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Antenna, which is the essential electric component for wireless signal communication, requires
one fixed electrical size for the stable working frequency. However, the frequency of the existing
flexible antenna varies with its changing deformation, which leads to the loss of data packet or even
transmission failure. Hence the fixed size of the existing flexible antenna is severely inconsistent
with the deformation of flexible substrate. Here we propose a strategy to design and fabricate
stretchable antennas with robust frequency based on three dimensional (3D) Kirigami, which is
lightweight and deformation insensitive. With Kirigami design and assembling in 3D style, the radiation
element of the antenna is mostly detached and strain-isolated from the soft substrate. Thus, not only
bending, stretching and, compressing, but also the random dynamic disturbance deviates the resonant
frequency little from the designed frequency in the wind disturbing experiments, as shown in the
wind experiments It exhibits a superior strain insensitivity compared with the stretchable antennas
ever reported. With mechanics guided design, the antenna’s property remains stable after 5000 cycles
bending deformation in the fatigue tests. Besides, an omnidirectionally stretchable and fully integrated
device featured Bluetooth wireless communication enabled by 3D Kirigami antenna (2.45 GHz) has
been designed and fabricated. Results show that the stretchable antenna strategy based on 3D Kirigami
is robust for wearable electronics’ wireless transmission.
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1. Introduction shape to maintain a constant electrical size in free space. How-
ever, the rigid shape is difficult to adapt to the stretching and
bending deformation of human skin.

In order to fit the malleable human skin, many efforts have
been devoted into flexible and stretchable antenna, which can

be generally divided into two categories, i.e.,, unconventional

Flexible and stretchable electronics, that are deformable and
can be integrated with human body in a comfortable way, have
been attracting wide attention in skin-like and wearable physio-

logical parameters monitoring [ 1-6]. Wireless signal transmission
of the flexible electronics would be extremely important to real-
ize the monitoring and facilitate the users in a continuous and
decent way [7-12]. Antenna, as an essential component for wire-
less signal communication, needs one robust resonant frequency
(RF) by keeping a constant electrical size [13,14]. Generally, the
traditional antenna for the robust RF requires a rigid geometrical

* Corresponding author at: Jiaxing Key Laboratory of Flexible Electronics
based Intelligent Sensing and Advanced Manufacturing Technology, Institute of
Flexible Electronics Technology of THU, Zhejiang, Jiaxing, 314006, China.

** Corresponding author.
E-mail addresses: chenying@ifet-tsinghua.org (Y. Chen),
fengxue@tsinghua.edu.cn (X. Feng).

1 These authors contributed equally.

https://doi.org/10.1016/j.em1.2022.101841
2352-4316/© 2022 Elsevier Ltd. All rights reserved.

material-based antennas [15-19] and mechanics designed ones
[20-22]. The unconventional antennas fabricated by liquid metal
and flexible dielectric material displays an excellent flexibil-
ity and stretchability [13,23]. The mechanics-designed antennas
based on metal-serpentine, metal-mesh, and 3D helical assembly
show the flexibility and stretchability in 2D/3D space [24-28].
However, the properties of these flexible antennas emerge mas-
sive variation including RF, bandwidth, and quality factor and
etc. since their electrical sizes change with a large bending or
stretching deformation of the changing substrate [29-33]. Gen-
erally, electromagnetic properties of antennas are dependent on
not only the shape and physical dimension [34,35], but also the
material characteristics [36]. The wearable devices integrated
with flexible antenna usual attach on different substrates with a
low profile, such as different parts of the human body and variant
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material surfaces whose permittivity, permeability, and conduc-
tivity will influence the RF, bandwidth, impedance matching and
so on [37-39], making the electromagnetic properties deviated
from the design. On the other hand, the larger bandwidth flexible
antenna [25] has been designed to deal with the RF deviation, yet
the performance on skin is weakened compared to that in air.
The near-field communication (NFC) antenna with serpentines
on the flexible substrate [40] could work normally under a large
deformation of the skin with the RF excursion of only 0.3 MHz, yet
the small bandwidth and gain limit the transmission speed and
distance. All in all, two challenges to existing flexible antennas are
that: (1) their RF vary with the changing geometry of the flexible
electronics. (2) their RF are sensitive to the different permittivity
of substrate materials. These would seriously decrease the wire-
less transmission of the wearable devices so far as to result in the
loss of signal packet or transmission failure. Therefore, it becomes
extremely important to solve the requiring contradiction between
the constant size and RF and the stretching deformation, variant
materials.

The fixed size of the existing flexible antenna for one sta-
ble RF is severely inconsistent with the large deformation of
flexible substrate. The stability and reliability of RF becomes
a serious problem that affects the performance of the flexible
electronic during the stretching and bending of the human body.
Recently, Kirigami and 3D buckling assembling methods with
highly reliable packaging [41-43] provides a useful prospect for
designing new structures and solving the above two problems of
flexible antennas. The working principle is that Kirigami design
and 3D buckling assembling render the radiation element of
the antenna distanced from the soft substrate with small strain
inside during bending, stretching, and compressing. The antenna
possesses RF stability under a large deformation, insensitivity to
the substrate materials. Systematic simulations and experiments
have been carried out to verify these designs. What is more, an
omnidirectionally stretchable and fully integrated device featured
with signal sensing, data collecting and processing, and Bluetooth
wireless communication functions has been designed and built to
further demonstrate the practical utility of this strategy. Hope-
fully, the 3D Kirigami antenna with constant RF can help realizing
more wearable and stretchable electronics with good wireless
communication ability.

2. Structural design of 3D Kirigami antenna

A skin-like electronic device works on a human body where is
a dynamically deformable environment enriched with bending,
stretching, wind disturbing and so on. As shown in Fig. 1(a),
the physiological data like body temperature, heart rate, electro-
cardiograph (ECG), blood glucose, movement velocity, etc. shall
be wirelessly transmitted via the antenna. Traditional flexible
printed circuit (FPC) antennas with a solid form fail to accommo-
date the deformable substrate and work properly. For the above
problems, we propose a substrate materials and strain insensitive
3D Kirigami antenna to solve the dilemma of deformation and
stable RF.

As shown in the upper right of Fig. 1(a), Kirigami technology
has been introduced in the design of a Kirigami antenna fed by
coplanar waveguide (CPW) which is made from polyimide (PI)
film with copper. The antenna precursor is composed of ground
plane, radiating element, flexible substrate and cutting gap, in
which the radiating element is isolated from the flexible substrate
by the cutting gap. With compressive buckling method, the flat
precursor can be buckled in the out-of-plane direction as a 3D
Kirigami antenna. Then the 3D Kirigami antenna can be stretched
or compressed on any stretchable substrate. Most importantly,
the radiating element in the antenna remains undeformed with
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little strain during stretching, compressing and bending deforma-
tion, which ensures its RF stable. Based on the Kirigami antenna
strategy, a series of antenna with different structural units have
been designed as shown in Fig. 2(a).

The dielectric constant of the 3D Kirigami structure is deter-
mined by the stretchable substrate, PI and air. According to the
serial mixing model [44], the dielectric constant of the composite
material could be estimated,

er_l =ZVisf1 (1)
i

where ¢, is the dielectric constant of the composite material. V;
and ¢; are the volume percentage and dielectric constant of the
ith phase, respectively.

Since the air dielectric constant is 1, the dielectric constant
&r shall be determined by the volume percentages and dielectric
constants of the PI and PDMS films. As can been seen from
Fig. 1(a), the thickness of the composite is equal to the displace-
ment of the antenna film based on the buckling theory [45] as,

u(x)_1 [48L  4h? 1+C0527tx @)
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where L is the length of the 2D antenna precursor before buckling.
8 is the antenna’s ends horizontal displacement. h is the thickness
of the PL

Then thg sectional area of the air part could be evaluated as,
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Defining the width of PI as W, the volume of air part (V) could
be expressed as,

V=W-S (4)

In this research, we assume that the PI and PDMS films have
same volume that is 192 mm?. The dielectric constants of PI
and PDMS films are 3.5 and 2.8, respectively. According to the
Eq. (1), the variation volume percentages of the PI, PDMS and air
are the primary contribution to the dielectric constant &,. Once
the antenna is bulked into 3D state, the air volume percentage
will increase quickly and become the main component, leading
to the dielectric constant &, of near 1 as can been seen from
table S1, which has also displayed the horizontal displacement
8 and volume of air part at different applied strains. Thus, this
structure will offer a stable dielectric constant ¢, for the dielectric
material of the antenna even under large deformation, and then
make the approximated effective dielectric constant (g.5) keep a
stable value.

3. Frequency robustness of Kirigami antenna

Here we use 100 pwm thickness PI film as the flexible substrate
and 18 pm thickness copper as the radiating element of 1-unit-
cake 3D Kirigami antenna. And the compressive buckling of 1the
3D Kirigami antenna is conducted by releasing the substrate with
previous applied strain (AS). AS = 100% presents that the antenna
is as unstretched as the originally designed 3D state. AS = 0%
indicates that the antenna is ultimately stretched into flat state
as the 2D precursor. 3D Kirigami antennas’ return losses with
and without substrate have been numerically calculated under
different stretching deformation. Fig. 1(b) shows the return losses
of a free-standing 3D Kirigami antenna, whose maximum RF
deviation is only 0.043 GHz. The reason is shown in the inset,
i.e., the maximum principal strain in the metal is 0.8% at the leg
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Fig. 1. Motivation and antenna structure designs. (a) Background and the Kirigami antenna fed by CPW, composed of ground plane, radiating element, flexible
substrate and cutting gap. (b) Sy; results of 1-unit-cake antenna without PDMS substrate under different ASs, and the inset is the FEM analysis result under 100%
AS. (c) S11 results of the 3D Kirigami antenna adhered on a polydimethylsiloxane (PDMS) substrate under different ASs. (d) The effects of different kinds of adherend
substrates on the RF of the 3D Kirigami antenna. (e) Sy; results of the 3D Kirigami antenna with different kinds of adherend substrates.

and the radiating element moves like a rigid body in the space
as design experiencing nearly zero strain. Fig. 1(c) shows the
return losses of a 3D Kirigami antenna on a stretchable substrate
(made of polydimethylsiloxane, PDMS). The RF of 3D antennas
(AS # 0%) are stable during stretching, which is desired in the
stretchable devices. And there is an obvious RF transition (i.e., a
deviation of 0.427 GHz) between limit 2D state (AS = 0%) and
the other 3D states. The RF transition here is a general microprint
of 2D antenna’s performance dependence on substate materials.
Because the permittivity of PDMS (~2.8) is larger than that of the
air (~1) [18], the RF of the 2D antenna shifts to lower frequency

compared to the 3D antenna. The corresponding direction dia-
grams been displayed in figure S1, in which the shape and beam
pointing of the 3D antennas (with/without stretchable substrate)
are similar other than the 2D ones.

The radiating element’s detaching from the stretchable sub-
strate in the 3D Kirigami antenna not only makes its RF irrele-
vant from the deformation transmitted by the stretchable sub-
strate, but also renders its RF independent from the substrate’s
permittivity. Commonly used flexible or stretchable substrate
(e.g., clothes, PDMS, PI and skin) enabled 3D Kirigami antennas
have been simulated as shown in Fig. 1(d). It turns out that
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Fig. 2. Simulations and measurements results of antennas with different kinds of structures. (a) Antenna 2D precursor. (b) Simulated and experimental results of
the resonant frequencies for the antennas. (c) Simulated and experimental results of the S;; for the antennas. (d) The detailed RF results of 1-unit-cake antenna by
experimental measurement. (e) The e and RF of 1-unit-cake antenna under different ASs with PDMS adherend substrate.

the RF at AS = 0% is different for disparate substrate, since the
antenna is attached on the substrate. Yet, due to the radiating
element’s detachment to the substrate, the RF keeps similar and
unchanged at the 3D state where AS > 0%. As shown in Fig. 1(e),
the absolute values of the return losses are all larger than 10 dB,
whose variation could be attributed to the impedance matching
induced by the substrates and the antenna shapes. Thus, the
results revealed that 3D Kirigami could make traditional FPC an-
tennas display a favorable stretchability and a well substrate-and
deformation-independent RF property.

To further confirm 3D Kirigami antenna strategy could im-
prove the stability of the RF, a series of antennas with different
structural units in Fig. 2(a) have been analyzed by the finite ele-
ment method (FEM). All the 3D Kirigami antennas with different
units and patterns possess small maximum principal strain (< 1%)

even at 100% AS, as seen from table S2. Then these antennas
are imported into the HFSS code to design and simulate their
electromagnetic property. The antenna precursors are fabricated
by FPC technology and 3D assembled by compressive buckling
with the AS of the stretchable substrate, as shown in table S3. The
simulated and experimental results of the RF during stretching
deformation are shown in Fig. 2(b) and (c). It turns out that the
experimental results are accord with the simulated ones. The RF
of these Kirigami antennas is insensitivity to the deformation.
The absolute values of the return losses for all the antennas
are higher than 10 dB, as shown in figure S2(a) and (b), and the
simulated gains shown in figure S2(c) are greater than 0 dBi,
indicating all the antennas could receive and transmit signals.
Besides, the aforementioned transition and 3D antenna’s stable RF
are also observed here, indicating that the 3D Kirigami antenna
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strategy can be effective in more other designs with different ra-
diating elements and different RFs. Table S4 shows different kinds
of antennas with their RF, RF deviation, RF offset, flexibility and
Stretchability. The results shows that the 3D Kirigami antennas
possess a better RF-stability property with a relatively low RF
deviation and offset.

To further investigate the RF transition between 2D and 3D
antenna, experiment with smaller deformation steps has been
conducted as shown in Fig. 2(d). The antenna’s RF (denoted as f;)
can be empirically predicted by the following equation [46,47],

frm (5)
VEeff X Lant

where ¢ and e,y are the speed of light in free space and the
approximated effective permittivity, respectively, and L.y is the
length of the antenna. According to the Eq. (5), the RF for the
determined radiating element’s pattern is mainly dependent on
the approximated effective permittivity. Take the 3D Kirigami
antenna (PDMS substrate, RF = 3 GHz) in the inset of Fig. 2(e)
as an example, in view of the irregular structure and electro-
magnetic simulation without the consideration of the buckling
PI film, the approximated effective permittivity is simulated by
HFSS as shown in Fig. 2(e). When the radiating element gets
detached from the soft substate with the increasing AS, the air
part is added on the substrate, causing the approximated effective
permittivity decreases sharply at the transition phase. Thus, the
RF increases rapidly meanwhile. This result is agreement with
the material structure design. After buckling and leaving from
the substrate, the metal layer which displays a very low strain
contributes to an approximately equal resistance. In addition, the
load impedances of all the buckling antennas belong to inductive
impedance at their RFs according to the Smith chart, as shown
in figure S3(a). Thus, all the antennas could be equivalent to a
serial circuit, composed of a resistance and an inductance, which
has been shown in figure S3(b). For all the buckling antennas, the
inductances are mainly influenced by the metal layer size and
retain a similar result. Both the similar resistance and inductance
lead to a constant RF for the buckling antennas.

Besides, these antennas’ bending behaviors have also been
studied by bending them onto different radius. Antenna on non-
pre-strained substrate is stable in RF during bending with an
obvious transition (RF deviation = 0.143 GHz) in plane and curvy
as shown in figure S4. However, the antenna whose radiating
element is detached from the pre-strained substrate is stable
in RF from plane to curvy as shown in figure S5, and the RF
deviation is only 0.06 GHz. Thus, the 3D Kirigami antenna is able
to keep stable RF during stretching and bending deformation till
the radiating element touch the substrate.

Moreover, the repeated deformation may cause metal or plas-
tic fatigue in the antenna and degenerate its performance. Thus,
the fatigue resistance evaluation of the 3D Kirigami antennas
have been carried out by the tensile and compression test systems
(Care Measurement and Control, China) as shown in figure S6.
The fatigue test has been shown in video S1. The place with the
biggest strain in the antenna is highlighted in Fig. 3(a), which
exhibits no crack or delamination-like differences after 5000 cy-
cles stretching deformation as shown by the before and after
scanning electron microscope images in Fig. 3(b) and Fig. 3(c),
respectively. Meanwhile, the antenna is connected to the network
analyzer by a high frequency test line, and the return losses of
plane antenna and 3D Kirigami antenna are tested and recorded
every 1000 cycles. As shown in Fig. 3(d) and (e), the RF changes
little indicating the 3D Kirigami antenna is fatigue friendly.

To examine the antenna’s RF stability in dynamic deforma-
tion occasion, the wind disturbance experiments of three typical
designs have been conducted as shown in video S2(a) ~(c). The
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blower with randomly changing wind direction acts as the dy-
namic deformation loader. And the return loss is in situ and in
real time measured. As demonstrated in Fig. 3(f), the 3D Kirigami
antenna involves large deformation under wind blast. Comparing
the three typical deformations at the bottom of Fig. 3(f), the RF is
relatively stable at the designed value and the return losses are
lower than —10 dB, as shown in Fig. 3(g), indicating its ability
to transmit electromagnetic radiation effectively during randomly
deformed conditions.

4. Application for wireless communication

To further demonstrate the feasibility of this strategy, we have
designed a stretchable and flexile integrated device with func-
tions including sensing, data processing and wireless communi-
cation by Bluetooth, whose circuit layout is shown in Fig. 4(a).
Connection lines between two components adopt serpentine lines
in the circuit. The relative distance increase in the circuit between
the two components, which can withstand more deformation and
improve its extensibility. The analog temperature signal captured
by the sensor is converted into digital signal by the analog digital
converter (ADC) and processed in the microcontroller unit (MCU)
before transmitted to the mobile phone by the antenna as shown
in Fig. 4(b). A mobile phone application is developed to display
the signal and the RSSI (Received Signal Strength Indicator). A 4-
cake patterned 3D Kirigami antenna and serpentine interconnects
are used to enable the omnidirectional stretchability. The 4-cake
patterned 3D Kirigami antenna’s maximum principal strain dur-
ing 30% stretching and compressing is below 0.72% as calculated
in the figure S7.

Then the integrated device with 3D Kirigami antenna is fab-
ricated by laser cutting (DL300U, China) and transfer printing.
As shown in figure S8, the fabrication is started with laminating
FCCL (Flexible Copper Clad Laminate) onto a silicone layer and
patterning them into antenna precursor by laser cutting. And
the 3D Kirigami antenna is assembled by compressive buckling
after the extra FCCL is removed. Meanwhile the fabricated FPCB
is laminated onto a silicone layer and patterned into a stretchable
network similarly. Then the patterned FPCB network is trans-
ferred onto a water-soluble tape with its circuit facing upside,
before Ecoflex is blade coated on it. After the Ecoflex is cured
and the water-soluble tape is resolved, the chips are assembled
onto the stretchable circuits together with the antenna whose
RF is 2.45 GHz. The final product is shown in Fig. 4(c), and it
can be bent and stretched easily. Before testing the stretchable
integrated device, the Bluetooth antenna’s performance during
deformation has been numerically calculated where the stretch-
able circuit has been considered as the ground plane as shown
in the inset of Fig. 4(d). Results show that the antenna’s RF is
stable at the designed value during 30% stretching deformation
as shown in Fig. 4(d), other than the RF transition in 2D and 3D
state as aforementioned.

To test the 3D Kirigami antenna integrated device under de-
formation, it is attached onto a balloon as shown in Fig. 5(a). By
inflation (i.e.,, AV > 0) and deflation (i.e.,, AV < 0), the device is
stretched or compressed omnidirectionally on the spherical sur-
face where the serpentine interconnects are expanded or curved
and the 3D Kirigami antenna is flattened or arched up. Meanwhile
the RSSI is recorded to evaluate the quality of the wirelessly com-
municated data. Here, the Bluetooth chip’s RSSI working range
is from 0 to —93 dBm. Results show that the RSSI keeps around
—40 dBm during 30% stretching deformation indicating the 3D
Kirigami antenna’s good performance during stretching and com-
pressing. The details can be found in Video S3(a). We have also
attached the 3D Kirigami antenna onto human’s arm as displayed
in Fig. 5(c). A stable RSSI of about —71.8 dBm is obtained in the
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process of the arm rotation and antenna deformation, shown in
Fig. 5(d) and Video S3(b). In addition, we have also tested the
working distance of this antenna with this integrated device as
shown in Fig. 5(e). The RSSI decreases when the device is getting
away from the mobile phone, and keeps within the acceptable
range (i.e., 0 to —93 dBm) within the distance of 80 m, as shown
in Fig. 5(f). In addition, the mobile phone has been receiving
the signal data within a distance of 140 m as shown in Video
S3(c), indicating that the 3D Kirigami antenna has a well far-field
communication property.

5. Conclusions

In conclusion, the antenna’s performance under deformation
circumstances determines flexible and stretchable electronics’
quality in data wireless communication. Here we propose a strat-
egy to design a stretchable and robust RF antenna by Kirigami.

These flexible and stretchable antennas are insensitive to sub-
strate deformation as well as the substrate material category,
since the radiating elements are detached from the substrate
during working. These antennas can be freely bent and conformal
to planar, non-planar and deformable structures. The RF stable
mechanism has been analyzed by the combined mechanics and
electromagnetic simulation based on FEM. Different kinds of an-
tenna designs have been simulated, measured during stretching,
compressing and bending deformation. The results indicate that
within the deformation limit in which the radiating element
touches the soft substrate, the RF of the 3D Kirigami antenna shall
well keep relatively unchanged. Besides, this 3D Kirigami an-
tenna can be simply made of FPCB materials and easily fabricated
by laser cutting and compressive buckling assembling, which is
highly accommodated with the method in fabricating flexible
circuits. Furthermore, the feasibility has been demonstrated by
designing a 3D Kirigami Bluetooth antenna and integrated which



Z. Wang, H. Wang, F. Liu et al.

Extreme Mechanics Letters 56 (2022) 101841

Volt. Div. (1) [« Sensor (R)

!

MCU in BLE

ADE@ Pl soc
Bluetooth in
Antenna (4) e BLE SOC (3)

¥

BAT (6) || BAT Conv. (5)
1
1

—AS 0%
——— AS 25%
= AS 50%
—AS 75%
~AS 100%

2.50 2.75 3.0

Freq. (GHz)

Fig. 4. Bluetooth antenna design and fabrication. (a) and (b) the circuit structure and principle diagram, respectively. (c) The final product of stretchable circuits. (d)

S11 simulation results of the 4-unit-cake antenna. The inset is the model.

with an omnidirectional stretchable circuit. The transmission sig-
nal quality and the acceptable wireless communication distance
have been tested. It turns out that the 3D Kirigami design not only
enables antenna’s stable RF during deformation, but also helps
improving the acceptable distance for wireless communication in
a stretchable integrated device. The Kirigami designed method for
3D Kirigami antenna with constant frequency can help realizing
more wearable and stretchable electronics with good wireless
communication.

6. Experimental section

6.1. 3D Kirigami antenna’s mechanics and electromagnetic simula-
tion

The finite element methods were adopted in mechanics simu-
lation and electromagnetic simulation. The 3D Kirigami antenna’s
assembling process and stretching deformation are statically sim-
ulated by the commercial software ABAQUS. The maximum prin-
cipal strain was chosen to estimate the strain state of radiating el-
ement during deformation. Eight-node 3D solid elements (C3D8R)
and four-node shell elements (S4R) were used to simulate the
silicone substrate and 2D precursors, respectively. The elastic
modulus (E) and Poisson’s ratio (v) are Egypsgrate = 166 kPa,
Vsubstrate — 0.49, ECu = 117 GPa, Veu = 0.34, Ep[ = 2.5 GPa,
vp; = 0.34. On the other hand, the electromagnetic simulation of
reflection coefficient (S11) characteristics of the antennas is sim-
ulated by commercial code ANSYS HFSS. The 3D configurations

of these antenna were given by the mechanics simulations. Then
it was imported in to the HFSS and fed by coplanar waveguide
(CPW). The relative permittivity (e;), relative permeability (u;),
and conductivity (o) are &, cy = 1, sy cu = 0.999991, oy, = 5.8
x 107 S m_1v Er_substrate = 3.5, Ur_substrate = 1, Osubstrate = 2.5
x 107 S m~!. It was focused on the radiation characteristics,
such as resonant frequencies of antennas under the different
deformation states. Meanwhile, the antenna size was optimized
according to the frequency requirements in the design. A flexible
copper clad laminate with 100 pwm-thick PI film and 18 wm-
thick copper was used to prepare the Kirigami antennas by the
flexible printed circuit technology. The 4-unit-cake antenna for
the Bluetooth application in the flexible electronic system (FES)
was cut by a laser device (DL300U).

6.2. The stretchable integrated device with bluetooth antenna

The circuit was shown in Fig. 4(a). Component 1 was an
NTC (Negative Temperature Coefficient) thermistor, which could
directly convert temperature change into resistance change. The
AD chip converted the analog resistive signal into digital signal
and transmitted which to a microcontroller unit (MCU, com-
ponent 3) chip. This SoC chip was integrated with a Bluetooth
inside, and sent the processed data to a mobile phone application
through the 3D Kirigami Bluetooth antenna. The temperature
signal was displayed on the phone. Component 5 was an N-type
triode protecting the circuit. Component 6 was a power input
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Fig. 5. Application analysis of the Bluetooth antenna in the stretchable circuits. (a) The stretchable circuits attached to a balloon. (b) RSSI results of the stretchable
circuits on the balloon under different volume states. (c) The stretchable circuits attached to human’s arm. (d) RSSI results of the stretchable circuits on human’s
arm. (e) RSSI-distance test of the stretchable circuits. (f) RSSI results at different distances.

pin. To enable the stretchability of the circuits, the serpentine
interconnects were especially used. What is more, to make the
stretchable circuits in a single layered FPCB, the zero-ohm resistor
was adopted where the interconnects crossed in. The fabrication

of the stretchable circuits began with laminating a 100 pm thick
PI sheet onto the substrate before deposition of copper (18 pwm)
by the plating. Then the metal layers were patterned by pho-
tolithography and wet etching based on the designed serpentine
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circuit. The PI sheet patterned into the serpentine circuit was
attached to a prepared Ecoflex (1.5 mm thickness). The serpentine
circuit was cut by the laser machine to strip the extra PI film be-
side the serpentine interconnects. The cut circuit was transferred
on to a water-soluble tape and covered by Ecoflex before curing
in a vacuum drying oven at 80 °C for 2 h. Then the hydrosol
was washed off via the deionized water. Chips, battery and 3D
Kirigami antenna were integrated on the circuit through solder.

The circuit is connected to the mobile phone through the app,
and the 5-inch balloon was inflated by 20%. Relying on the Van
der Waals’ force, the prepared circuit was attached on the surface
of the balloon. Compressed air was filled into the balloon via an
air gun. The wirelessly transmitted signal was recorded in real
time during the balloon expansion process. Temperature signal
data was recorded in real time when the inflated balloon was
rotated in three directions.
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