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A B S T R A C T   

Wearable electronics used to capture biological signals are substantially important in human–robot interactions, 
health monitoring, and clinical treatment. However, for curved or irregular body surfaces, intimate interfacing 
with the skin, which is essential for robust signal recording, is challenging. In this study, flexible core-sheath fiber 
sensors and adaptive devices were developed using a coaxial 3D printing technique and kirigami-inspired pat
terns. The printed core-sheath fiber, which was successfully applied in human–robot interaction, exhibited 
excellent electromechanical properties with a sensing strain range of 700%, and had high accuracy of approx
imately 3 mN and high electromechanical durability. In addition, the viscoelastic nature of the core material 
(shear-stiffening gel) provided the fiber array with fine energy dissipation performance against external harm by 
buffering the impact force by 51% while simultaneously capturing the dynamic impact in 4 ms. Moreover, the 
introduction of kirigami-inspired deformability to planar electronics facilitated conformable attachment of 
sensing devices with substantial adjustability to 3D curved surfaces; they can be adapted to shoe pads of different 
sizes without compromising their sensitivity. The 3D printing technique and kirigami-inspired pattern designs for 
creating adaptive and flexible wearable electronics hold great potential for advanced health monitoring of 
diverse and complex epidermal surfaces.   

1. Introduction 

Wearable electronics have gained increasing interest owing to their 
potential applications in health monitoring systems [1,2], medical 
prostheses, and intelligent robotics [3,4]. Traditional fabrication 
methods for preparing wearable electronics, such as photolithography 
[5], laser writing [6], and metal deposition [7] have limitations, such as 
complicated processes, high cost, and uncontrollability. The emerging 
3D printing technique, which has scalability and controllability, has 
provided a new strategy for developing wearable electronics in a pro
grammable manner [8–10]. 3D-Printed sensors, which have high 
sensitivity and low detection limit, are capable of differentiating human 
movements [11,12] and monitoring biological signals [8,13,14]. How
ever, these sensors are normally directly exposed to the natural envi
ronment without any protection, which may result in a shortened 

service life and rapid performance degradation. To withstand unfavor
able environments, several methods, such as spray coating [15], injec
tion into microchannels [16], and droplet deposition have been used to 
protect sensors with protective layers [17]. In addition, the coaxial 3D 
printing technique provides a highly efficient, simple, and scalable 
approach for fabricating complex core-sheath structures that overcome 
the limitations of the abovementioned methods. For example, a liquid 
metal can be directly encapsulated into an elastomeric sheath in a single 
step through coaxial extrusion without any post-processing, such as 
injecting or casting [18]. A flexible core-sheath sensor, which can 
monitor and differentiate human joint motions, was fabricated through 
the coaxial extrusion of conductive and elastomeric inks [19]. Thus, the 
coaxial 3D printing technique is a useful and feasible way to develop 
high-performance and steady core-sheath sensors for wearable 
electronics. 
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Most skin-mounted wearable electronics for human motion detection 
and health monitoring have been presented in a soft planar form 
[20–22]. A more complicated structure is required to achieve an inti
mate interface with the skin for physiological sensing. Recently, the 
ancient art of paper cutting (kirigami), which transforms planar 2D 
structures into complex 3D structures, has gained increasing attention 
[23–25]. Much effort has been devoted to introducing kirigami patterns 
to wearable electronics to develop advanced functions and widen their 
applications [26,27]. The strain accommodations of the sensors can be 
extended 20 fold without compromising the electrical conductivity or 
fluorescence property through geometric engineering of the polymer 
sheets into kirigami patterns [28]. Moreover, a kirigami scheme for 
constructing 3D deformable electronic systems has been successfully 
developed to make wearable devices conformably attached to 3D curved 
surfaces with minimal invasiveness while maintaining stable mechani
cal and electrical properties [29]. These devices can be self-adaptive for 
more robust adhesion to body surfaces, which benefits the monitoring of 
external stimuli. However, external stimuli in our daily lives, such as 
violent collisions and shocks, may be harmful to individuals, and cause 
serious body injuries. Thus, more effort should be devoted to ensuring 
personal safety. 

However, the increasing awareness of security has propelled the 
development of wearable electronics with the ability to warn and pro
tect people from danger [30]. An ultrasensitive and highly fire-retardant 
aerogel device is developed for fire warning [31]. Based on the com
bined mechanical and thermal effects of porous graphene, wearable 
devices with integrated alarm functions have been successfully applied 
to warn people of potential abnormal health conditions [32]. However, 
the protective performance of these electronics is still limited, which 
restricts their practical applications. Shear-stiffening gel (SSG)-based 
composites, with excellent electromechanical properties and safe
guarding performance, have gained increasing attention owing to their 
prospective anti-impact and sensing capabilities [33,34]. Due to the 
impregnation of SSG, the impact resistance of Kevlar fabrics was 
improved by 150%, thus finding applicability in soft body armor [35]. 
Conductive SSG-based sensors exhibit outstanding electromechanical 
properties with gauge factors greater than 500 that can even capture the 
footsteps of a small spider, indicating a promising potential for wearable 
electronics [36]. Therefore, SSG-based smart wearable electronics may 
be a suitable choice for monitoring biological signals and protecting 
people from external harm. 

In this work, we developed an SSG-based core-sheath fiber sensor for 
wearable electronics and kirigami-inspired deployable devices to make 
them conformably attached to curved and size-varied surfaces. The core- 
sheath fiber sensor, fabricated using the coaxial 3D printing technique, 
can capture stretch, compression, and bending deformations with an 
outstanding accuracy of approximately 3 mN, excellent electrical 
durability (>10000 cycles), and superior mechanical stability. 
Furthermore, it has been well applied in human–robot interaction, 
accomplishing missions, including human gesture capturing, robot arm 
control, and feedback. Owing to the rate-dependent electromechanical 
properties, the core-sheath fiber-based arrays could not only detect 
external static and dynamic stimuli, but also buffer the impact force by 
51%, exhibiting superior safeguarding performance. Moreover, the 
kirigami-inspired patterns transformed the 2D planar wearable elec
tronics into 3D adjustable structures, which could adjust themselves to 
curved or size-varied surfaces. This method for fabricating adjustable 
sensing devices has promising potential for functional wearable 
electronics. 

2. Experiment section 

2.1. Materials 

Ethanol and boric acid were purchased from Sinopharm Chemical 
Reagent Co., Ltd. (Shanghai, China). Hydroxyl silicone oil 

(Polydimethylsiloxane, PDMS, 500 mm2/s, AR degree, Jining Huakai 
Resin Co., Ltd.) was used to prepare an SSG. Conductive multiwall 
carbon nanotubes (CNT, type: TF-25001) were obtained from Tan Feng 
Co., Ltd. Commercially available silicone elastomer (Ecoflex 00200), 
Thi-Vex silicone thickener, and Slo-Jo platinum silicone cure retarder 
were purchased from Smooth-On (Macungie, PA, USA). Silicone oil 
(Sinopharm Chemical Reagent Co., Ltd.) was used for an oil bath. A 
polyethylene terephthalate (PET) film (thickness: 0.1 mm) was used as a 
flexible substrate for the 3D printing of the fiber film. 

2.2. Preparation of printing inks 

First, 1 g of boric acid, 40 mL of hydroxyl silicone oil, and a certain 
volume fraction of CNT were mixed evenly in a ceramic dish by 
continuously stirring for 10 min. The mixture was then heated at 180 ◦C 
for 1.5 h and stirred every 15 min to ensure a homogeneous reaction. 
The mixture formed a lightly cross-linked, sticky, and viscous gel during 
heating. After cooling to room temperature, core inks (SSG or SSG-CNT) 
were obtained. This polymer was named as SSG-xCNT and x represented 
the volume fraction. 

Ten grams each of Ecoflex 00–20 Part A and Part B were mixed ho
mogeneously. Then, 0.5 g of Thi-Vex silicone thickener (referred to as 
Thi) was added as a rheological modifier, and 0.2 g of Slo-Jo platinum 
silicone cure retarder was used to increase the pot life. The mixture was 
then transferred to a 20 mL syringe and degassed in a planetary 
centrifuge (HM800, Shenzhen Hasai Technology Co., Ltd., Shenzhen, 
China) at 3000 rpm for 15 min to obtain the sheath ink. 

2.3. Printing of core-sheath fiber and patterns 

The coaxial nozzles were constructed using an Object260 Connex3 
PloyJet 3D multimaterial printer (Statasys Ltd.). A 20 mL pneumatic 
syringe was used to store the core inks (SSG-CNT). An air cylinder 
connected to an air compressor and a pressure regulator (XN2010, Puma 
Industrial Co., Ltd.) were used to provide an appropriate pressure of 0.6 
MPa to extrude the core inks through the inner nozzle. A syringe pump 
(LSP02-1B, Longer Pump Co., Ltd.) was used to extrude the sheath ink 
(liquid Ecoflex) through the outer nozzle at a speed of 0.8 mm3/s. The 
core-sheath fiber was coextruded into an oil bath pot and heated at 60 ◦C 
for 15 min. Then, the fiber was transferred to an oven at 80 ◦C to 
vulcanize the Ecoflex sheath for 15 min. Then, coaxial nozzles were 
assembled on a computer-controlled 2-axis movement platform (VG- 
L5S, Vigotec Co., Ltd.). The core-sheath fiber patterns were printed 
following the paths designed by the VigoEngravel software. Then, the 
printed patterns were vulcanized in an oven at 80 ◦C for 15 min to obtain 
the final products. 

2.4. Characterization 

The morphologies of the CNT, SSG, and SSG-CNT/Ecoflex composite 
fibers were characterized using field emission scanning electron mi
croscopy (FE-SEM, XL30 ESEM). The rheological properties of the inks 
were characterized using a stress-controlled rheometer (Physica 
MCR302, Anton Paar Co., Austria). The stretch and compression tests 
were carried out using a dynamic mechanical analyzer (DMA, Electro 
Force 3200, TA instruments, Minnesota, USA). The Modulab® material 
test system (Solartron Analytical, AMETEK Advanced Measurement 
Technology, Inc., United Kingdom) was used to evaluate the electrical 
performance of the core-sheath fiber, and the sampling frequency was 
set at 1000 Hz. The impact tests were carried out on a drop tower ma
chine (ZCJ1302-A, MTS System Co., America) with a drop hammer mass 
of 0.25 kg. 
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3. Results and discussion 

3.1. 3D printing of core-sheath fibers and SSG-CNT/Ecoflex composite 
patterns 

Fig. 1a shows a schematic of the 3D printed core-sheath fiber sensors 
for human motion monitoring, such as hand gesture, elbow bending, and 
gait. Using the 3D coaxial printing technique, the core and sheath inks 
were coextruded from the coaxial nozzle (Fig. 1b and S1), forming a 
steady core-sheath structured fiber (Fig. 1c). Fiber sensors can be ob
tained by assembling copper electrodes without other complex post- 
processes. In addition, the core-sheath fiber can also be smoothly 3D- 
printed into various patterns, such as logarithmic-spiral, butterfly, and 
spider web patterns, exhibiting the advantages of customization and 
scalability (Fig. 1d). 

Suitable printing inks were prepared by investigating their rheo
logical properties. The pristine SSG exhibited a typical shear-stiffening 
behavior, and its storage modulus (G′) increased dramatically with 
shear frequency (Fig. 2a). At 0.1 Hz, G′ was 166 Pa, and the SSG was soft 
and plastic. As the shear frequency increased to 100 Hz, G′ increased by 
3 orders of magnitude to approximately 0.2 MPa, which exhibited a solid 
characteristic. During the fabrication of the SSG, the hydroxyl silicone 
oil was successfully cross-linked via chemical “Si–O–B′′ bonds with the 
introduction of boric acid. More importantly, the physical crosslinks 
between boron and oxygen atoms from different molecules were 
incorporated [37]. In contrast to permanently connected chemical 
bonds, physical crosslinks can undergo rate-dependent breaking and 
reattaching processes, which results in a unique shear-stiffening 
behavior. At a low strain rate, these dynamic crosslinks could break 
and reattach freely and carry almost no load. Therefore, the SSG will be 
in a viscous liquid state and can be deformed easily. At a high strain rate, 
there is not enough time for the attached physical crosslinks to break. 
The attached physical crosslinks behave like permanent chemical bonds 

and severely restrict the deformation. Thus, the SSG is transformed into 
a rubbery state, exhibiting a much larger modulus [38]. 

The CNT strengthened the mechanical performance of the SSG. As 
the CNT volume fraction (φ) was 3.79%, the G′ at 0.1 Hz and 100 Hz 
increased to 628 Pa and 0.28 MPa, respectively. G′ increased with φ, 
which could be explained using the cluster-cluster-aggregation model 
[39]: 

G′

− G′

SSG ∝ φ(3+B)/(3− N) (1)  

where B and N are the fractal dimensions of the network and its back
bone, respectively (Fig. 2b). As expected, the data followed a power law 
with an exponent of 2.1. In the shear strain sweep tests, G was steady at 
low strain and tended to decrease with increasing strain for all com
posites due to Payne effect [40] (Fig. 2c). The red points indicated the 
strain at which the composites began to yield. The yield strain (γc) 
reduced with φ following a power law with an exponent of − 1.09 
(Fig. S2). Consistent with its highly liquid-like nature, the dynamic 
viscosity (η′

= G′′/ω) of the SSG was relatively low at approximately 
7000 Pa s (Fig. S3), which facilitated the smooth extrusion of the 
SSG-CNT through the inner nozzle. 

Creep is the tendency of a solid material to deform slowly under the 
loading of external stress. It has been widely studied to demonstrate the 
viscoelastic properties of polymer composites. In this work, the creep 
(red part) and recovery behaviors (green part) of the SSG and SSG-CNT 
composites were investigated (Fig. 2d). When a shear stress of 5 Pa was 
applied for 300 s, the shear strain (γ) of the SSG increased linearly to 
approximately 16.2% owing to its lightly cross-linked nature. As the 
shear stress was removed, γ remained almost unchanged for following 
600 s with an unrecoverable strain of 16.0%. The introduction of CNT 
enhanced the strength of the SSG-CNT composites. At the creep stage, 
the introduction of 3.79% CNTs reduced γ to 6.8%. At 300 s, γ decreased 
with increasing φ. Moreover, SSG-CNT recovered more quickly than SSG 

Fig. 1. Fabrication process of the core-sheath fibers and SSG-CNT/Ecoflex composites patterns. Detection of human body movements (a). Illustration of the coaxial 
3D printing process of SSG-CNT/Ecoflex patterns (b). Section view of the core-sheath structure (c). 3D Printing of core-sheath fiber into several patterns: logarithmic- 
spiral, butterfly, and spider web (d). 
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as the shear stress was removed, indicating a stronger resilience. The 
creep behavior of the SSG-CNT (φ: 3.79%) could be explained by the 
generalized Kelvin model, where a spring (E0) is connected in series with 
n Kelvin units (Fig. 2e). The shear strain γ is expressed as follows: 

γ =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

σ0

(
1
E0

+
∑ 1

Ei

(
1 − e− t/τi

)
)

t < t0,

σ0

(
∑ 1

Ei

(
e− (t− t0)/τi − e− t/τi

)
)

t > t0,

(2)  

where τi = ηi/Ei is the characteristic relaxation time of the ith Kelvin 
unit, and t0 = 300 s. Apparently, the model with only 1 K unit did not 
agree with the creep data. Increasing the Kelvin units to two improved 
the fitting results remarkably, with a correlation of 0.99. A further in
crease in Kelvin units had a very limited impact on the final results. 
Thus, a generalized Kelvin model with 2 K units was adopted here, and 
the fitting results explained the creep data well, as shown in Fig. 2d. 

In contrast to the normal time-irrelevant conductivity of most sen
sors, the resistance of the SSG-CNT decayed rapidly initially and then 
gradually became steady (Fig. 2f). The resistance decay followed a 
power law (Fig. 2f, inset). 

R
R0

∝t− 0.125 (3)  

where R is the resistance at time t, and R0 is the resistance at t = 0. Owing 
to the high viscoelasticity and low modulus of the SSG, the conductive 
fillers (CNT) were relatively mobile and could move by diffusion. This 
allowed the conductive network to relax slowly, thereby forming more 
connections and causing resistance decay [36,41]. The electrical con
ductivity of the SSG-CNT increased rapidly with CNT volume, reaching 
approximately 0.1 S/m at 11.8 vol% (Fig. 2g). Based on the percolation 
theory [42,43], the conductivity scaled with a filler volume fraction φ is 

σ ∝ (φ − φc)
n (4)  

where φc and n are the percolation threshold and exponent, respectively. 
The equation fitted the data well, giving φc = 3.5% and n = 2.48. Ac
cording to previous research, and based on Fig. S4, piezoresistance 
sensors with a volume fraction slightly larger than φc are preferred 
owing to their higher sensitivity [44]. Thus, SSG-3.79%CNT was used in 
the following study, which was defined as SSG-CNT for simplicity. 

A suitable sheath ink was prepared by studying the rheological 
properties of uncured liquid Ecoflex. Liquid Ecoflex with a rheological 
modifier (Thi) exhibited a remarkable shear-thinning behavior, allowing 
it to flow smoothly through the nozzle during the printing process 
(Fig. 2h). The storage modulus of liquid Ecoflex was relatively lower 
than its loss modulus, indicating a liquid-like characteristic (Fig. 2i). 
Owing to the rheological modifier, the storage modulus of liquid 

Fig. 2. Rheological and electrical properties of the printing inks. Storage modulus of the SSG and SSG-CNT at various shear frequencies (a). Storage modulus at 0.1 
Hz plotted against CNT volume fraction (φ); the solid red line is a fit to Eq. (1) (b). Storage modulus against shear strain at a shear frequency of 1 Hz (c). Results of 
shear creep tests (d). Comparison between raw data and fittings with different Kelvin units at φ = 3.79% (e). Time evolution of the electrical resistance of the SSG- 
CNT (φ = 3.79%); the inset image is the log-log plot and linear fitting (f). Electrical conductivity (σ) as a function of reduced CNT volume fraction (φ − φc), where φc 
is the electrical percolation threshold (g). Viscosity (h) and modulus (i) of uncured liquid Ecoflex with/without rheological modifier (Thi). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Ecoflex-Thi reached 1244 Pa, which was relatively higher than the 
corresponding loss modulus at 0.01% strain. This result indicates that 
Ecoflex-Thi exhibits a solid-like characteristic in the static state, which is 
essential for printing self-supported structures. The sol–gel transition 

strain and stress were approximately 3.16% and 26 Pa, respectively. The 
low sol–gel transition strain/stress guaranteed the fluent extrusion of 
liquid Ecoflex through the nozzle. 

Owing to their outstanding printability, the SSG-CNT and liquid 

Fig. 3. Fabrication of the core-sheath fiber. Schematic of the fabrication of the core-sheath fiber (a). Photos of the inner nozzle (bottom left), outer nozzle (upper 
left), coaxial nozzle (upper right), and schematic section view (bottom right) of the coaxial nozzle (b). Microscopic and SEM images of the side and cross-sectional 
view of the core-sheath fiber (c and d). Simulation result of the die swelling phenomenon during the co-extrusion process (e). Core and sheath diameters vs. height 
(H) from the nozzle to the oil surface (f). Images of the core-sheath fiber in the original, stretched, and recovered states during the slow and fast stretch conditions (g). 

Fig. 4. Mechanical property of core-sheath fiber. Stress (σ) vs. strain (ε) of Ecoflex fiber and core-sheath fiber at strain rate ε̇ = 0.01 s− 1 (a). Storage/loss modulus of 
Ecoflex fiber and core-sheath fiber plotted against tensile frequency (b). Stresses (σ) of the core-sheath fiber under 1, 2, and 3 tensile strain at ε̇ = 0.01 s− 1 (c). Cyclic 
tensile tests at ε̇ = 0.01 s− 1 (d). Tensile tests with increasing ε̇ (e). Mechanical recovery presentation of core-sheath fiber after tensile tests at high strain rate (f). 
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Ecoflex were coextruded smoothly by the air and syringe pumps through 
the coaxial nozzle (Fig. 3a and S4), which was composed of two cylin
drical nozzles aligned coaxially. The inner nozzle (Fig. 3b, bottom left) 
was tightly assembled within the outer nozzle (upper left), forming a 
coaxial nozzle (upper right). Based on the schematic cross-sectional 
view of the coaxial nozzle (bottom right), the coaxial channels for the 
printing inks were constructed. The outlet diameters of the inner and 
outer nozzles were 0.6 and 1.0 mm, respectively. The outer nozzle was 
prefilled with sheath ink to seal the front drop of the extruded inner ink. 
After extrusion, a steady core-sheath structure was built and dropped 
into the oil bath pot from a certain height (H). After vulcanization, a 
core-sheath fiber was obtained. 

The SSG-CNT core was located in the center of the fiber and thor
oughly and tightly wrapped by the Ecoflex sheath, which resisted the 
cold-flow nature of SSG-CNT (Fig. 3c). The fiber exhibited a uniform 
diameter (~1.32 mm), which proved the effectiveness and practicality 
of the printing process (Fig. 3d and S6). Using this fabrication process, a 
large coil of core-sheath fiber could be fabricated, exhibiting a capability 
for mass production, which was relevant for industrial application 
(Fig. S7). Interestingly, the fiber diameter was larger than the nozzle 
outlet diameter (1 mm) due to the die swelling phenomenon [45]. The 
highly viscoelastic SSG was subjected to a strong extrusion in the nozzle, 
causing elastic deformation. After the SSG left the nozzle die, the 
external constraints disappeared. Thus, elastic recovery occurred in the 
SSG, resulting in swelling (Fig. 3e). Owing to gravity, the core and 
sheath diameters of the fiber decreased as H (the height from the nozzle 
to the oil surface) increased (Fig. 3f). For example, as H increased from 6 
to 14 cm, the core and sheath diameter decreased from 0.90 to 1.68 mm 

to 0.74 and 1.32 mm, respectively. Owing to the superior flexibility of 
the Ecoflex sheath, the core-sheath fiber could be stretched by 400% 
(Fig. 3g). Moreover, the fiber exhibited a rate-dependent property owing 
to the viscoelasticity of the SSG. After the fiber was stretched and 
released slowly, it immediately returned to its initial length. When the 
fiber was stretched quickly, a residual strain occurred after the release. 
However, the fiber could recover completely in approximately 10 s 
owing to the elastic property of the Ecoflex sheath, which suppressed the 
liquid-flow nature of the SSG. 

3.2. Electromechanical property of core-sheath fiber 

To comprehensively illustrate the mechanical properties of the core- 
sheath fibers, tensile tests were carried out at different strains (ε) and 
strain rates (ε̇). First, the core-sheath and Ecoflex fibers were stretched 
until break at ε̇ = 0.01 s− 1 (Fig. 4a). Apparently, the pristine Ecoflex 
fiber exhibited a higher Young’s modulus (E = σ/ε, ~70 kPa) than the 
core-sheath fiber (~27 kPa). In addition, the high extensibility of Eco
flex allowed both fibers to remain intact until approximately 700% 
strain, exhibiting superior stretchability. Dynamic tensile tests were 
then performed to characterize the dynamic properties of the fibers 
(Fig. 4b). The fibers with a test length of 20 mm were stretched by 20% 
strain, and then, a sine wave with a magnitude of 5% strain was applied. 
The frequency increased exponentially from 0.1 to 10 Hz. The loss 
modulus of both fibers were lower than their storage modulus owing to 
the elasticity of Ecoflex. Due to the introduction of viscoelastic SSG, the 
loss modulus of the core-sheath fiber became relatively larger, indi
cating a better energy damping capability. 

Fig. 5. Electromechanical property of the core-sheath fiber under tensile loadings. Relative resistance change (ΔR/R0) of the core-sheath fiber under tensile strain 
loadings (a). ΔR/R0 as a function of time under repeated 0.01 sinusoidal strain (b) and varying sinusoidal strain loadings (c). ΔR/R0 at repeated 0.01 triangular strain 
(d) and varying triangular strain loadings (e). ΔR/R0 plotted vs strain (f). ΔR/R0 at repeated 0.1 strain and increasing strain rate, ε̇ (g). ΔR/R0, strain and stress vs. 
time in trapezoidal strain waveform (h). Sensitivity gauge (G) plotted vs. strain rate, ε̇ (i). 
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The mechanical stability of the core-sheath fiber was characterized 
through cyclic tensile tests. When the tensile strains were 1, 2, and 3, the 
stress values reached 26.8, 45.9, and 80.2 kPa, respectively (Fig. 4c). 
After the 1000th stretch cycle, the stress–strain curves shifted slightly, 
indicating the remarkable mechanical stability of the core-sheath fiber 
(Fig. 4d). Owing to the SSG-CNT core, the core-sheath fiber also 
exhibited a typical rate-dependent property (Fig. 4e). For example, as 
the ε̇ increased from 0.01 to 5 s− 1, the maximum stress increased from 
27.0 to 34.2 kPa. Moreover, the release stress was relatively lower and 
quickly declined to zero before the fiber was fully released at ε̇ = 5 s− 1. 
The mechanical recovery performance of the fiber is shown in Fig. 4f. 
During the stretching and releasing process, the stress–strain curves at 
ε̇ = 0.1 s− 1 showed a small difference (Ref). After the release, the stress 
in the fiber returned to zero, indicating that the fiber recovered to its 
initial state. After stretching and releasing at ε̇ = 5 s− 1, the core-sheath 
fiber was in a relaxed state. After 10 s, the fiber was stretched again at ε̇ 
= 0.1s− 1. The fiber exhibited strain–stress behaviors similar to those of 
the pristine fiber after recovery for 10 s, and the final stress returned to 
zero after the release. Owing to the elasticity of the Ecoflex sheath, the 
fiber exhibited a quick and complete mechanical recovery behavior in a 
short time. Thus, the core-sheath fiber, with typical viscoelasticity, 
flexibility, and mechanical stability, is a promising candidate for 
multifunctional wearable electronics. 

Due to the introduction of conductive CNT, the core-sheath fiber 
exhibited superior electromechanical properties and showed high po
tential for use in flexible sensors. Thus, tensile tests were carried out on 
the core-sheath fibers. The relative resistance change (ΔR/ R0) increased 
with the applied tensile strain (Fig. 5a). Here, ΔR is the increment in 
resistance from time t = 0 (R0) to time t (R). The gauge factor (G), which 
represents the sensitivity of the sensor, was calculated as G = ΔR

R0
/ ε. The 

ΔR/R0value presented two linear correlation regions. The calculated G 
values of the sensor were 5.9 and 255 for strains ranging from 0 to 1 and 
5 to 7, respectively. In the cyclic tensile tests, the resistance of the core- 
sheath fiber sensor increased as it was stretched. When it was released, 
the resistance was gradually recovered (Fig. 5b). Moreover, it exhibited 
a repeated resistance response to small cyclic strain (0.01) and low stress 
(~270 Pa), indicating superior stability and excellent accuracy. Addi
tionally, in each cycle, the resistance at zero strain was smaller than the 
former due to resistance decay effect; thus, ΔR/R0was modified as 
follows: 

ΔR
R0

=
RPeak

RBottom
− 1 (5)  

where RPeak and RBottom are the resistance values at the largest and zero 
strains at the same tensile cycle, respectively. At a constant strain rate of 
0.01, the electrical response increased with the applied strain, which 
varied from 0.01 to 1 (Fig. 5c and e). Furthermore, as the applied strain 
was set to have a certain relationship with time, such as that forming a 
sinusoidal waveform (Fig. 5b) or triangular waveform (Fig. 5d), the 
electrical signal response was consistent with the details of the 
strain–time curves. The sensitivity gauge under different strain wave
forms was 5.9, which was close to the results of the tensile tests, indi
cating repeatability and reliable sensing performance of the core-sheath 
fiber sensor (Fig. 5f). The electrical response under 10000 cycles 
remained steady within an acceptable range, demonstrating excellent 
electromechanical durability (Fig. S8). 

The core-sheath fiber exhibited a rate-dependent mechanical prop
erty; thus, the strain rate dependency of the electromechanical proper
ties gained our interest. Cyclic tensile tests were carried out on the fiber 
sensors. The strain was set at 0.1, and the frequency increased from 

Fig. 6. Electromechanical property of the core-sheath fiber at compression and bending loadings. ΔR/R0 of the core-sheath fiber under 0.2 mm compression tests and 
the setup of compression tests (inset) (a). Plot of ΔR/R0 vs. compression distance (b). ΔR/R0 as a function of time under increasing bending loadings (c). Plot of ΔR/
R0 vs. bending loading (d). 
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0.005 to 1 Hz (Fig. 5g). The corresponding ε̇ increased from 0.01 to 0.2. 
Interestingly, ΔR/R0 increased with the applied ε̇. In addition, the 
electrical response under cyclic tensile tests at high frequencies exhibi
ted a shoulder peak pattern (Fig. S9), which was also observed in other 
sensors based on a viscoelastic matrix [46]. To avoid the complicated 
shoulder peak pattern, a trapezoidal waveform strain was applied 
instead (Fig. 5h). First, the fiber was stretched at different strain rates by 
100%, which was the limit of the linear correlation region. The strain 
was maintained for approximately 250 s before release. The sensitivity 
gauge (G) showed a strong dependency on the strain rate ε̇ (Fig. 5i). 

G ∝ (ε̇)− α (6)  

where α is the exponent. The data agreed well with the theory, giving α 
= − 0.14 (Eqs. S1–S10). 

The core-sheath fiber sensor also exhibited an outstanding sensing 
performance for compression and bending deformations. A fiber with a 
length of 20 mm was placed on a flat surface, and an indenter with a 
radius of 8 mm was applied to compress the fiber (Fig. 6a). ΔR/R0 
increased from 0 to 0.023 as the fiber was compressed by 0.2 mm and 
was then recovered as the compression was removed. In addition, the 

Fig. 7. Application of core-sheath fiber sensors in human–robot interaction. Schematic of human–robot interaction (a). The fiber sensors attached on human and 
robot arms (b). The fiber sensors attached on the elbow, wrist, and index finger were used to control three corresponding rotatable joints separately. The gesture 
recognition of elbow (c), wrist (d), and index finger (e) and the movement control of the corresponding robot arm joint. The detector at the end of the robot arm 
capturing the target after three-step gesture control (f) and the feedback to the control terminal (g). 
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values of ΔR/R0 changed reproducibly and regularly. The fiber sensor 
exhibited a linear resistance dependency on compression deformation 
with a sensitivity of 0.042 mm− 1 (Fig. 6b). As the compressed length was 
relatively shorter than the fiber length, the compression sensitivity was 
relatively lower. However, a fiber sensor that can capture a compression 
force as low as 3 mN is still remarkable. The fiber sensor could also 
detect bending deformations. A fiber with a length of 60 mm was 
attached to a plastic cantilever beam (Fig. 6d, inset). One side of the 
beam was fixed by a clamp, and the other side was bent to a designed 
angle, which was captured by a camera. In addition, the electrical re
sponses were recorded (Fig. 6c). ΔR/R0 increased from 0 to 0.027 as the 
plastic plate was bent from 0◦ to 30◦ and further increased to 0.11 as the 
bending angle was increased to 120◦. Moreover, the fiber exhibited good 
electromechanical stability for at least 10 cycles. The sensitivity gauge 
value in the 30◦–120◦ region was 0.9 × 10− 3 and increased to 3.6 × 10− 3 

in the 120◦–180◦ region (Fig. 6d). In summary, the fiber sensor with 
high flexibility exhibited excellent electromechanical properties under 
tension, compression, and bending, showing great potential in wearable 
electronics and human–robot interaction. 

3.3. Applications of core-sheath fibers and patterns 

Fig. 7a depicts the process of human–robot interaction, which mainly 
includes the capture of human gesture, robot arm control, and feedback. 
Owing to their outstanding sensing performance, three fiber sensors 
were attached to the elbow, wrist, and index finger. They were used to 
capture human gestures to control the movement of the corresponding 
joints (Fig. 7b). The captured signals were transferred to the control 
terminal using a multichannel signal acquisition system for signal pro
cessing and analysis. The corresponding commands were then delivered 

to control the movement of the robot arm. For example, as the forearm 
was bent vertically, the generated electrical signals were collected by 
sensor 1 and further analyzed in the control terminal. Then, the corre
sponding rotation commands were sent to Joint 1, to rapidly lift the 
robot arm vertically (Fig. 7c and Movie. S). Similarly, the bending of the 
wrist and index finger controlled the rotation of Joint 2 (Fig. 7d) and 
Joint 3 (Fig. 7e), respectively. After the three-step control, the detector 
at the end of the robot arm successfully captured the target, as shown by 
the red tape (Fig. 7f). Then, the feedback message was presented to 
workers for the subsequent operations. In summary, the human–robot 
interactions were effectively accomplished using the core-sheath fiber 
sensors, which could be further used in medical treatment, dangerous 
object detection, and fire rescue. 

Subsequently, 25 horizontal fibers were printed on 25 vertical fibers 
to construct a core-sheath fiber array as an artificial skin to simulta
neously detect the pressure and position of an external stimulus. The 
reconstructed maps clearly and effectively show the pressure distribu
tion induced by a lying and standing chess (1.5 g) (Fig. 8a and b). 
Moreover, owing to the typical shear-stiffening property of SSG, the 
core-sheath array had a safeguarding function, which could protect 
people from external harm. The safeguarding performance was illus
trated through drop tower tests. A drop hammer (0.24 kg) was dropped 
from a certain height and impacted on the core-sheath array, and a force 
sensor under the array recorded the penetrated force. For comparison, 
an Ecoflex film with the same thickness was also investigated. Appar
ently, without a protective layer, the penetrated force signal (referred to 
as reference) increased sharply to a maximum value (352 N) as the drop 
hammer from a height of 5 cm impacted on the force sensor. Then, the 
penetrated force decreased quickly to zero in 1 ms (Fig. 8c). Compared 
with the other specimens, the core-sheath array exhibited the smallest 

Fig. 8. Application of the printed arrays. A double-layered array (45 mm × 45 mm × 3.0 mm) was used to monitor the pressure and position of standing chess (a) 
and lying chess (b). Plot of force vs. time from the impact tests with drop heights of 5 cm (c), 15 cm, (d) and 25 cm (e). Plot of maximum force vs. drop height (f). 
Resistance response as the impact hammer impacted on the array from a drop height of 5 cm (g). The ΔR/R0 dependency upon impact energy, EI (h). 
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peak force of 174 N, which was 51% lower than that of the reference 
group, indicating its excellent force dissipation property. 

When the hammer stroked on the SSG-CNT composites, a shear- 
stiffening effect occurred, and the dramatic increase in the rate- 
dependent rigidity endured and dampened the impact force effec
tively. As the drop height increased from 5 to 15 and 25 cm (Fig. 8d and 
e), the maximum force also increased. Owing to the protection of the 
core-sheath array, the penetration force decreased (Fig. 8f). The core- 
sheath array not only dissipated the impact force but also captured the 
stimuli of the impact by recording its electrical response (Fig. 8g). 
Evidently, the resistance increased abruptly to a peak value in 4 ms after 
the impact, indicating excellent dynamic sensing and fast response 
capability. The electrical response showed a strong dependency on the 
impact energy, EI = mgh, where m is the mass of the drop hammer, g is 
the gravity constant, and h is the drop height. Reasonably, with the in
crease in EI, the deformation of the core-sheath array also increased and 
finally induced a larger resistance change. According to Ref. [36], ΔR/
R0 is related to EI as follows: 

ΔR
R0

∝EI
k (7)  

where k is the correlation coefficient. The data agreed well with the 
theory, yielding k = 1.48. In summary, the core-sheath array exhibited 
excellent static and dynamic sensing properties and safeguarding per
formance, indicating great potential for multifunctional wearable 
electronics. 

Most skin-mounted wearable electronics require conformal contact 
with irregular biological surfaces [24]. Thus, the kirigami-inspired 
scheme was developed to extend planar electronics into a 3D adjust
able form through rational cut designs. Fig. 9a showed an example with 
a fractal pattern, which transformed the printed planar core-sheath film 

into an out-of-plane shape-adjustable structure. The red lines represent 
cut lines. The small amount of material between adjacent cuts served as 
hinges between the square units, providing a high degree of expand
ability. Thus, the fractal pattern conformed to the irregular convex ge
ometry of the lamp through the rotation of the square units. 
Additionally, no damage was observed during the shape transformation 
process, indicating the stability of the 3D-adjustable pattern. This 
feasible kirigami-inspired route also made the 2D film adaptable and 
portable (Fig. 9b). As the parallel kirigami pattern was stretched, the 
parallel arrangement of the slits caused the fibers to bend upon tensile 
loading, thereby reducing tensile deformations (Fig. 9c). Thus, ΔR/R0 
was only approximately 0.13 at ε = 2.5, which was relatively smaller 
than the results for the core-sheath fiber. The relatively small change in 
conductivity made the parallel kirigami pattern adaptive to size-varied 
surfaces still with high sensitivity (Fig. 9d). Fig. 9e shows a circular 
kirigami pattern that could be pulled into an out-of-plane shape-
adjustable cone structure. Compared with the normal circular film 
(Fig. S10), the circular kirigami pattern could effectively enhance 
adhesion to the varying and curved surfaces of the bending elbow 
(Fig. 9f). Moreover, the arm movement could be captured by the resis
tance response simultaneously, which was substantially important for 
application of next-generation wearable electronics in complex clinical 
and biological conditions. 

Furthermore, to introduce portability and customize the macro
scopic physical properties, the topological parameters and structural 
arrangement of the fibers were designed to fabricate auxetic mechanical 
metamaterials (negative Poisson’s ratio metamaterial). Metamaterial 
films (Fig. 9g), which expand transversally when axially stretched, are 
widely used in flexible electronics, and contribute to the development of 
advanced functional materials [47,48]. Its unique negative Poisson’s 
ratio property makes the metamaterial films adaptive to shoe pads of 

Fig. 9. Kirigami-inspired patterns for complex and irregular surfaces. Fractal cut kirigami pattern (a). Parallel kirigami pattern (b) and its resistance variations under 
tensile loadings (c). Resistance response of parallel kirigami pattern to finger press at the initial and stretched states (d). A schematic of the circular kirigami- 
patterned planar core-sheath film, which was pulled into a 3D structure (e). Resistance signals recorded by the circular kirigami pattern, which was attached on 
the bending elbow (f). Photos showing the negative Poisson’s ratio property of the core-sheath film (g). Core-sheath films, which were adaptive to shoe pads with 
different sizes (h). Schematics of normal, high, and flat arcs (i). Monitoring of gaits (j). 
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different sizes (Fig. 9h). As the shoe pad length increased from 17 to 23 
cm (size 24 to 36, Chinese standard), the metamaterial films could still 
cover the surfaces (forefoot, arch, and heel), which were further used to 
monitor abnormal gait. As shown in Fig. 9i, the arch, which is used for 
balance and buffer, is an important parameter for gait. A person with a 
flat arch may bend his legs inward and hit them against each other while 
walking, which may cause falling. A high arch could make the person’s 
toes point toward each other and scrape against the ground, leading to 
overly worn joints. Thus, gaits were monitored to improve human health 
(Fig. 9j). The ΔR/R0 values of flat and high arches were substantially 
different from those of a normal arch, thereby helping in making early 
diagnosis and providing essential evidence for medical advice and 
treatment. Moreover, the application of portable metamaterial films 
provides a feasible way to monitor people’s gait regardless of their feet 
sizes, indicating excellent adaptability. In summary, the potential 
application of SSG-based wearable electronics in complex and variable 
conditions were substantially expanded owing to the scalability and 
adaptability of the 3D printing technique and kirigami-inspired patterns. 

4. Conclusion 

In summary, deployable core-sheath wearable electronics were 
developed using a coaxial 3D printing technique and kirigami-inspired 
patterns. The core-sheath fiber sensor, which was successfully applied 
in human–robot interaction, exhibited high sensitivity to various stimuli 
with a high accuracy of ~3 mN and high mechanical durability 
(>10000). Owing to its rate-dependent electromechanical properties, 
the core-sheath array could buffer 51% of the impact force and detect 
dynamic stimuli with a short response time of 4 ms. Additionally, the 
incorporation of kirigami patterns provides an effective strategy to 
expand the 2D planar electronics into mechanically adjustable 3D 
structures that can be conformably attached to curved/size-varied 
irregular biological surfaces. More complex 3D electronic systems that 
utilize both the fabrication customization superiority of the 3D printing 
system as well as the compliant and adjustable mechanism offered by 
the kirigami-induced deformability have great potential for emerging 
wearable electronics applications in clinical and biological conditions 
that are complex and dynamic. 
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