
Contents lists available at ScienceDirect

Thin Solid Films

journal homepage: www.elsevier.com/locate/tsf

Selective crack formation on stretchable silver nano-particle based thin films
for customized and integrated strain-sensing system

Seongdae Choi, Seunghwan Lee, Byeongmoon Lee, Taehoon Kim⁎, Yongtaek Hong
Department of Electrical and Computer Engineering, Inter-University Semiconductor Research Center (ISRC), Seoul National University, Seoul 08826, Republic of Korea

A R T I C L E I N F O

Keywords:
Inkjet-printing process
Silver nano-particle based thin film
Crack-based strain sensor
Integrated strain sensing system
Customizable wearable device

A B S T R A C T

Wrinkle structure effectively suppresses the crack formation in a material under tensile strain, thus enabling
intrinsically brittle material to be strain-tolerant. If the brittle nature of the material can be selectively en-
gineered on the wrinkle structure, combination of mechanically different structures can be obtained within the
same material. In this work, we introduce a simple and facile approach to effectively turn strain-tolerant con-
ductive metal thin film with wrinkle structure into crack-rich thin film. The intended phenomenon was con-
trolled by additionally inkjet-printing Ag thin film onto the wrinkle structure, and the structure and performance
were also systematically optimized to enhance sensitivity and stability of the sensor. Our strategy to induce
intended cracks on corrugated metal thin film enables not only to stably combine stretchable interconnectors
and strain sensors but also to fabricate an integrated strain sensor system that can be custom-tailored to the
subject's hand size. We believe the facile strategy will be a good step to realize an integrated strain sensor system.

1. Introduction

Recently, stretchable electronics [1–3] has attracted great interest
for the next generation electronic devices owing to their high feasibility
with surrounding environment. Integrated systems composed of various
device components exhibit excellent performances for interesting bio-
inspired areas such as health-monitoring [1,4] and human motion de-
tecting [4–6] applications. To practically realize the use of stretchable
electronic devices, it is important that the integration of each compo-
nent should be durable and reliable under harsh conditions.

Strain sensor is one of the most popular components in the
stretchable electronic devices. Previous role of strain sensor has been
confined to detecting vibration or small-level expansion and typically
used in the macro-scale civil engineering [7]. However, over the past
decades, the facile use of strain sensor has been continuously involved
in the stretchable electronics, as the strain sensor with high flexibility
can be attached on human body and detect various human motions
with wide range of strain signals such as jumping, finger-bending and
grasping. Consequently, a number of research groups have reported
interesting flexible strain sensors which utilized cracking phenomenon
on various conductive materials to accomplish high strain-sensitivity
[3,6,8–15]. The electrical resistance of the crack-based strain sensor
varies according to the opening of microcracks that are generated on

brittle conductive films by the applied tensile strain. However, as the
systematic integration of interconnecting line and strain sensor at high-
level strain loading is still a huge challenge, the stretchable sensors
should be reliable under high-level deformation. Furthermore, although
all component parts are fabricated to be stable against the external
deformation, it is still difficult to develop strain-tolerant interface be-
tween interconnection line and strain sensor. The poor interface causes
not only a severe error but also low reliability of the entire sensor
system. To overcome this issue, the eutectic liquid metal has been used
for the conducting interface between device and interconnection, but it
is not able to be widely utilized due to its intrinsic phase transition
effect [16]. In addition, although composite-based integration using
carbon nanomaterials has high reliability, it is hard to design a complex
configuration that consists of narrow and long interconnector owing to
its high resistance level [16]. Therefore, a facile strategy to use highly
conductive materials should be addressed for various and complex
configurations.

Silver nanoparticles (Ag NPs) is one of the most useful materials for
various stretchable applications for its good conductivity and solution-
process availability [1,17–20]. However, the Ag NPs based thin film is
intrinsically brittle and heavily vulnerable to the external strain.
Therefore, the easy use of silver (Ag) material for stretchable applica-
tions has been mainly resulted from some extrinsic stress-releasing

https://doi.org/10.1016/j.tsf.2020.138068
Received 3 December 2019; Received in revised form 21 April 2020; Accepted 21 April 2020

⁎ Corresponding authors.
E-mail addresses: sd0690@snu.ac.kr (S. Choi), shree1989@snu.ac.kr (S. Lee), hardrist@snu.ac.kr (B. Lee), rhlight4@snu.ac.kr (T. Kim),

yongtaek@snu.ac.kr (Y. Hong).

Thin Solid Films 707 (2020) 138068

Available online 11 May 2020
0040-6090/ © 2020 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00406090
https://www.elsevier.com/locate/tsf
https://doi.org/10.1016/j.tsf.2020.138068
https://doi.org/10.1016/j.tsf.2020.138068
mailto:sd0690@snu.ac.kr
mailto:shree1989@snu.ac.kr
mailto:hardrist@snu.ac.kr
mailto:rhlight4@snu.ac.kr
mailto:yongtaek@snu.ac.kr
https://doi.org/10.1016/j.tsf.2020.138068
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tsf.2020.138068&domain=pdf


wrinkle structures [18,20–24]. While, if the vulnerable nature can be
selectively evoked in the intended area on the wrinkle structure, me-
chanically different structures of wrinkle and crack-rich regions can
coexist. Accordingly, based on the different strain-responses of each
structure, they can be utilized as stretchable electrode or strain sensor,
respectively.

In this study, we implemented an integrated strain sensor system
which consists of strain sensor and stretchable line on a stretchable
polydimethylsiloxane (PDMS) substrate by inkjet-printing Ag ink. The
stretchable Ag line has the wrinkled structure which enables the brittle
Ag line to be durable and reliable up to specific strain through fold-
unfolding behavior. By inkjet-printing additional Ag layer onto the
specific area of the wrinkle structure, the easily patternable crack-based
Ag strain sensor was fabricated. The strain-responses of each structure
were analyzed by measuring the resistance variation and morphological
changes under tensile strain, and the sensor performance was optimized
to certify high sensitivity and stability. Finally, as the inkjet printing
method enabled the customizable configuration of stretchable inter-
connects and strain sensor, the integrated system was utilized for se-
lectively detecting different joint motion in a hand without inter-
ferences.

2. Experimental methods

To fabricate PDMS substrate (thickness: 300 μm), 10:1 weight ratio
mixture of PDMS (Sylgard 184 from Dow Corning) and curing agent
was spin-coated onto glass substrate, followed by annealing at 120 ∘C
for 30 min. After detaching the cured PDMS substrate from the glass, we
fixed it onto the stretching equipment, and stretched the elastomer to
100 % strain as shown in Fig. 1(a). To make the surface of PDMS hy-
drophilic, the surface was treated with UV ozone. Then, Ag NP ink

(DGP-40 from ANP Corp.) was inkjet-printed onto the PDMS substrate
which was located on a heated plate (60 ∘C), by using a piezo electric
inkjet printer (DMP-2831 from Dimatix Corp.) with 21 μm diameter
nozzles. The nozzle squirted ~10 pL droplets of the Ag NP ink and the
droplet formed a circle with a diameter of ~40 μm on the UV ozone
treated PDMS substrate. And the distance between the centers of ad-
jacent droplets was 35 μm. After annealing the sample at 120 ∘C for 30
min, the elongated elastomer was released to flattened state, and
wrinkled Ag base layer was formed. Then, Ag NP ink was additionally
inkjet-printed onto the specific area of Ag wrinkled film on the heated
plate (60 ∘C) to form crack-inducing Ag layer. The distance between the
centers of adjacent droplets of Ag ink was 40 μm. After annealing pro-
cess (120 ∘C for 30 min), the hybrid structured Ag strain sensor was
fabricated. Optical measurement for the sensor was performed with
scanning electron microscopes (SEM) (S-4800 from HITACHI) to obtain
structural data such as surface morphology and crack generation.
Moreover, to measure the electrical characteristic of the strain sensor
under tensile strain, we fixed the sample to the customized stretching
device to apply strain to the sensor. Then, electrical measurement for
the sensor was performed with a source meter (Keithley 2400 from
Tektronix). The resistivity of the strain sensor was measured by ap-
plying voltage of 0.1V throughout the sample.

3. Results and discussion

There are various interesting phenomena about strain-response re-
sulted from structural or morphological change of the materials. In
stretchable electronics, capacitive and piezo-resistive types have widely
been utilized for stretchable strain sensor. The former has high accu-
racy, but it is difficult to design their structures on the wearable system
because of the metal-insulator-metal structure. The latter has some

Fig. 1. Schematic illustration of (a) the whole process flow of fabricating Ag strain sensor by inkjet-printing process and (b) working principles of the Ag base layer
without or with the crack-inducing Ag layer under tensile strain.
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advantages in easy fabrication and the choice of material, but it is hard
to simultaneously obtain two sensing performances of strain-sensitivity
and reliability. Among the piezo-resistive strain sensors, cracking is one
of the most popular phenomena in stretchable electronics
[3,13,15,23,25–30]. In general, the factors that determine crack for-
mation are the mechanical properties of the materials and induced
strain on the material. So, if stress-releasing structures including
wrinkles are well-constructed on the metal materials, crack formation
even at high tensile strain can be avoided in spite of their extremely
poor mechanical properties. In contrast, highly tough materials with
stress-focusing notch structures can be easily fractured even at small
strain loading. In previous study, by using selective toughening meth-
odology, different crack formations in same material were obtained,
and the two regions (fracture-designed and fiber-reinforced regions)
showed different roles on the stretchable strain sensor [13]. It means
that selective crack controlling method enables the piezo-resistive
strain sensor to have both the strain-sensitivity and reliability by se-
parating the roles.

Ag NPs based thin films on bare elastomer substrate are well known
to be fragile even at small external tensile strain, leading to entire
channel rupture due to their intrinsically poor ductility under tensile
strain [22]. To complement the poor electrical stability, in this study,
wrinkle structure of the metal thin film formed by inkjet printing Ag
NPs based ink onto the pre-stretched platform was utilized to dissipate
the strain energy from elongated platform and lessen the abrupt
channel fractures, which allowed the film to be durable at strain
loading as shown in Fig. 1(b). Afterwards, by additionally inkjet-
printing Ag ink onto the specific area of the wrinkled metal thin film,
Ag ink flew down to the valley of the corrugated Ag film before curing
process. As a result, thickness-gradient Ag film (crack-inducing Ag
layer) was deposited onto the wrinkled film as shown in Fig. 1(b). As
cracks are more likely to be generated on the thicker metal film, [31]
we were able to generate controlled cracks on the film, which gradually
increased electrical resistance under tensile strain. In addition, the
sensor's sensitivity will increase with the Ag film thickness. The printed
film thickness was ~610, ~809, ~1150, and ~1273 nm for the films
formed by one-, two-, three-, and four-time inkjet-printing, respectively.
As a result, the whole film is systematically divided into two parts. One
is Ag base layer that maintains stable electrical property, and the other
is hybrid structured Ag film with additionally printed crack-inducing
layer, which leads to a highly sensitive strain-sensing device.

In order to verify the strain-response of the Ag strain sensor, mi-
crostructural changes on the metal thin film are optically explained in
Fig. 2. The optical images of samples were exhibited at its initial state
and 50% strain, respectively. Fig. 2(a) shows the crack-inducing layer
which is deposited onto the wrinkled Ag film at 0% strain. It is noted
that unintended lateral cracks are generated on the film owing to
Poisson's effect of the elastomeric substrate. However, vertically gen-
erated cracks that cause change in resistance are not noticed, even on
the film where the crack-inducing layer and the base layer meets as
shown in Fig. 2(b). On the contrary, as comparably thicker film is
supposed to be more easily cracking, complete large cracks are verti-
cally generated on the crack-inducing layer at 50% strain loading,
which makes the film be electrically isolated. (Fig. 2(d)) The large
cracks gradually decrease in size as the thickness of the Ag sensing film
decreases, then accordingly disappear on the wrinkled film as depicted
in Fig. 2(e). In addition, as shown in Fig. 2(c) and (f), only micro-scale
cracks are seen on the Ag base film under 50% strain, but don't have a
significant effect on the noticeable change in electrical resistance.

Based on the morphological analysis, we analyzed the resistance
variation of the metal thin film under tensile strain. The stretchable
properties of Ag wrinkled base layer that were formed on the pre-
stretched elastomer are featured in Fig. 3(a) and (b), and the hybrid
structured Ag thin films that includes crack-inducing layer, are shown
in Fig. 3(c)-(f), respectively. The extent of the strain which wrinkled
base layer can stand without changing electrical resistance is

determined by how the elastomer was pre-stretched. Therefore, as
shown in Fig. 3(a), Ag base layer that had been implemented on 100%
pre-stretched platform maintained constant resistance up to higher
strain than that with 50% pre-strain. In addition, as the thickness of
metal film increases, the resistance starts to increase slightly earlier and
more sharply. As a result, it was certified that single layered Ag film
with 100% pre-strain was preferred for the base layer, which assured
wide strain range. Furthermore, to certify the mechanical stability of
the base layer of 100% pre-strain, cyclic test for 1,000 times was also
performed as shown in Fig. 3(b). While the sample showed poor re-
sistance repeatability under 70% strain, the sample showed reliable and
durable property when it was repeatedly stretched to 50% strain. Thus,
the working range of the strain sensor was determined as 50% strain to
meet the mechanical stability. The tension speed of stretching test on
base layer was 10mm/min and 100 mm/min for Fig. 3(a) and (b), re-
spectively. In Fig. 3(c)-(f), when it comes to investigate the resistance
variation of hybrid structured Ag strain sensor, cyclic tests were per-
formed in harsh conditions (cycling number: 1,000 times, strain range:
50%, tension speed: 100 mm/min). As shown in Fig. 3(c) and (d), the
sensor showed higher sensitivity as the number of crack-inducing layers
increased from 1 to 3. However, the cyclic repeatability of the sensor
was guaranteed up to double layers, as too bulky additional film in-
duced unintended cracks propagated to the base layer. In addition, the
sensitivity of the sensor could be enhanced by optimizing the patterned
ratio of crack-inducing layer to base layer as shown in Fig. 3(e) and (f).
By increasing the ratio up to 50%, the sensor showed higher sensitivity
with fairly excellent stability. Here, to quantitatively state the sensi-
tivity of the strain sensor, gauge factor can be analyzed [32, 33], which
can be calculated as

=

R R
L L

Gauge factor Δ /
Δ /

o

o

where R and L denotes the resistance value and the length of the strain
sensor, respectively. Thus, the strain sensor with higher sensitivity
shows bigger gauge factor as the resistance increases higher when the
same strain loading is applied. In conclusion, as single-layered Ag
wrinkle film which had been formed at 100% pre-stretched PDMS and
double-layered films that were coated on the 50% of the base layer
were combined, the strain sensor with high sensitivity (gauge factor
~10) and stability was obtained.

As the wrinkled Ag film has widely been utilized as stretchable in-
terconnects, the strategy of additionally inkjet-printing crack-inducing
layer onto the wrinkled Ag film enabled the large-area integrated
strain-sensing system. Therefore, in order to show the practical usage of
Ag strain sensor, we demonstrated a human motion detecting device
which could help measure the joints flexion of finger in Fig. 4. The
device is dimensionally customizable to the users of different finger size
with the merit of easily patterning additional layer onto the desired
region by inkjet-printing process. As depicted in Fig. 4(a), the device,
that was conformally attached onto the index finger, consisted of 4 Ag
wrinkled lines (1~4). The common line 1 was electrically connected to
the other lines (2~4) that were parallelly connected one another, and,
as a result, 3 Ag stretchable electrodes (1-2, 1-3, 1-4) were im-
plemented. Then, additional Ag film was patterned on the specific area
of wrinkled electrode, to exactly align with the joints of index finger for
the accurate measurement. Each Ag strain sensor which were located
on each line 2 and 3, was supposed to detect the flexion of PIP (Prox-
imal Inter-Phalangeal) joint and MP (Metacarpo-Phalangeal) joint of
index finger, respectively, and, ‘d’ denotes the distance between the
middle points of two strain sensors. The line 4 was for the reference
result of Ag wrinkled electrode. In Fig. 4(b), from the distance between
PIP and MP joints of users, the device could be dimensionally tailored
regardless of the size of their fingers (length between PIP and MP joints
of person ‘A’ and person ‘B’ are 5 cm and 6.4 cm, respectively). In
Fig. 4(c), to analyze the tailoring effect of the device, the device (d: 5
cm) showed remarkable change in resistance from the PIP joint flexion
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(90∘ degree) of a person whose PIP-MP joint distance was correspond-
ingly 5 cm. On the other hand, the misalignment of the sensors with
joints (d was either 4 cm or 6 cm) caused the device to malfunction.
Moreover, with the high sensitivity and wide working range of strain
sensor, excellent performance of the device was observed from the re-
sult that the change in resistance linearly increased according to the
degree of PIP joint flexion (30∘, 60∘, 90∘) (Fig. 4(d)). It is noted that the
measured resistance changed after the finger was bent because there is
a mechanical relaxation delay for the viscoelastic PDMS when the
bending strain is quickly applied. Similar phenomenon was also

reported in other types of piezoresistive strain sensors based on PDMS
substrate [34,35]. Finally, as shown in Fig. 4(e), for the integrated
strain-sensing device to selectively detect PIP and MP joints of finger,
we performed an experiment that verified the ability to distinguish
signals from the various flexions of index finger. Through the various
movements of index finger (stretching, PIP bending, MP bending and
PIP & MP bending) at regular intervals of 5 seconds, it was observed
that the resistance variation from each joint flexion was independent
without any interference. In addition, compared to the reference line
that showed no resistance change under joint flexion, the resistance

Fig. 2. Optical images of crack generation on the Ag strain sensor scanning from the crack-inducing layer to base layer, at (a-c) 0% strain and (d-f) 50% strain.

Fig. 3. Electrical resistance variations of (a) base layer according to the extent of pre-strain (50%, 100%) and the number of layers (1, 2) and (b) the repeated cyclic
tests (1000 times) of the Ag base layer (pre-strain: 100%) as the function of strain loadings (50%, 70%). Resistance variations in repeated cyclic tests of strain sensor
with (c, d) various number (1, 2, 3) and (e, f) ratio (30%, 50%, 70%) of Ag crack-inducing layers.
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change of well-aligned Ag strain sensor was further notable.
In order to emphasize the feasibility of the wearable device ap-

plicable to real life, we demonstrated the device to accurately detect
several common actions with finger movement, which were clicking
mouse (Fig. 5(a) and (b)) and grabbing bar (Fig. 5(c)). Detecting mouse
clicking motion was conducted in two ways: the resistance variations
that were caused by clicking frequently using only the PIP joint, and
clicking slowly using only the MP joint are exhibited in Fig. 5(a) and
(b), respectively. By selectively monitoring the movement of each
finger joint, it was noteworthy that more precise motion detecting of
the device was available by subdividing the clicking action that could
be regarded as the same motion. Meanwhile, as shown in Fig. 5(c), the
resistance variation by repeatedly grasping and releasing bar shows the
ability of the device to detect the finger movement with both joints at
the same time. Our results well demonstrated the characteristics of Ag

strain sensor and the use of integrated strain sensing system as custo-
mizable human motion monitoring device application.

4. Conclusions

To summarize, we have presented a Ag NPs based strain sensor by
patterning additional layers onto the desired area of the wrinkled Ag
film to induce intended crack formation with a facile and low-cost in-
kjet-printing fabrication process. Thus, the hybrid structured Ag film
was systematically divided into two parts to accomplish both sensitivity
and reliability of the brittle material based strain sensor. In addition, by
optimizing fabrication conditions and structures of the strain sensor, we
obtained a stable resistance variation with high gauge factor of ~10 up
to 50% tensile strain. Based on the combination of fabricated strain
sensor and wrinkle film that can be utilized as Ag stretchable electrode,

Fig. 4. (a) Schematic depiction of the joint-flexion detecting device (d: distance between strain sensors) and (b) dimensional customization of the device for the users
(person A, person B) with different hand size. (c) Resistance variation of the devices of various size (d: 4 cm, 5 cm, 6 cm) by the PIP joint-flexion of Person A (MP-PIP
length: 5cm), and (d) resistance variation of the device according to the degree of PIP joint flexion (30∘, 60∘, 90∘). (e) Resistance variation of the device by various
movements of index finger in regular sequences.

Fig. 5. Resistance variation of the device with various actions of (a) fast mouse-clicking with PIP joint flexion, (b) slow mouse-clicking with MP joint flexion, and (c)
grasping and releasing bar.
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we demonstrated an integrated strain-sensing system applicable to the
human-motion detecting device. The integrated device is able to detect
flexion of multiple joints, and it can be dimensionally tailored regard-
less of users’ hand size. It is noted that the selectively crack-inducing
strain sensor is applicable to various wearable devices which require
accurate measurement of common actions in human life.
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