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1.  Introduction

To overcome the mismatch between biology and traditional 
rigid electronics, there has been a growing interest in soft 
and elastic electronic systems [1] such as electronic skin and 
wearable electronics [2–4]. As a result, stretchable conduc-
tors with a controlled resistance change are necessary for 
fabricating the integrated circuit interconnects or sensors in 
electronic skin or wearable electronics. Considering the typi-
cal stretchability of human skin is no more than 30% [5, 6] 
as well as the non-stretchable areas in hybrid electronics [7], 
the conductive lines and interconnectors of a wearable circuit 
should have a strain range of about 50%. To yield stretch-
ability, some stiff thin conductive films were reported to be 
buckled by obtaining wavy structures by pre-stretching [8], 

or formed serpentine [9], helical [10], and spiral [11] strategic 
structures through cutting techniques such as origami [12] and 
kirigami [13]. New materials or composites based on liquid 
metals [14], carbon materials [15], and silver materials [16] 
also have been reported as stretchable conductors.

Composites based on conductive networks of one-dimen-
sional (1D) materials, including carbon nanotubes [17] and 
silver nanowires (AgNW) [18], have inherent advantages in 
integrating with elastomers [19] to produce stretchable con-
ductive materials [20] due to a much lower volume ratio in 
the composite. A typical example is the composite reported 
in [21] with spontaneous buckling after stretching–releasing 
cycles that are due to the irreversible sliding of the AgNW 
embedded just below the surface of polydimethylsiloxane 
(PDMS).
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A AgNW conductive network, which has a better conduc-
tivity than carbon nanotubes, can be deposited by non-pat-
terned methods such as a slot die [22], spraying [23], a Mayer 
rod [24] or off-center spin-coating [25], as well as patterned 
methods including oxygen plasma treatment via a shadow 
mask [26], capillary force lithography [27], laser cutting [28], 
water-bath pulling [29], screen printing [30] and gravure 
printed AgNW [31]. Thanks to the advantages of digital con-
trol and a non-contact mode, nozzle-based printing methods 
including inkjet [32, 33], electrohydrodynamic jet [34, 35], 
3D [36] and aerosol jet [37] printing can be the most versatile 
printing methods for the fabrication of soft and elastic elec-
tronics. It should be possible to inkjet print AgNW–PDMS 
composites for electronics applications because both AgNW 
[38] and PDMS [39] can be printed. However, there has been 
not yet been a report focused on the stretchable conductive 
properties of elastic composites based on inkjet-printed 1D 
materials such as AgNW. In this work, the resistance change 
of AgNW–PDMS composites based on inkjet-printed AgNW 
is studied using PDMS with different properties.

2.  Methods

A AgNW suspension in ethanol was purchased from Gu’s 
Materials, with a diameter of about 55–80 nm, and length 
of 20–40 µm. The suspension was then diluted to 1 mg ml−1 

with ethanol, and inkjet-printed by a MicroFab Jetlab II ink-
jet printer with a 50 µm diameter printhead on octadecyl-
trichlorosilane (OTS) pre-treated glass substrates. The OTS 
self-assembled monolayer on the glass was used to form 
finer and more uniform printed AgNW lines, as well as the 
facilitated separation of the cured PDMS film. The printed 
AgNW lines (about 0.5–0.6 µm thick, measured by VEECO, 
DEKTAK 150) were dried on a hotplate at 120 °C for 5 min. 
Then, the PDMS precursor mixture with a cross-linker (Dow 
Corning Sylgard 184, with the weight ratio of the base to the 
cross-linker changed from 5:1 to 20:1) was poured on the 
printed AgNW. To give a sufficient contact with the printed 
AgNW, the PDMS precursor was kept for 1 h without any 
movement or heating. After a curing process of 60 °C for 
3 h, the samples (about 0.6 mm thick) were removed from 
glass for tensile testing. The Young’s modulus was measured 

Figure 1.  Schematic diagram of the AgNW–PDMS composites’ fabrication and measurement (a), as well as an SEM image of the printed 
AgNW (b) and the connection method of the resistance measurement (c).

Table 1.  The average resistance values (Ω) of samples.

PDMS ratio 5:1 10:1 15:1 20:1

AgNW before pouring 
PDMS

30.12 30.24 31.02 30.3

PDMS–AgNW  
removed from glass

51.88 111.4 339.76 462.06

Before 50% stretched 
PDMS–AgNW

63.73 118.5 349.0 679.91
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using a universal testing machine bought from Shanghai 
Hualong Test Instruments Corporation. The samples were 
stretched and released automatically at a speed of 20 mm 
min−1 by a self-made machine for 20% and 50% elongation 
in sequence. Meanwhile, the varied resistances during the 
stretching–releasing process (a test cycle) were measured 
and recorded in real-time during the measurements by a 
Keithley 2400 sourcemeter with a constant output voltage 
of 1 V. An atomic force microscope (AFM; Dimension Icon) 
and a scanning electron microscope (SEM; Hitachi S-4800) 
were used for the measurement observations. A schematic 
diagram of the AgNW–PDMS composites’ fabrication and 
measurement, an SEM image of the printed AgNW, as well 
as the connection method of the resistance measurement, are 
shown in figure 1.

Figure 2.  (a), (b) The resistances of samples during the test cycles with stretching ranges of 20% and 50% respectively. (c) The normalized 
change ratios of the sample with 5:1 PDMS during the test cycles with different stretching. (d) The RNC curves of different samples during 
typical 50% stretching test cycles. (e) The resistance change of different samples during the first five test cycles with 50% stretching.

Table 2.  The comparison of PDMS and RNC at 50% stretching.

Composite A B C D

PDMS ratio   5:1 10:1 15:1 20:1
Young’s modulus 
of PDMS (GPa)

  1.289 0.487 0.258   0.135

Creep deformation      2% 1.8% 1.5%      1%
Typical RNC 73.24% 41.75% 22.21%   4.67%

Figure 3.  (a) SEM figure of the AgNW–PDMS surface without 
stretching. (b) The overview of wrinkles on the surface of printed 
AgNW–PDMS after 50% stretching. (c)– (f) SEM results of 
samples with different PDMS ratios after 50% stretched test cycles.
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3.  Results and discussion

Four kinds of AgNW–PDMS composites using PDMS mix-
ing ratios of 5:1, 10:1, 15:1, and 20:1 were fabricated, called 
samples A, B, C, and D, respectively. To obtain details about 
the changes of AgNW–PDMS, a series of resistances had 
been measured in our experiment. Ten samples with the same 
fabrication methods (using different PDMS ratios of 5:1, 
10:1, 15:1, and 20:1, respectively) were fabricated and mea-
sured, with the average resistance values shown in table 1. For 
example, the resistance of AgNW–PDMS removed from glass 
confirmed that AgNW–PDMS increased its resistance during 
the process of pouring PDMS, curing, and removing it from 
the glass. It can be found that the samples using 5:1 PDMS 
had the lowest resistance increase, while the AgNW with 20:1 
PDMS had the highest increased values.

The resistances of composites were measured during 50 
stretching and releasing test cycles with tensile ranges of 
20% and 50%, with their typical overall views of resistances 
depicted in figures 2(a) and (b). The curves of resistance-test-
ing cycles with a 20% stretching range are much smoother 

than for the 50% tensile test, demonstrating the larger resist
ance changes of the latter. On the other hand, as the ratio of 
the curing agent in PDMS decreased from 5:1 to 20:1, the 
resistance change ratio also showed a reducing trend with the 
decreasing content of the curing agent.

The normalized resistance change (RNC, (R  −  R0)/R0) is 
used to calculate the resistance changes of composites, with 
the initial resistance value at the very start of the test cycle as 
R0. Take sample A as an example, its RNC is 22.69% during 
the 20% stretched cycle (left of figure 2(c)), and increases to 
about 73.24% when the measurement is in the tensile range of 
50% (right of figure 2(c)). On the other hand, the typical RNC 
curves of four different AgNW–PDMS composites measured 
during the 50% stretching test were analyzed in figure 2(d). It 
is obvious that there is a downward trend of RNC from sam-
ples A to D. The typical RNC values and Young’s modulus of 
PDMS when at 50% stretched can also be found in table 2.

The resistances of four different AgNW–PDMS compos-
ites measured as a function of tensile strain during the first five 
testing cycles with 50% stretching are shown in figure 2(e). It 
can be found that the resistance changes in the first test cycle 

Figure 4.  (a) The AFM image of the typical wrinkles on the sample surface. (b) The cross-sectional higher-magnification SEM figures with 
typical wrinkles on the AgNW–PDMS composite. (c) Schematic diagram of the stretching and releasing processes.
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are larger than others, which is similar to that reported in [21]. 
In other words, there are two kinds of conductivity variation, 
which can be distinguished as irreversible and reversible, 
in the first cycles. Most of the resistance changes belong to 
the latter in the next cycles. However, sample D has a very 
sharp resistance increase when it is 21%–29% strained, and 
the resistance drops irreversibly in about three testing cycles, 
which is obviously slower than in other samples.

The surface morphologies of AgNW–PDMS samples have 
also been explored. SEM figures show that the sample surface 
is quite smooth before being stretched (figure 3(a)). However, 
a series of wrinkles were found to occur perpendicular to the 
stretching direction of the composite (figure 3(b)). There are 
stripes with different densities on the AgNW–PDMS surface 
after the tensile test for the 50% elongation (figure 3(c)). The 
most wrinkles are on the surface of the composite using 5:1 
PDMS, while the sample with the 20:1 PDMS ratio has the 
fewest wrinkles on its surface.

Due to the micron-scale thickness and opacity of printed 
AgNW, it is difficult for researchers to observe the movements 
of a whole AgNW network directly. However, the wrinkles’ 
peak-to-valley height is found to be as large as 1.4 µm (figure 
4(a)), and there is about 6% (v/v) unstretchable AgNW in the 
AgNW–PDMS composite layer (as shown in figure 4(b)). As 
a result, the PDMS in this composited layer, which is split 
into several parts, has obvious creep deformation during the 
stretching–releasing process. Therefore, the AgNW–PDMS 
composite layer which is one thousandth as thick as the adja-
cent pure PDMS layer has a much larger Young’s modulus. 
Considering the inkjet-printed AgNW layer will be unavoid-
ably heterogeneous in the density, there will be some points 
with a higher PDMS content in the composited layer, which 
is much more brittle than the PDMS layer. On the other hand, 
the wrinkles on the surface indicate creep deformation of the 
AgNW–PDMS thin composited layer. The components of 
the PDMS should play a key role in this kind of creep defor-
mation. As a result, the sample using 5:1 PDMS, which has 
the highest creep deformation, has the most wrinkles after 
stretching.

Figure 4(c) shows the schematic diagram of the stretch-
ing and releasing processes. When the sample is stretched, 
the AgNW–PDMS thin layer was elongated. There are some 
micro-scale breaks in the AgNW network because of its brit-
tleness. Considering the creep deformation of the AgNW–
PDMS composited layer, most of these micro-scale breaks 
are irreversible. The composite using PDMS with a higher 
Young’s modulus can protect the AgNW network during 
this process. This is why the sample with 5:1 PDMS has the 
smallest resistance changes in absolute value, and the com-
posite using PDMS with a lower Young’s modulus increased 
its resistance sharply. However, there are wrinkles on the 
AgNW–PDMS surface after the stretching–releasing cycle 
because of the creep deformation of a very thin composited 
layer. The AgNW network has very limited sliding or break-
age during this process. Considering that the bonding between 
AgNW and PDMS may be inferior to the AgNW network 
under tensile strain, the PDMS ratio with a lower creep defor-
mation can better protect the AgNW network from sliding or 

breakage. This is the reason why the sample using 20:1 PDMS 
has RNC as low as 4.67% in a 50% tensile testing cycle.

4.  Conclusion

PDMS composites based on inkjet-printed silver nanowires 
were fabricated for a stretchable conductive circuit. The results 
show that the properties of PDMS including its Young’s mod-
ulus and creep deformation play key roles in controlling the 
resistance changes of stretched AgNW–PDMS. The sample 
using PDMS with a higher Young’s modulus has a lower irre-
versible resistance change under the first stretching, while the 
composite using PDMS with a lower creep deformation has 
a smaller reversible RNC. The stretchable composite based on 
inkjet-printed AgNW can reduce the RNC to 4.67% in a 50% 
tensile testing cycle using PDMS with a ratio of 20:1. The 
results confirm that the properties of the elastomer play key 
roles in improving the conductivity of stretchable composites 
based on inkjet-printed AgNW, which opens up applications 
of inkjet-printable elastic AgNW conductors in functional 
devices.
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