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Abstract—We introduce a novel fabrication of a stretchable 
circuit based on a polydimethylsiloxane (PDMS) substrate for 
wireless posture measurement. To prevent typical emergence of 
cracks attributed to thermal mismatch between the metal seed 
layer and PDMS substrate, an intermittent process is proposed to 
deposit a metal seed layer directly on a PDMS substrate. 
Afterwards, the resistance of the S-shape Cu-wire in the 
stretchable circuit was measured at different strain states. Results 
showed that the resistance of a Cu-wire within 55 mm×0.2 
mm×0.012 mm increased not more than 0.060 Ω at 30% strain 
from 0.735 Ω at zero strain. Finally, the wireless posture 
measurement system was verified through body posture 
experiments.  

 
Index Terms—Stretchable circuit, stretchable circuit board 

(SCB), elastic circuit, polydimethylsiloxane (PDMS) substrate, 
wireless posture measurement system (WPMS). 

 

I. INTRODUCTION 

HE mechanical properties of biomedical sensors that use 
rigid material on hard substrates are significantly different 

from those of soft biological tissue [1]. These mismatches 
result in decreased measurement accuracy. Moreover, sensors 
on hard substrates are typically not suitable for wearing on 
contoured and elastic human skin. To match the curved and soft 
textured surface, many studies have fabricated sensors and 
circuits on flexible (e.g. polyimide, PI) [2-5] or stretchable (e.g. 
polydimethylsiloxane, PDMS) [6-8] substrates in the last two 
decades. However, the flexible systems have been not ideally 
applicable to stretching situations yet. According to mechanical 
properties of stretchable substrates, stretchable systems have 
greater potential than flexible systems. Typically, stretchable 
circuit systems can be classified into two types: 1) fabricated on 
stretchable substrates, and 2) based on microfluidics chips. For 
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the former, it has been demonstrated through theoretical 
computation and system tests that the performance of S-shape 
wire is better than straight, rectangular pulse and zigzag-shape 
wires under stretching conditions [9]. Generally, before 
fabricating the S-shape metal wires, a thin metal film is 
deposited on a stretchable substrate. Nevertheless, residual 
stress of the thin film easily leads to the emergence of cracks. 
Therefore, it is necessary to reduce residual stress of the thin 
films by optimizing the deposition procedures [10] or fabricate 
a stress buffer layer between the thin film and stretchable 
substrate. Nowadays, most of investigations proposed to 
fabricate a thin PI layer as stress buffer layer or support layer 
between thin metal films and stretchable substrates [11, 12]. 
Due to the poor PI tensile properties, fabricating a plain PI layer 
without patterning will reduce the stretchable performance of 
the whole system. In order to maintain stretchable performance, 
the PI layer should be patterned through a complicated 
fabrication process. Additionally, it needs about 3h to cure, and 
curing the PI can reach temperatures as high as 350 ℃. The 
other method based on microfluidics technology is also a 
research hotspot in the stretchable circuit area. A stretchable 
circuit system, which assembled wires and ICs in a silicone 
elastomer chamber that filled with silicone oligomer, is 
designed [13]. Another way, which replacing the solid wires 
with conducting liquids (such as Eutectic Gallium-Indium, 
EGaIn) in micro-channel, is also presented [14]. Despite 
microfluidics methods can significantly improve stretchable 
performance, it is provided with the risk of liquids leakage. In a 
word, with the development of materials science, stretchable 
energy storage technology [15] and flexible energy harvesters 
[16] have made enormous progress in last decades, stretchable 
circuits are promising to be applied in wearable electronics and 
bio-integrated devices. 

In this work, PDMS with an excellent stretchable property is 
used as substrate to manufacture stretchable circuit boards 
(SCBs). We dramatically simplified fabrication processes by 
cancelling the PI layers and successfully deposited a metal seed 
layer without any crack directly on 0.5 mm thick PMDS 
substrates by intermittent deposition process. Subsequently, 
electroforming of S-shape Cu-wires was completed. 
Experimentally, the resistance of a 55 mm×0.2 mm×0.012 mm 
(length × width × thickness) Cu-wire is only 0.735 Ω, and 
increases less than 8% under 30% strain. Finally, a wireless 
posture measurement system (WPMS) assembled on the SCB 
is used to test functions of posture data acquisition, wireless 
communication, and fall warning.  
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II. DESIGN AND FABRICATION 

In this work, the WPMS is composed of a sensor 
(MPU-9150), a microprocessor module (EMZ3048C, it 
consists of a radio frequency module and an ARM (Advanced 
RISC (Reduced Instruction Set Computer) Machine)), a power 
converter chip (LTC3526), a battery, a motor, discrete 
components and a SCB (see Fig. 1b). The structure of WPMS 
consists of a 0.5 mm thick PMDS substrate, S-shape Cu-wires, 
ICs, and a 0.1 mm thick PDMS protective layer (see Fig. 1c).  

Fig. 1a shows the fabrication processes of WPMS. Firstly, 
PMDS pre-polymer (Dow Corning Sylgard 184, mixed in a 
10:1 weight ratio) was coated in a 0.5 mm depth Cu-Glass 

mould and cured at 60 ℃ for 2 hours. And, O2 plasma surface 

treatment was performed for 30 s on the PDMS surface by a 
plasma photoresist stripper. Then, anti-sputtering was applied 
for 1 min on the PDMS surface by an ion beam sputtering 
system. To avoid occurrence of cracks on metal layer, an 
intermittent deposition process, which depositing for 1 min and 
cooling down for 4 min then repeat until finishing the 
deposition process, was proposed and used to deposit 100 nm 
thick metal seed layer (20 nm Cr/80 nm Cu, the deposition rates 
of Cr and Cu are 20 and 40 nm per min, respectively.) on 
PDMS substrate. After finishing the last cycle of Cu sputtering, 
the followed cooling down cycle could be cancelled. Therefore, 
a total deposition process time required 11 min (1 min for Cr 
sputtering, 2 × 1 min for Cu sputtering and 2 × 4 min for 
cooling down). As the Cu-wire, a 20 μm thick positive 
photoresist (AZ4093) was spin coated at 3500 rpm and exposed 
for 130 s. After photolithography, a 15 μm thick Cu-wire was 
fabricated by electroforming and the photoresist was removed 
by acetone. Next, the seed layer was etched by ion milling for 
10 min (Wet etching process is also possible. The Cr etchant is 

2.5% KMnO4, 0.5% NaOH and 97% H2O by weight. The 
etching rate is approximately 40 nm per min. And the Cu 
etchant is a 1:3:12 mixture of 30% H2O2, 28% NH3·H2O, and 
H2O. The etching rate is about 150 nm per min.), and then the 
fabrication of SCB was finished (see Fig. 1d). Afterwards, ICs, 
battery, and discrete electronic components were soldered onto 
the SCB. In order to protect the metal circuit and electronic 
components, a 0.1 mm thick PDMS protective layer was spin 
coated at 1500 rpm (All equipment were provided by AEMD of 
Shanghai Jiao Tong University). Finally, the WPMS was 
released from the Cu-Glass mould (see Fig. 1e). In this work, 
the width of 0.2 mm and 0.1 mm S-shape Cu wires were 
designed for power and digital signal transmission, respectively 
(see Fig. 1f). 

III. RESULTS AND DISCUSSION 

Basically, we simplified the fabrication processes of 
stretchable circuits through direct fabricating Cu-wires on a 
PDMS substrate without a PI stress buffer layer. A thin Cr/Cu 
metal seed layer was deposited directly on the PDMS 
substrate before electroforming Cu-wires. Owing to the 
thermal mismatch between metal seed layer and PDMS 
substrate, cracks often occur on the metal seed layers that are 
fabricated by the normal deposition process and are 
transferred to Cu-wires in next electroforming process (see 
Fig. 2a). The cracks even will probably result in increment of 
resistance of Cu-wire and reduction of circuit robustness. 
Evidently, the proposed intermittent deposition process can 
avoid emergence of cracks on the seed layer (see Fig. 2b). The 
microphotograph of the Cu-wires after tensile test shows that 
the failures often arose at the location of the cracks (see Fig. 
2c). 

The testing experiments of SCBs were analyzed in three 
different cases: stretchable test, the resistance test, and fatigue 
test. The SCB was electrically characterized using a 
high-precision digital multimeter (HEWLETT PACKARD 
3458A). The stretchable and fatigue test were carried out by a 
Universal Testing Machines (UTM, Zwick/Roell Z020).  

In the first case, an UTM was employed to stretch a PDMS 
substrate and SCB. Both dimensions of PDMS substrate and 
SCB are 50 mm×26 mm×0.5 mm. The Young’s modulus of the 
PDMS substrate and SCB are approximate 0.507 MPa and 
2.995 MPa, respectively (see Fig. 3b), which guarantee that the 
SCB is applicable to wearable devices. Moreover, according to 
mechanical properties of excised human skin, of which the 

 
Fig. 1 (a) Fabrication processes of the WPMS. (b) A block diagram of WPMS 
(c) Exploded-view schematic illustration of WPMS. (d) Dimensions of the 
SCB. Smallest deviations on ruler represent one millimeter. (e) A WPMS 
released from glass substrate. (f) The dimensions of S-shape Cu wires. 

 
Fig. 2 Comparison of different deposition processes for fabricating seed 
layer on PMDS substrate. (a) Depositing seed layer by normal deposition 
process. (b) Depositing seed layer by intermittent deposition process. (c) The 
Cu wire was broken at the location of the crack after stretching test. 
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mean failure strain is 54%±17% and the mean elastic modulus 
is 83.3±34.9 MPa [17], the SCB is robust enough for wearable 
device. In the second case, one of the Cu-wires was selected as 
test wire. The path of the test wire is shown in red color (see Fig. 
3a). To measure the resistance of the test wire, two wires (red 
and white wires) were soldered on both-ends of the test wires 
and the dimensions of test wires are shown in Table 1. Samples 
I to VI were fabricated by intermittent deposition processes and 
sample VII used the normal deposition process.  

Results of the electrical characterization showed that the 
resistances of the test wires increased slowly (see Fig. 3c) and 
the maximum resistance change in the test wire was 
approximate 0.06 Ω (about 7.4%) while the SCBs were 
stretching from 0% to 30%-strain. The resistance change of 
wires has no obvious influence on digital signal and power 
transmission while the maximum resistance change is dozens 
of milliohm. The results also revealed that the cracks that 
emerged in normal deposition process would reduce the 
reliability of SCB. Hence, the wires fabricated by the proposed 
way were suitable for digital systems. In the third case, we 
employed UTM to do a fatigue test of SCB. In order to record 
the resistance values, we set the UTM stopping and holding for 
30 s at zero-strain and 30%-strain respectively, after finishing 
each set of 50 stretches. From the test results, the resistance of 
the test wire was almost the same before the test wire was 
broken (see Fig. 3d). The results of stable behavior and sudden 

failure were similar with the previous report [18]. Nevertheless, 
it was also found that stiff components soldered on the 
stretchable interconnections may reduce the reliability of SCBs. 
In a word, the SCBs, which were fabricated by the proposed 
processes, have the ability of signal transmission and are 
promising for wearable devices. The SCB was attached to the 
human’s wrist joint for stretching test (see Fig. 4a and 4b). In 
order to test the performance of WPMS on moving parts, the 
WPMS was also pasted on the wrist joint by double-side tape 
(see Fig. 4c). After 50 bending cycles, the WPMS was still able 
to achieve the functions of posture data acquisition, wireless 
communication, and fall warning (see Fig. 4d). Furthermore, it 
matched the wrist joint well, whether the wrist joint bended or 
not. And it was felt much more comfortable than hard system 
and suitable for long-term wearing.  

IV. CONCLUSIONS 

To meet the requirements of stretchable electronic devices 
and wearable devices, in this study, we selected PDMS as 
substrate and fabricated a WPMS completely. Considering the 
thermal mismatch between PDMS substrate and metal seed 
layer, an intermittent deposition process was introduced to 
deposit seed layer directly onto PDMS substrate. Consequently, 
the relevant PI layer was cancelled and the fabrication 
processes of SCB were dramatically simplified. Moreover, the 
crack problem was also overcome by this process. The 
resistance of Cu-wire decreased a lot with the benefit of 
electroforming process. The electrical test results revealed that 
the maximum resistance of these 55 mm×0.2 mm×0.012 mm 
test wires was 0.735 Ω, and the maximum resistance increment 
of the test wires was about 0.060 Ω while the SCB was strained 
up to 30%. Indeed, the strain changed the resistance and then 
influenced the signal transmission performance of Cu-wire. 
Nonetheless, the effects could be ignored in digital systems, 
when the resistances variations of the wires are at mΩ level. 
Stretchable test was determined to show SCBs were robust and 
suitable for wearable devices. Moreover, fatigue test results 
demonstrated that the electrical stability and reliability of SCBs 
were promising for wearable devices wearable devices. Finally, 
a WPMS was designed and fabricated, and it accomplished the 
functions of posture data acquisition, wireless communication, 
and fall warning on human’s joint. 
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Fig. 3 (a) A SCB sample was used in electrical test and fatigue test. For 
resistance measurement, two wires (red and white) were soldered on the 
both-ends of the test wire. The path of test wire is shown in red color. (b) A 
stress-strain diagram of PDMS substrate and SCB. (c) Resistances of the test 
wires at different strain states. (d) A fatigue test of the test wire. The stretching 
frequency was 1Hz. 

TABLE I 

DIMENSIONS AND RESISTANCES OF SCB SAMPLES 

Sample Length × Width × Thickness 
Resistance 

at 0%-strain 
Resistance at 
30%-strain 

I 55 mm×0.2 mm×0.015 mm 0.557 Ω 0.579 Ω 
II 55 mm×0.2 mm×0.015 mm  0.523 Ω 0.547 Ω 

III 55 mm×0.2 mm×0.015 mm 0.549Ω 0.587Ω 
IV 55 mm×0.2 mm×0.012 mm 0.688 Ω 0.718 Ω 
V 55 mm×0.2 mm×0.012 mm 0.721 Ω 0.775 Ω 
VI 55 mm×0.2 mm×0.012 mm 0.735 Ω 0.750 Ω 
VII 55 mm×0.2 mm×0.012 mm 0.847 Ω Broken a 

a This sample was fabricated by the normal deposition process, and the 
cracks trails were transferred to the Cu wires. The test wire was broken after the 
strain was up to 15%. The resistance of the test wire at 15% strain is 0.852 Ω. 

 
Fig. 4 (a) A SCB pasted on wrist joint. (b) After 50 bending cycles, the SCB
kept intact. (c) A WPMS without stretching on wrist joint. (d) A WPMS 
worked correctly after finishing 50 bending cycles. The maximum strain on the 
WPMS was about 25% when bending the wrist. 
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