink processing with probe 

sonicator and centrifuge

• Explained how to characterize ink

• Found ink formulation for inkjet printing eGaIn with ethylene 

glycol continuous phase

• Jetting experiment shows that ink is printable

• Next steps:

• Pattern eGaIn with printer

• Explore droplet joining techniques



Print cartridge and setup

• Filteration is used before loading the ink to the cartridge.

• Degassing is important to have a proper jetting.

• Fiducial Camera is useful for jetting condition control.

Engr. 241 Autumn 2016



Why inkjet printing?
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• Patterning without expensive tools

• No cleanroom!

• Maskless

• Applicable on various substrates

• Less wasteful of materials

• Film quality is relatively controllable

• Processed in air at room temperature

• Industry compatible
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Image processing to estimate particle size distribution

• SEM lets us determine particle size distribution and 

estimate particle density

• Wrote an image processing tool to estimate particle size 

distribution from SEM

• Source code will be provided



Printing Test

Engr. 241 Autumn 2016

If jetting condition does not 
meet, the ink just scatters 
with uncontrollable manner.



Printing Test
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Increased voltage helps get 
ink out, but not jetting yet 
since it is still not enough for 
jetting



Printing Test
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Better Jetting with more condition changes



Printing Test
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Better jetting with more condition changes


