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embedded in the elastomer base. For 
example, stretchable electrodes utilizing 
carbon nanotubes (CNTs), [ 10,11 ]  metal 
nanowires, [ 12 ]  or metal ions [ 13 ]  with an 
elastomer base have been proposed. 

 As a stretchable electrode, liquid 
metals, which are in the liquid state at 
room temperature, are highly attractive 
materials. [ 14 ]  For the liquid metals of a 
stretchable electrode, a eutectic gallium–
indium alloy (EGaIn) and GaInSn are 
often used because of their low toxicity 
and low melting point. [ 15,16 ]  The compo-
sition of the constituent metals in EGaIn 
are 75% Ga and 25% In by weight and the 
melting point is 15.5 °C. For GaInSn, the 
composition is 68.5% Ga, 21.5% In, and 
10% Sn by weight and the melting point 
is −19 °C. Because both of these materials 
are in the liquid state at room tempera-

ture, they have attracted attention as a replacement for highly 
toxic mercury. [ 15,16 ]   Table    1   summarizes the melting points and 
electrical conductivities of EGaIn and GaInSn. [ 17 ]  By comparing 
GaInSn and EGaIn, it is found that the electrical conductivity 
is almost the same, but GaInSn has a lower melting point; 
thus, it can be in the liquid state at a lower temperature. The 
liquid metals have almost limitless deformability compared 
with solid metals. By using a liquid metal as the electrodes of 
a stretchable device, its mechanical properties are governed 
by the mechanical properties of the elastomeric substrate. [ 14 ]  
Therefore, extremely stretchable electronic devices are possible 
by using a high failure-to-strain elastomer for sealing liquid 
metals for application to stretchable wires [ 18 ]  and interconnec-
tions. [ 19 ]  For the high failure-to-strain elastomer, polydimethyl-
siloxane (PDMS) is often used because PDMS is a biomaterial 
and is highly stretchable without structural damage over 100% 
strain, which enables curved surfaces to be followed; therefore, 
PDMS can be applied to human-body sensing. [ 20,21 ]  Moreover, 
liquid metals are not just for stretchable electrodes or wiring; 
functional stretchable devices using changes in the electrical 
properties due to stretching have been developed, such as a 
stretchable antenna that tunes the resonance frequency, [ 14,17 ]  a 
capacitor and inductor that sense the applied strain, [ 22 ]  strain-
controlled diffraction of light, [ 23 ]  and a device that senses pres-
sure and strain. [ 24,25 ]  

  By using a combination of a low-toxicity and low-melting-
point liquid metal and a biocompatible PDMS elastomer, var-
ious types of wearable electronics have been developed, such as 
sensor skin for intelligent robots [ 26 ]  and a stretchable keyboard 
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  1.     Introduction 

 A wide variety of electronic devices is now necessary in our 
daily life such as a cell phone, network equipment, and health-
care equipment. By providing electronic devices with fl exibility, 
it is possible to apply electronics to soft materials or curved 
surfaces, and many fl exible electronics have been proposed, 
such as strain or pressure sensors [ 1–3 ]  and fl exible displays. [ 4,5 ]  
Although conventional fl exible electronics using a thin fi lm 
consisting of solid metals as an electrode have a high fl exibility 
for bending deformation, microcracks or plastic deformation 
may occur owing to large in-plane deformation because of the 
fi lm’s inherent low failure-to-strain nature. [ 6,7 ]  

 More recently, stretchable electronics, which have an 
extremely high deformation capability in the in-plane direction 
in addition to out-of-plane fl exibility, have attracted consider-
able attention. [ 8 ]  The stretchable electronics or electrode can be 
applied to a complex, soft-shaped, or large deforming surface 
such as human body parts or bending and sliding structures 
such as robot arms. [ 8,9 ]  To establish stretchable electronics, 
it is necessary to develop a stretchable electrode that can be 
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interface as a wearable computer. [ 27 ]  In particular, stretchable 
electrodes are suitable for sensing human movement, e.g., 
folding fi ngers, because of their high fl exibility, stretchability, 
and compatibility with human movement. Therefore, research 
on sensing human folding movements has been carried out by 
using a liquid metal and an elastomer. [ 28,29 ]  However, only one 
joint’s movement was sensed in these studies, and multipoint 
sensing including global strain or distributed local strain has 
not yet been studied. For identifying human or fi nger move-
ment, it is necessary to sense subtle movements at multiple 
points, including the local strain and global deformation 
simultaneously. 

 In the present study, a novel highly stretchable, global, and 
distributed local strain sensing electrode for wearable electronics 
has been developed using a combination of GaInSn and PDMS. 
We investigated the electrical resistance of multiple sections of a 
single stretchable electrode line during stretching and compared 
it with theoretical values. By utilizing the dis-
tribution of an electrical property of the liquid-
metal electrode during stretching, it is pos-
sible to detect human movement at multiple 
locations in detail using a single sensing line 
and to identify human body movement more 
easily. The biggest advance from previous 
strain sensors using liquid metal is that it is 
possible to measure changes in bending of 
multiple positions by a single sensing line 
with the proposed sensor, which is highly 
demanded for identifying the human body or 
fi nger movement. Finally, we demonstrated 
the development of a data glove as an appli-
cation of stretchable, global, and distributed 
local strain sensing electrode for wearable elec-
tronics. If these technologies become a reality, 
a very lightweight and simple data glove may 
be realized for a more precise and simple 
master hand (fi nger) of a master/slave manip-
ulator for remote handling or a data entry 
device for 3D movement.  

  2.     Results and Discussion 

  2.1.     GaInSn Stretchable Electrode 

 The manufacturing process of the stretch-
able electrode using GaInSn and PDMS is 
described in this section. First, the electrode 
pattern was created with a photoresist using a 
photolithography technique on a glass-fi ber-
reinforced plastic (GFRP) plate, as shown in 

 Figure    1  a. Then, uncured liquid-state PDMS was poured onto 
the photoresist electrode pattern and the PDMS was cured by 
the application of heat. By separating the PDMS sheet from 
the GFRP plate, the electrode pattern was transferred to the 
PDMS. GaInSn was poured onto the PDMS electrode pattern 
and another fl at PDMS sheet was adhered to seal the GaInSn, 
as shown in Figure  1 b. It should be noted that because GaInSn 
has a high wettability on PDMS, it is easy to spread GaInSn 
along the concave line on the PDMS substrate. Conductive 
electrodes were attached to the PDMS cover using adhesive 
bonding for connection to an external device. Figure  1 c shows 
the confi guration of the manufactured stretchable electrode. 
Using this stretchable GaInSn electrode, tensile and three-
point-bending tests were performed to investigate the electrical 
properties when stretching. Finally, we developed a data glove 
for sensing the folding of multiple fi nger joints on the basis of 
the electrical properties of the GaInSn electrode. 

    2.2.     Tensile Tests 

 To investigate the electrical properties of the GaInSn electrode 
during stretching, tensile tests of the GaInSn electrode were 
performed.  Figure    2  a shows the specimen confi guration, where 
GFRP tabs were attached to the edge of the GaInSn electrode. 
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 Figure 1.    Fabrication process and dimensions of the GaInSn stretchable electrodes. a) Fabrica-
tion method for the patterned electrode sheet. b) Adhesion of two PDMS sheets. c) Dimensions 
of the GaInSn stretchable electrode.

   Table 1.  Properties of EGaIn and GaInSn. [ 17 ]     

Melting point 
[°C]

Electrical conductivity 
[10 6  S m −1 ] [30,31] 

EGaIn 15.5 3.4

GaInSn −19.0 3.5
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Figure  2 b shows the experimental results of the tensile tests. 
The solid line indicates the theoretical value given by
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 where  R  0  is the initial measured electrical resistance,  R  C  is the 
contact resistance, and ε is the strain of the stretchable electrode 
(see the Supporting Information for the derivation). The pictures 
in Figure  2 b show the appearance of the GaInSn electrodes cor-
responding to 0%, 10%, 20%, and 30% strain from left to right. 
From Figure  2 b, the electrical resistance change agrees with 
the theoretical resistance change up to 50%–60% strain; after 
this, the electrical resistance change has a higher value than 
the theoretical value. By observing the specimen at the separa-
tion point from the theoretical curve, the leakage of GaInSn was 
observed, as shown in Figure  2 c. Because of the loss of GaInSn, 
the electrical resistance change increases compared to the theo-
retical value. Because two PDMS sheets are attached to seal the 
GaInSn in the present study, the separation of these two PDMS 
sheets and the leakage of GaInSn occurred during stretching. 
Therefore, it was found that the electrode can withstand up to 

50% strain, and its electrical resistance agrees with theory, which 
means that the strain can be calculated from the electrical resist-
ance change using the electrode confi guration.  

  Figure    3   shows the cyclic test results. We performed 
20 cycles from 0% strain to a maximum strain of 30%. The 
dashed line indicates the theoretical line given by Equation  ( 1)  . 
This fi gure corresponds to the fi rst six cycles of the 20 test 
cycles. From the fi gure, the electrical resistance increases and 
decreases linearly corresponding to the strain and has its 
maximum values at the maximum strain (30%), whereas the 
electrical resistance decreases linearly to the initial value when 
the strain is at its initial value (0%). Therefore, it was demon-
strated from the cyclic tests that the change in the electrical 
resistance corresponds to the change in the strain without delay 
and there is little hysteresis in the electrical resistance change. 
In addition, we did not observe any drastic electrical resistance 
change or failure of the GaInSn electrode after 20 cycles.   

  2.3.     Global and Distributed Local Strain Sensing 

 By mounting multiple conductive wires to a single line of the 
stretchable electrode, multiple points of strain and the global 
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 Figure 2.    Tensile tests of the GaInSn stretchable electrodes. a) Specimen confi guration. b) Relationship between the tensile strain and the electrical 
resistance change. c) Breaking point of the electrodes. The red circle indicates the leakage point of GaInSn. The theoretical value is given by Equation  ( 1)  .
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and distributed local strains can be measured simultaneously. To 
verify global and distributed local strain sensing, we performed 
three-point-bending tests by attaching a GaInSn electrode 
to the surface of a GFRP rectangular plate. Four conductive 
wires were attached at regular intervals to the GaInSn elec-
trode. Three-point-bending tests were performed by loading the 
center of the GFRP plate, where the side on which the GaInSn 
electrode was attached was facing downward.  Figure    4  a,b 
shows the specimen confi guration and measurement sections 
for the electrical resistance, respectively. We measured the elec-
trical resistance of three sections of the specimen: the center-
section electrical resistance  R  b , side-section electrical resistance 
 R  a , and edge-to-edge global electrical resistance  R  all .  Figure    5  a 
shows a schematic view of the three-point-bending tests and the 
pictures of defl ections of 0 and 5 mm are shown in Figure  5 b,c, 
respectively. Figure  5 d shows the relationship between the elec-
trical resistance change ratio at each measuring section and the 
defl ection at the span center. Each line indicates a theoretical 
curve for  R  b ,  R  a , and  R  all  given by
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 where  h ′ is the half thickness of the GFRP plate and  l  is the 
span length (see the Supporting Information for the derivation 
of Equation  ( 2)  ). Here, the measurement section is denoted by 
the interval [ a ,  b ], where the origin is set at the left supporting 
point. From beam theory, the bending modulus was calculated 
as  E  = 24.3 GPa, whereas the bending strain at the span center 
during bending tests is shown in Figure  5 e. It should be noted 
that the bending strain was not very large, even though a large 
defl ection occurred in the case of bending. From Figure  5 d, 
it was demonstrated that the electrical resistances at multiple 
locations including the local and global distance were simulta-
neously measured using a single stretchable line by mounting 
multiple conductive wires, and these electrical resistances are 
in agreement with the theoretical values.    

  2.4.     Data Glove Validation 

 To validate the application of a stretchable strain sensing line 
using a GaInSn electrode as a wearable sensor, we manufac-
tured a prototype of a data glove for sensing the movements of 
multiple fi nger joints.  Figure    6  a,b shows the data glove based 
on a rubber glove to which GaInSn electrodes are attached at 
fi xed measurement intervals of 15 mm for sensing the distal 
interphalangeal (DIP), proximal interphalangeal (PIP), and met-
acarpophalangeal (MP) joints of the forefi nger (see Figure  6 c 
for a reference of each joint part). We wore this data glove on 
the right hand and measured the electrical resistance change 
when grasping various objects.  Figure    7   shows a) a pen and 
two different circular cylinders with diameters of b) 30 mm and 
c) 75 mm as the objects of measurement.   

  Figure    8   shows the experimental results of the applica-
tion of stretchable, global, and distributed local strain sensing 
electrodes to the data glove. The initial electrical resistance  R  0  
corresponds to the open-palm state. From the experimental 
results, the largest deformation joint varies depending on the 
object grasped and the fi nger states can be identifi ed by meas-
uring the electrical resistance of multiple sections. For the two 
different diameters of the circular cylinders, each electrical 
resistance is higher for the 30 mm diameter cylinder than 
the 75 mm diameter cylinder, especially for the PIP and DIP 
joints. For the small-diameter object, the fi nger joints fold more 
tightly, and the strains at the PIP and DIP joints have very large 
values, which result in a large electrical resistance change. In 
addition, the 30 mm diameter cylinder has the largest electrical 
resistance change from the global electrical resistance change 
ratio results. It should be noted that this global electrical resist-
ance is not just the summation of the resistances of the DIP, 
PIP, and MP joint sections, but it includes the interval between 
each section of the DIP, PIP, and MP joints.  

 In the present study, a comparison of the MP joint and the 
global electrical resistance is the easiest way to identify the 
fi nger states: a high MP resistance and low global resistance 
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 Figure 4.    a) GaInSn stretchable electrode specimen for the three-point-
bending tests. b) Measurement sections of the GaInSn electrodes.
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 Figure 3.    Electrical resistance change of the GaInSn stretchable electrodes 
over time under cyclic loading of tensile strain. This fi gure shows six cycles 
of the 20-cycle tests. The theoretical value is given by Equation  ( 1)  .
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indicates that the pen is grasped, a low MP resistance and high 
global resistance means that the 30 mm diameter cylinder is 
grasped, and a low MP resistance and low global resistance 
means that the 75 mm diameter cylinder is grasped. As for 
the grasping behavior, the global resistance is the most robust 
(output ratio between cylinder 1 and cylinder 2) parameter 
because the global resistance represents the overall fi nger-
grasping confi guration, whereas the some joint (especially the 
DIP joint) does not always vary during grasping behaviors. 
From the data-glove demonstration, fi nger joint movement or a 

hand state can be identifi ed by using a simple sensing line with 
a GaInSn electrode with multiple measurement points. This 
implies that the data glove can be used as a very lightweight 
master fi nger of a master/slave manipulator or a data entry 
device for 3D movement.   

  3.     Conclusion 

 For the development of wearable devices, the feasibility of 
a data glove was investigated using a stretchable, global, and 
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 Figure 5.    Three-point-bending tests of the GFRP with a GaInSn electrode. a) Schematic view of the three-point-bending tests of the GaInSn electrode 
attached to the GFRP plate. b) Picture at a bending defl ection of  y  = 0 mm. c) Picture at bending defl ection of  y  = 5 mm. d) Relationship between the 
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the bending strain at the span center.
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distributed local strain sensing line made of GaInSn and 
PDMS. Tensile, cyclic, and three-point-bending tests were 
performed to investigate the electrical properties of multiple 
sections of the GaInSn electrode when stretching. For the 
tensile tests, the electrode withstands a strain up to 50% and 
the leakage of GaInSn occurred owing to the separation of the 
PDMS sheets at this strain. From the cyclic tests, it was found 
that the electrical resistance of the stretchable electrode had 
no hysteresis and the change in the electrical resistance corre-
sponded to the applied strain without a delay. From the three-
point-bending tests, the distributed local strain in addition to 
the global strain can be simultaneously measured using just a 
single electrode line by setting multiple measurement points. 
These electrical resistance changes agreed well with the theo-
retical values. Finally, a prototype data glove was manufactured 
as an application of the strain sensing line with the GaInSn 
electrode and it was demonstrated that the folding state of the 
fi ngers could be identifi ed by utilizing the electrical resistance 
change depending on object grasped. The proposed technology 
may be utilized to create an extremely lightweight manipulator 
and thus may broaden the use of a master hand manipulator or 
3D data entry device.  

  4.     Experimental Section 
  Manufacturing Process of the GaInSn Electrode : Stretchable electrodes 

were made from GaInSn and PDMS. The composition of the GaInSn 
was Ga: 68.5 wt%, In: 21.5 wt%, and Sn: 10 wt%. Ga, In, and Sn were 
placed in a polytetrafl uoroethylene (PTFE) beaker (As One) and heated 
to 30 °C, at which Ga will melt, on a hot plate (CHP-170DN, As One). 
When all three metals became liquid, the metals were mixed with a 
stirring rod and cooled down to room temperature, thereby obtaining the 

liquid state of GaInSn. The electrode pattern was manufactured using 
a thick negative photoresist (THB-151N, JSR), as shown in Figure  1 a. 
The photoresist was coated in three layers using a spin coater (MS-
A150, Mikasa) at 1000 rpm for 20 s. Then, the photoresist was exposed 
to UV light (Ushio HB-25103BY-C, light source: Ushio UV lamp 250BY) 
for 3 min and developed using a developer (NMD-3 TMAH2.38%, Tokyo 
Ohka Kogyo) for 7 min. The liquid-state uncured PDMS (Silpot184, 
Dow Corning Toray, strain-to-failure: 160% [ 17 ]  was poured onto the 
manufactured electrode pattern and cured for 2 h at 90 °C. By this 
process, a PDMS sheet was prepared with a transferred electrode 
pattern. Then, GaInSn was poured onto the manufactured pattern and 
another fl at PDMS sheet was adhered using elastic adhesives (Super 
X No. 8008, Cemedine) to seal the GaInSn. A conductive wire for 
connection to an external device was attached to the top PDMS sheet 
using the same elastic adhesives. 

  Tensile Tests : GaInSn electrodes were manufactured with two 
conductive wires connected to the electrode, and the electrode interval 
was set to 45 mm. GFRP tabs were adhered at both edges of the GaInSn 
electrode using elastic adhesives (Super X No. 8008, Cemedine), as 
shown in Figure  2 a. By clamping the GFRP tabs, tensile tests were 
performed using a material testing machine (AGS-J, Shimadzu) under 
displacement control conditions at 10 mm min −1 . During the tensile 
tests, the electrical resistance was measured using an inductance-
capacitance-resistance (LCR) meter (LCR Hi Tester 3522-50, Hioki) 
at 100 Hz by connecting measurement cables to the conductive wires 
of the GaInSn electrode. In addition, the appearance of the GaInSn 
electrode was recorded using a digital video camera and the changes 
in the appearance were checked after the tensile tests. In the cyclic 
tests, we set the maximum strain to 30% considering the failure strain 
obtained from the tensile tests and tests were performed for 20 cycles 
at 0%–30% strain. Three specimens were used in both the tensile and 
cyclic tests. 

  Three-Point-Bending Tests : Four conductive wires were connected to 
the GaInSn electrode at 15 mm intervals. The GaInSn electrodes were 
attached to the GFRP plate (thickness: 2 mm, 20 mm × 100 mm) using 
elastic adhesives (Super X No. 8008, Cemedine), as shown in Figure  5 a. 
The three-point-bending tests were performed using a material testing 
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 Figure 6.    Application of a wearable sensor using a GaInSn stretchable electrode. a) GaInSn stretchable electrode for a data glove. b) A data glove using 
a GaInSn stretchable electrode. c) Names of the fi nger joints.



FU
LL

 P
A
P
ER

3812 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2015, 25, 3806–3813

www.afm-journal.de
www.MaterialsViews.com

machine (AGS-J 10kN, Shimadzu) by applying a load at the center of 
the GFRP plate using a three-point-bending fi xture. A schematic of the 
test is shown in Figure S3 (Supporting Information). The span length 
was 80 mm, and the indenter was displaced at a speed of 10 mm min −1  
until the specimen center achieved a defl ection of 5 mm. The electrical 
resistance change was measured using an LCR meter at 100 Hz and 

the measurements were conducted using three specimens for each 
measurement section. 

  Finger Folding Tests Using a Data Glove : A GaInSn electrode was 
adhered to the rubber glove using elastic adhesives (Super X No. 8008, 
Cemedine) and the area surrounding the electrode was coated using 
the same elastic adhesives, preventing separation from the glove. The 
electrical resistance was measured for each section using the LCR meter 
at 100 Hz and measurements were conducted three times for each 
fi nger joint.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.   
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 Figure 8.    Relationship between the fi nger joints and the electrical resist-
ance change when grasping cylinders and a pen while wearing a data 
glove.
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