
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


Master’s Thesis of Engineering

Direct Printing of Liquid Metal 

Patterns on Three-Dimensional 

Surfaces and Applications

3 차원 표면에서의 액체 금속 직접 프린팅과 적용

방법

February 2020

Graduate School of Engineering

Seoul National University

Mechanical Engineering Major

Byung-Jun Jeon



3 차원 표면에서의 액체 금속 직접 프린팅과 적용

방법

Direct Printing of Liquid Metal Patterns on Three-

Dimensional Surfaces and Applications

Advisor Yong-Lae Park

Submitting a master’s thesis of Public 

Administration

October 2019

Graduate School of Engineering

Seoul National University
Mechanical Engineering Major

Byung-Jun Jeon

Confirming the master’s thesis written by

Byung-Jun Jeon
December 2019

Chair     Jongwon Kim     (Seal)

Vice Chair    Yong-Lae Park   (Seal)

Examiner    Sung-Hoon Ahn   (Seal)



１

Abstract

In this study, a liquid metal is directly printed on various types of 

surfaces using an automated dispensing system. A particular class 

of liquid metal called eutectic gallium-indium (Ga: 75.5% In: 24.5% 

by weight ratio) was chosen and printed on flat, inclined (20°, 30°, 

40°, and 50°), and curved (κ = 0.02, 0.03, 0.04, and 0.05 mm−1) 

surfaces. The inner diameter of the dispenser nozzle, the distance 

between the nozzle tip and the surface of the substrate, turned out 

to be the crucial parameters that determine the performance of 

printing, based on the experimental evaluation of the relationship 

between the trace width and the parameters. We were able to 

control the trace width under 200 µm as small as 22 µm by 

adjusting the parameters we tested. To the best of our knowledge, 

an EGaIn trace with 22 µm in width is the smallest one achieved by 

direct printing of a liquid metal on three-dimensional (3-D) 

surfaces. Also, we were able to print not only straight lines but also 

curved patterns, such as spiral shapes. This will lead to the 

miniaturization of stretchable electronics with any pattern shapes 

consisting of straight lines and curves. As an example of 

applications of the proposed method, a microscale pressure sensor 

with a spiral trace pattern was fabricated, and its performance was 

evaluated with loading and unloading tests. Another application of 

the proposed method includes direct printing of stretchable 
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electronics on surfaces with arbitrary shapes and curvatures. It was 

demonstrated with soft sensors printed on a mannequin hand. We 

believe the proposed method and its applications will open a new 

space in development of soft electronics and robots.

Keyword : Stretchable electronics, Soft robotics, Liquid metal, 

Direct printing

Student Number :  2018-22776
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Chapter 1. Introduction

Stretchable electronics and flexible circuits are one of key 

technologies for developing highly advanced future robots. These 

technologies are mostly related with soft materials or structures 

such as silicone or origami. Due to increased needs of physical 

interaction between robots and humans, they are being paid more 

attention. For example, cooperative robots used in industries or 

wearable devices may find these technologies quite useful which 

will enhance safety or wearability. In this sense, different methods 

have been proposed in order to fabricate soft but also conductive 

structures such as wavy circuits [1-3], carbon nanotube films [4, 

5], silver nanowire embedded polymers [6, 7], or liquid-metal 

embedded soft structures [8-10]. Feng et al, have manufactured 

stretchable metal oxide silicon circuits using a wavy structure [11]. 

Takeo et al., have fabricated wearable and stretchable strain 

sensors for human-motion detection by using carbon nanotube 

films [12]. Amjadi et al., have developed conductive and stretchable 

polymer by embedding silver nanowires [13]. 

Among described technologies above, we focused on one 

particular class of conductive material called EGaIn (eutectic 

gallium-indium). EGaIn is a metal that preserves its liquid form 

even in the room temperature and is widely used material in 

different researches regarding soft electronics or flexible circuits

[14, 15]. One of the main reasons for its wide usage is because it 
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can be easily embedded into polymer structures while not affecting 

the original physical properties such as stiffness of the host 

material [16, 17]. EGaIn can be synthesized by mixing gallium and 

indium each by 75.5% and 24.5% of weight [18]. As mentioned 

above, it is highly conductive in the room temperature (melting 

temperature: 15.5˚C) known to be non-toxic unlike mercury which 

is a common liquid metal. Up to date, various types of flexible and 

stretchable sensors fabricated using EGaIn have been developed to 

measure changes in either mechanical strain or pressure. These 

changes can be measured since the change in the configuration of 

EGaIn channels embedded in soft materials caused by external 

forces results in change in resistance. Also, the change in 

capacitance or inductance can be also measured depending on the 

geometries [19-21]. It has even been embedded in or integrated 

with actuators for acquiring proprioceptive feedback information of 

the actuators directly [22, 23].

One of the most critical factors trying to manufacture stretchable 

electronics using a liquid metal, is the patterning technique since 

the characteristics can greatly differ depending on the geometries 

[24]. Several methods have been proposed and one of the most 

common and well known processes is the injection of the liquid 

metal into microchannels fabricated inside soft materials such as 

silicone rubber [25, 26]. The microchannels inside soft materials 

are usually manufactured using molds fabricated with three-

dimensional (3-D) printing and the needles are used to inject liquid 
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metal inside the channels. Although this process has an advantage 

of being a low-cost, it takes too much time and does not guarantee 

constant product quality since it involves multiple manual steps that 

require human hand. Moreover, due to the limitation of the 

resolution of 3-D printing, a channel width less than 200 μm is 

extremely difficult to manufacture. This means a great loss in the 

density of stretchable electronics. Another method is lithography 

[27-33], in which a patterned mask covers the substrate and the 

liquid metal is transferred on top [34]. Once the mask is removed, a 

thin polymer layer is covered on top of the patterned liquid metal 

for the complete sealing. Even though this method has an advantage 

of miniaturization of liquid metal traces that can improve the density, 

the process regarding the fabrication of the mask is still costly and 

time-consuming. In addition, masked printing without lithography 

has been proposed by fabricating precise masks using a mechanical 

cutter and laser [35, 36]. Masks can be also easily removed using a 

wafer-soluble material [37] or are no longer necessary by 

selectively liquid metal wettable stamps [38]. Therefore, a simple 

but more reliable method has been developed by directly printing 

liquid metal traces on a polymer substrate. By utilizing this method, 

complex patterns can be easily printed on a polymer substrate 

without requiring any molds or masks [39, 40]. Direct printing of 

liquid metal is made possible due to the presence of an oxide skin at 

the surface of liquid metal which forms immediately as it is exposed 

to the air [41-43]. This oxide skin provides mechanical stability of 
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the trace itself and makes good bonding to the polymer substrate 

maintaining the trace intact. However, EGaIn itself has relatively 

low wettability on polymer substrates which results in high contact 

angles. This is the main reason that makes direct printing of EGaIn 

very challenging [44]. If right conditions are not met, direct printed 

EGaIn traces can be easily disconnected or may not even maintain 

its desired shape forming droplets to reduce the surface energy. 

Due to this issue, most of the researches are focused on printing on 

flat surfaces only. Boley et al., have demonstrated a capability of 

printing a trace of 83 μm in width [39]. Kim et al., have developed 

a glove sensor using direct writing of a liquid metal [44]. Dickey et 

al., and Park et al., found ways to form 3-D structures of EGaIn on 

at substrates [46, 47]. However, when a soft sensor in a form of a 

flat layer is applied to a three dimensional surfaces, sensor signals 

may become unreliable due to inconstant reference values or the 

sensor itself may even fail. Also, the sensor may experience 

undesired strain or sharp bending which will eventually cause 

disconnection of EGaIn circuits or degradation in sensitivity. For 

these reasons, it will be highly useful if there is a technique to 

directly print liquid metal traces on 3-D surfaces which will resolve 

problems mentioned above. Therefore, we propose a method of 

printing EGaIn not only on a flat surface but also on an uneven 

surface with controlled trace width using a laser sensor feedback 

system. Moreover, we were able to print liquid metal patterns 

consisted of not only straight lines, but also of lines with continuous 
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curvatures such as spirals, which is challenging without optimization 

of multiple parameter values. Using the method proposed, we were 

able to print EGaIn traces on 3-D surfaces with stability and as thin 

as 22 μm in width. For the application of the given technique, a 

micro-scale pressure sensor of a spiral shape was fabricated and 

its characteristics were analyzed. In addition, we demonstrate the 

capability of printing on 3-D surfaces by directly printing a liquid 

metal sensor array on the back of the mannequin hand. We believe 

that this method has a great potential in developing stretchable 

electronics and wearable devices. 

Chapter 2. Method

2.1. Instruments and Image Acquisition

To print EGaIn directly on a substrate, a motorized x -y stage 

(Shotmaster 300ΩX, Musashi) and a pneumatic dispensing system 

(SuperΣ CMIII V2, Musashi) were used with a laser distance 

sensor (LK-G32, Keyence) with a resolution of 0.4 μm, as shown 

in Figure 1(a). The laser sensor measures the stand-off distance 

(SOD) which indicates the distance between the top surface of the 

substrate and the nozzle tip in z -axis. The range of distance 

sensing in z -axis was ±5 mm from the neutral level. The sensor 

data were used as feedback for controlling the stand-off distance. 

The sensor collects data at every interpolation points which can be 
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programmed using computer-aided design software (Mu-CAD, 

Musashi) (see Figure 2). The distance data for each pre-

programmed points were collected before printing EGaIn. In this 

step, the sensor follows the exact same path as the pattern to be 

printed by moving the stage only in x and y axes. After all the data 

are collected, the printing procedure takes place, the robot arm 

provides appropriate motion in z – axis maintaining a constant 

stand-off distance using the pre-recorded distance data at each 

point. The maximum and the minimum pressure levels that the 

dispenser was able to generate was 200 kPa and 5 kPa, 

respectively, with a 0.1 kPa interval. The motorized stage moves in 

x and y axes while the single axis robotic arm provides motions in z 

-axis. The system receives a pre-planned path trajectory from 

CAD software and traces the path on the stage with a pre-

determined pressure output. 

To accurately measure the width of the printed trace, high 

resolution (1024 * 768 pixels) “png” format images of the liquid 

metal traces were acquired using a microscope (SZX16-3111, 

Olympus) shown in Figure 1(b). The EGaIn trace was magnified 40 

times of its original size, and image capture software (Leopard, 

Olympus) was used as a reference to compare the width measured 

from the software with that measured from Matlab using an edge 

detection process. A digital filter was used to change the original 

image to a grey-scale image, and the edges of the traces were 

found using the Sobel algorithm [48]. The actual width was 
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measured by counting the number of pixels between the two edges 

of the trace. A trace with the same parameters was printed six 

times, and eight 

Figure 1. Setup for EGaIn direct printing. (a) Overall system. (b) 
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Image acquisition by using microscope and acquired image of EGaIn 

trace on the monitor.

Figure 2. Different types of pattern drawn on the software and 

interpolation points indicating the points to be measured of stand-



１２

off distance using the distance laser sensor. (a) Spiral pattern and 

(b) Serpentine pattern. 

Microscopic images of each of the six traces were taken. After 

gathering all the data, the mean and the standard deviation values of 

the trace width were plotted for evaluating the effects of the 

parameters.

2.2. Printing Setup

A syringe was filled with EGaIn covered by 5% hydrochloric acid 

(HCl) solution on top so that EGaIn would not make a direct contact 

with the air for preventing oxidation. Polytetrauoroethylene (PTFE) 

nozzles with three different inner diameters (100 μm, 200 μm, 

and 300 μm) covered with stainless steel guides were used for 

printing EGaIn traces (see Figure 3). Different methods of printing 

were used depending on the inner diameters (ID) of the nozzles. 

While printing, unwanted EGaIn droplets are easily formed due to 

its high surface energy (624 mN/m)unless right printing parameters 

are chosen. Also, the EGaIn's moldability (i.e. the ability to maintain 

a stable microstructure within its oxide skin at room temperature) 

is a function of the ratio of the surface area to volume (s/v ratio). 

The moldability increases as the s/v ratio increases, and the s/v 

ratio increases as the size of the structure decreases [18]. When 
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using a nozzle with a large inlet diameter, the s/v ratio decreases 

due to the excessive amount of EGaIn out of the nozzle, resulting in 

formation of unwanted droplets in the middle of the trace rather 

than maintaining its original trace structure. Therefore, the 

dispensing 

Figure 3. Syringe setup with (a) different sizes of nozzle, (b) 

magnified view of the nozzle tip, and (c) syringe filled with EGaIn at 

the bottom and HCl solution on top to prevent oxidation. . 
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pressure was applied only at the start of printing and shut off while 

printing for nozzles with relatively large IDs, such as 200 μm and 

300 μm. In this case, the relatively low viscosity of and the 

gravitational force to EGaIn helped pulling EGaIn out of the nozzle 

even without applying a further pressure, making a consistent trace 

without a droplet. However, a constant dispensing pressure was

needed for the smaller nozzle (100 μm) during the entire printing 

process, since the ID of the nozzle was small enough to prevent 

formation of EGaIn droplets. The starting pressure was 5 kPa for 

the nozzles with 200 μm and 300 μm IDs, and the same 5 kPa was 

applied for the entire period of printing for the 100 μm nozzle. 

Printing was completed by lifting the nozzle off the substrate for the 

200 μm and 300 μm nozzles and by simply cutting the dispensing 

pressure for the 100 μm nozzle.

We printed traces 30 mm long with different parameters on 

silicone substrates. The printing parameters that we considered 

important were printing speed (i.e. velocity of the stage), ID, and 

SOD whereas the trace width was set as the output. To figure out 

the relationships between the parameters and the output, we 

conducted a printing test with various combinations of the 
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parameters. SOD was first set as a parameter to be evaluated for its 

influence on the trace width for the nozzles with different IDs. A 

different SOD was used depending on the sizes of the nozzle 

because the size of the droplet formed at the tip of the nozzle was 

different. Then, the SOD was fixed to investigate the effects of the 

stage velocity and the ID of the nozzles on the trace width. The 

stage velocity was controlled from 1 mm/s to 6 mm/s with a 1 mm/s 

interval. Once the printing was complete, the silicone substrates 

with EGaIn traces were placed under the microscope to acquire 

digital images.

2.3. Printing Procedure

We first prepared a flat mold using a 3-D printer (Objet30, 

Stratasys) to fabricate a flat substrate of silicone. After the mold 

was prepared, two parts of highly stretchable silicone elastomer 

(Ecofex 0030, Smooth-On) and a white pigment (Silc Pig, Smooth-

On) was mixed with a ratio of 1:1:0.1 by weight using a centrifugal 

mixer (ARE-310, Thinky) and degassed in a vacuum chamber. The 

pigment was used to prevent any measurement errors from laser 

sensing. It was then poured in the mold and cured in an oven at 

60°C. Once the silicone was fully cured, it was removed from the 

mold and treated in an ultrasonic cleaner filled with isopropyl 

alcohol for 30 seconds to remove any contamination on the surface 

that could interfere adhesion of EGaIn to the surface. After the 
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silicone substrate was cleaned, it was dried using the oven of 60°C 

again for a few minutes to remove any residue of the isopropyl 

alcohol. Finally, the flat substrate was firmly placed on the x-y

stage to prepare for the actual printing process. The same method 

was used to fabricate flat silicone substrates that were used for 

experiments on different types of substrates, such as curved 

surfaces, and inclined surfaces, 

Figure 4. Different types of molds used for printing experiments: (a) 
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flat mold, (b) curved molds with different curvatures, and (c) 

inclined molds with different angles. 

as shown in Figure 4. Molds with curvatures from 0.02 ���� to 

0.05 ���� with a 0.01 ���� interval, and with inclined surfaces 

from 20° to 50° with a 10° interval (printing direction: upward), 

were prepared using the 3-D printer, as shown in Figure 4. Then, 

at silicone layers were carefully placed on top of the molds. During 

this process, the silicone layers were neither stretched nor 

compressed in order to prevent any changes in the width of EGaIn 

traces for accurate measurement.  

Chapter 3. Results

3.1. Flat Surface

Figure 5 shows the mean and the standard deviation values of 

three different widths of EGaIn traces. The ID of the nozzle and the 

SOD were found to be critical, and the width became larger as the 

values of these two parameters increased. While the mean of the
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largest printable widths was approximately 190 μm using the 300 

μm nozzle when the SOD was 0.3 mm, the mean of the smallest 

printable widths was 33 μm using the 100 μm nozzle when the 

SOD was 0.1 mm. The smallest width actually achieved in our 

experiments was 25 μm although it is not shown in Figure 5(a), 

since the plot shows only the mean and the standard deviation 

values. These results 

indicate that it is possible to 

control the trace width by 

adjusting certain parameters 

of direct printing. The mean 

and the standard deviation values 

are available in Table 1.
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Figure 5. EGaIn trace widths with respect to different SODs on 

flat substrate for different nozzle sizes: (a) 100 μm, (b) 200 μm, 

(c) 300 μm. The stage velocity was set to 3 mm/s.
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Table 1. Mean and standard deviation values for Figure 5. 

According to the experiments, the SOD was most related to 

printing failures that included formation of random EGaIn droplets 

and disconnections on the trace during printing. When the SOD was 

too large, EGaIn droplets were easily formed due to its high surface 

energy, or the trace was easily disconnected since EGaIn did not 

make a consistent contact with the silicone surface [49]. On the 
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other hand, when the SOD was too small, insufficient amount of 

EGaIn was dispensed, causing disconnection. By adjusting the

parameters, we were able to fabricate an EGaIn trace as thin as 25 

μm on a flat surface. Figure 6(a) compares the 25 μm EGaIn trace 

with a human hair. To check the continuity of the trace, a light-

emitting diode (LED) was connected to the printed traces, as shown

in Figure 6(b). Furthermore, we were able to print not only straight 

but also curved ones. Curved patterns were much more difficult to 

print than straight ones since the direction of the velocity was 

always changing, causing trace disconnection more frequently 

unless right parameter values were chosen. Figure 7(a) shows a 

spiral pattern of EGaIn printed without any fluctuation in width or 

disconnection. To examine the microstructure of an EGaIn trace

made by direct printing, a microscopic image of the cross-section 

of an actual EGaIn trace was taken, as shown in Figure 7(b). As 

expected, the cross-section was symmetric, and the contact angle 

was 137°. These results show a potential of fabricating micro-scale 

circuits with any shapes from straight lines to curves, embedded in 

an extremely small space.
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Figure 6. (a) Straight line of 25 μm drawn by 100 μm nozzle 

compared with a human hair at the bottom, (b) LED connected to 

EGaIn trace of 25 μm in width.  
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Figure 7. (a) Spiral pattern drawn by 300 μm nozzle and (b) 

Magnified cross-sectional view of EGaIn trace (150 μm in width) 

encapsulated in cured silicone. 
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3.2. Inclined and Curved Surfaces

As seen in Figures 8 and 9, the mean of the widths decreased but 

the standard deviation increased when the EGaIn traces were drawn 

on inclined or curved surfaces, compared with those of the traces 

on at surfaces even though the same parameters were used. In

addition, it was not possible to reliably print traces on 40°and 

50°surfaces with the 100 μm and the 200 μm nozzles, since the 

corner of the nozzle became too close to the substrate when the 

angle was too steep. The trace width became smaller although the 

standard deviation increased as the curvature became larger. The 

results show that EGaIn traces can be printed without disconnection 

even on uneven surfaces although the trace width changes slightly. 

The smallest traces measured in our experiments on an inclined 

(20°) and a curved (0.04 ����) surfaces were 21 μm and 11 μm 

in width, respectively, using the 100 μm nozzle with 0.1 mm SOD 

and 3 mm/s velocity. The mean and the standard deviation values 

are available in Tables 2 and 3. 

To verify the printing parameters, different types of patterns 

were printed on curved, and inclined surfaces, as shown in Figure 

10. A spiral pattern was drawn on the curved surface with the 

curvature of 0.02 ����, and a strain gauge pattern was printed on a 

20° inclined surface. The traces were printed without any 

disconnection. 
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Figure 8. EGaIn Trace widths for nozzle IDs and stage velocities on 

inclined surfaces with angles of (a) 20°, (b) 30°, (c) 40°, and (d) 

50°. The SOD was set to 0.15 mm, 0.13 mm, and 0.1 mm for 300 μ

m, 200 μm, and 100 μm nozzles, respectively. 
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Figure 9. EGaIn trace widths for nozzle IDs and stage velocities on 

curved surface. The SOD was set to 0.15 mm, 0.l3 mm, and 0.1 mm 

for 300 μm, 200 μm, and 100 μm nozzles, respectively. (a) κ = 

0.02 ����, (b) κ = 0.03 ����, (c) κ = 0.04 ����, κ = 0.05 

����.
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Table 2. Mean and standard deviation values for Figure 8.
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Table 3. Mean and standard deviation values for Figure 9.
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Figure 10. EGaIn traces on inclined and curved surfaces: (a) strain 

gauge pattern printed on 20° inclined surface, (b) spiral pattern 

printed on curved surface with curvature of 0.02 ���� , and 

magnified top views of (c) strain gauge pattern and (d) spiral 

pattern.
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3.3. Failure Modes

Several failure modes were observed during the printing 

process. These involved formation of EGaIn droplets during printing 

or frequent disconnection of traces. The former one was mostly 

related with pressure and SOD while the latter one was related to 

the condition of the silicone surface. 

When too much pressure was applied to 100 μm nozzle 

during direct printing, EGaIn droplets were formed due to excessive 

amount of EGaIn coming out of the nozzle. The EGaIn traces can 

maintain its original configuration mainly due the mechanical 

stability that the oxide layer provides and its adhesion to the 

silicone surface. Without the adhesion between EGaIn and the 

silicone surface, EGaIn would form a droplet to reduce its surface 

energy. This means that it is ideal for EGaIn to keep its contact 

with silicone as it is coming out of the nozzle. When this condition is 

not met, EGaIn would accumulate at the end of the nozzle eventually 

causing droplets in middle of traces during printing. This problem 

was more critical in the case of printing with 100 μm nozzle 

because constant pressure was applied throughout the whole

process (see Figure 11). Droplets were constantly formed in the 

middle of traces even though they were fully connected. As for 

printing with 200 μm and 300 μm nozzles, a bulge or a droplet 
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were generated just at the beginning because the pressure was 

applied just at the start as mentioned before (see Figure 12). For 

these reasons, the pressure was set to 5 kPa regardless of the 

nozzle size.  

Even if right amount of pressure was applied, large SOD 

would cause formation of droplets. It can be seen from Figure 5 that 

the trace width increases as SOD becomes larger. The SOD upper 

limit for stable direct printing was 0.3 um but when SOD became 

larger than this limit, droplets were easily formed especially for 

narrow trace regions with abrupt change in direction. The Figure 13

shows a serpentine pattern printed with SOD set to 0.35 um. As 

shown on the figure, droplets were formed in the section where 

change in the direction occurred. 

As for frequent disconnection of traces, the main problem 

was small debris left on the silicone surface. The Figure 14 shows 

disconnection of EGaIn trace due to a tiny thread obstacle in the 

middle of the pattern. The traces were either partially disconnected 

or fully disconnected depending on the size of the obstacle in the 

middle of the pattern. To resolve this problem, the silicone surface 

was cleaned with an ultrasonic cleaner filled with isopropyl alcohol

and put in the oven to remove the residue. 
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Figure 11. (a) Overall view for the failure mode of direct printing of 

liquid metal on a flat silicone surface using a nozzle diameter of 100 
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μm and (b) Microscopic view due to large pressure. 

Figure 12. Failure mode of direct printing of liquid metal on a flat 

silicone surface using a nozzle diameter of 300 μm and air 

pressure of 7 kPa. (a) Overall view of traces, (b) Microscopic view 

of a small bulge at the beginning, and (c) Microscopic view of a 

large droplet at the beginning. 
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Figure 13. Failure mode of direct printing of liquid metal on a flat 

silicone surface using a nozzle diameter of 300 μm due to large 

SOD.

(a) Stable printing of EGaIn using SOD of 0.2 μm and (b) 

Formation of a droplet in the section of abrupt direction change 

using SOD of 0.35 μm.
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Figure 13. Failure mode of direct printing of liquid metal on a flat 

silicone surface using a nozzle diameter of 300 μm due to a 

thread-like obstacle on the silicone surface.
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Chapter 4. Applications

4.1. Micro-Scale Soft Sensor

We were able to fabricate a soft pressure sensor with a spiral 

pattern as an application (see Figure 14). The mechanism of this 

sensor has been introduced with a much larger form factor [9, 25]. 

The sensor size was comparable to the tip of a ballpoint pen, which

is smaller than any of directly printed EGaIn sensors previously 

reported. Although other previous sensors so far have mostly 

focused on a serpentine pattern composed of only straight lines, 

this is, to the best of our knowledge, the firrst curved EGaIn pattern 

made by direct printing and characterized as a sensor in this form 

factor. A 100 μm ID nozzle was used, and the stage velocity and 

the SOD were set to 6 mm/s and 0.14 mm, respectively.

The total size of the sensor was 1.8 mm x 3.6 mm. The trace 

width and the spacing were approximately 70 μm and 120 μm, 

respectively. The specified sensor dimensions were chosen to show 

the capability of fabricating a fully functional micro-scale soft 

pressure sensor with an EGaIn trace, which was robust enough to 

be functional under repeated applications of external force. The 

spacing (120 μm) between the traces was the smallest we were 

able to achieve using the 100 μm nozzle. Spacing smaller than 120 
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μm was not possible due to the size of the outer diameter of the 

nozzle, which

Figure 14. EGaIn pressure sensor with spiral pattern printed by 100 

μm nozzle. (a) Microscopic view of the sensor. (b) Comparison 

with the tip of a ballpoint pen. 
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Figure 15. Overall loading and unloading test setup for the micro-

scale pressure sensor.
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Figure 16. Response results of the micro-pressure sensor: (a) test 

result (red: force, blue: resistance change), and (c) resistance 

change for applied forces. 
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was 160 μm, since the nozzle would touch and destroy the 

adjacent trace while printing. The specific width was chosen to 

ensure that the trace would maintain its original shape after multiple 

times of deformation. The sensor was tested by applying normal 

forces up to 0.33 N using an indenter (Φ: 1.9 mm) attached to a 

tensile tester (ESM 303, Mark-10), and the sensor output was 

measured by a commercial load cell (Nano17, ATI Industrial 

Automation). A loading and unloading test was conducted multiple 

times, as shown in Figure 15. The resistance changed from 1.1 Ω

to 20 Ω when a force of 0.1 N to 0.33 N was applied, and the 

sensor signal was reliable. The sensor showed a high sensitivity 

when the force was over 0.13 N (∆R/R ∙ 	
�

�
	 ≈ 90���) as shown in 

Figure 16(a). Also, the Figure 16(b) shows the hysteresis loop of 

the sensor during the test which is common in soft sensors [50].

4.1.1 Fabrication of Micro-Scale Soft Sensor

The fabrication method for the micro-scale spiral sensor is 

shown in Figure 17. A silicon wafer was first prepared (Figure 

17(a)), and two parts of uncured silicone (Ecoflex 0030, Smoth-On) 

and a white pigment were mixed with a ratio of 1:1:0.1 by weight. 

The mixture was poured on top of the wafer (Figure 17(b)) and 
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spin-coated at the speed of 200 rpm for 30 seconds. Once the 

silicone was fully spread on the wafer, it was placed in an oven of 

60◦C for 20 minutes. The cured silicone substrate on the wafer was 

transferred to the

Figure 17. Fabrication process of the spiral pressure sensor: (a) A 

wafer prepared, (b) silicone poured on the wafer and cured, (c) 

direct printing of a spiral pattern on the silicone surface, (d) instant 

freeze spray applied to freeze EGaIn traces, (e) silicone poured on 

the traces, spin-coated, cured, and (f) wires connected. 
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cured silicone substrate on the wafer was transferred to the 

printing stage, and an EGaIn spiral trace was printed (Figure 17(c)). 

EGaIn ports were made for ease of wire connection at the two ends 

of the trace. The ports were fabricated with a shape of a droplet by 

dispensing EGaIn with a 35 kPa pressure for 0.04 seconds. Then, 

instant freeze spray (SF-1013, NABAKEM) was used to freeze 

EGaIn so that the trace could maintain its shape for the next step 

(Figure 17(d)). The frozen EGaIn traces were covered with another 

layer of uncured silicone layer, spin-coated at the speed of 100 

rpm for 30 seconds, and cured in the oven (Figure 17(e)). The

wires were connected manually by puncturing a wire tip into each 

port of the trace. After wires were properly located, a silicone 

epoxy (Sil Poxy, Smooth-on) was applied to bond the wire with the 

silicone sensor body (Figure 17(f)).

4.2. 3-D Soft Sensor Array

The last example is a soft sensor array entirely made of an EGaIn 

printed circuit in 3-D. We were able to print seven soft sensors on 

the unstructured 3-D surface of the back of a mannequin hand, as 
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shown in Figure 18. The center LED validates that the entire circuit

and the sensors are fully connected and functional. This shows a 

potential in manufacturing wearable devices that perfectly fit human 

bodies with a high sensitivity and reliability. To verify this concept,
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Figure 18. EGaIn traces directly printed on 3-D surfaces. (a) Soft 

sensor array printed on hand and (b) Magnified view of the sensor 

array and LED connected at the center. 

Figure 19. Sensor signal with respect to applied force for different 

fabrication methods. 
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we conducted an experiment that compares the performance of the 

sensor directly fabricated on the curved surface (i.e. back of the 

mannequin hand) with that of the sensor fabricated on a flat surface 

and later attached to the curved surface. A commercial load cell 

(Nano17, ATI Industrial Automation) and an indenter (Φ: 6 mm) 

integrated with a tensile tester (ESM303, MARK-10) were used 

for the test. The same loading and unloading test was conducted ten 

times for each sensor with maximum applied pressure of 141 kPa,

and the result is shown in Figure 19. The black curves are the data 

obtained from the sensor fabricated on the flat surface and later 

attached to the back of the mannequin hand. The red curves indicate 

the data from the sensor that was printed directly on the silicone 

surface of the mannequin hand, and this sensor showed not only a 

higher sensitivity but also less hysteresis than that printed on a at 

surface. This was mainly because the entire area of the at sensor 

did not fully conformed with the 3-D surface. From this result, we 

can verify that our proposed method for fabricating soft sensors and 

soft electronics directly on 3-D surfaces provides a higher 

performance and reliability.
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Chapter 5. Conclusion

Direct printing of room-temperature liquid metals on silicone 

substrates is becoming common these days, and more applications 

are proposed. It has been shown that liquid metal patterns can be 

printed on both at and uneven substrates [44, 51]. However, a

thorough study on parameters that affect the printing quality has 

not been reported yet. Therefore, we focused on investigation of 

the parameters that determine the performance of printing on 

substrates with uneven surfaces as well as with at surfaces. To find 

right parameters, different SODs, stage velocities, and nozzle IDs 

were tested using a robotic stage and an automated liquid dispenser. 

EGaIn traces were printed on silicone substrates with varied 

parameter values. The EGaIn traces were observed using a

microscope, and their magnified images were processed to 

accurately measure the widths by detecting the edges. The 

processed data were evaluated by examining the mean and the

standard deviation values, which can be used for controlling the 

trace widths for different applications and fabrication environments. 

This data can be used to print EGaIn traces on flat or curved 

surfaces with desired widths with different printing conditions when 

a certain parameter needs to be constrained. The capability of 

printing EGaIn traces on uneven surfaces has a great potential 

especially in the field of wearable devices where dealing with 3-D 

surfaces is mostly the case. Furthermore, patterns of not only 
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straight lines but also curves can be printed with stability on 

various types of curved surfaces. Based on the parameters found, 

we were able to fabricate a micro-scale soft sensor with a spiral 

pattern as an application, which can be highly useful for detecting 

mechanical pressure (or force) when the pressure area is 

extremely limited. Another application area of the proposed method 

includes direct printing of stretchable electronics on surfaces with 

arbitrary shapes, as demonstrated with an example of the soft 

sensor array on a human hand. We believe the proposed method and 

its applications will open a new space in soft robotics with an 

emphasis on wearable technologies.
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Abstract

이 논문에서는 디스펜싱 시스템을 사용하여 액체 금속을 다양한

종류의 표면에 직접 프린팅 하는 것에 대해 소개한다. 액체 금속

중에서도 유텍틱 갈륨 인듐 (무게 비율로 갈륨: 75.5% 인듐: 24.5%)을

평면, 경사면 (20°, 30°, 40°, 50°), 곡면 (κ = 0.02, 0.03, 0.04, 0.05 

mm−1)에 직접 프린팅 한다. 트레이스 너비와 파라미터들 사이의

관계를 실험적으로 확인한 결과 노즐 내경, 노즐 끝단과 실리콘 표면

사이의 거리가 가장 중요한 파라미터들로 판명되었다. 이러한

파라미터들을 조정함으로써 트레이스 너비를 200 μm 이하에서 최소

22 μm까지 조절 할 수 있었다. 3 차원 표면에 액체 금속을 직접

프린팅하는 방법으로 트레이스 너비를 22 μm까지 조절하는 것은

현재까지 알려진 바로는 가장 작은 경우이다. 또한 우리는 직선뿐 만

아니라 나선 형과 같은 곡선으로 이루어진 패턴 또한 프린팅 하는 것이

가능하였다. 이것은 직선과 곡선으로 이루어진 그 어떠한 패턴을 가진

스트레처블 일렉트로닉스도 제작 가능하게 하고, 크기를 현저히 줄이는

데에 이바지 할 것으로 보여진다. 제안 된 방법의 적용 사례로써, 나선

형 구조를 가진 마이크로 스케일의 압력 센서를 제작 하였고 가해지는

하중의 유무를 통해 성능을 평가하였다. 또 다른 예로는 임의의 형상과

곡률을 갖는 마네킹 손등 표면에 스트레처블한 회로를 직접 프린팅 하는

것을 보여주고 있다. 제시 된 방법과 적용 예를 통하여 소프트

일렉트로닉스와 로봇에 새로운 방향성을 제시 할 수 있을 것이다.
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