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An Artificial Peripheral Neural System Based on Highly 
Stretchable and Integrated Multifunctional Sensors
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Prostheses and robots have been affecting all aspects of life. Making them 
conscious and intelligent like humans is appealing and exciting, while there is 
a huge contrast between progress and strong demand. An alternative strategy 
is to develop an artificial peripheral neural system with high-performance 
bionic receptors. Here, a novel functional composite material that can 
serve as a key ingredient to simultaneously construct different artificial 
exteroceptive sensors (AE sensors) and artificial proprioceptive sensors (AP 
sensors) is demonstrated. Both AP sensors and AE sensors demonstrate 
outstandingly high stretchability; up to 200% stretching strain and possess 
the superior performance of fast response and high stability. An artificial 
peripheral neural system integrated with the highly stretchable AP sensor 
and AE sensor is constructed, which makes a significant breakthrough in 
the perception foundation of efficient proprioception and exteroception for 
intelligent prostheses and soft robots. Accurate feedback on the activities of 
body parts, music control, game manipulation, and wireless typing manifest 
the enormous superiority of the spatiotemporal resolution function of the 
artificial peripheral neural system, all of which powerfully contribute to 
promoting intelligent prostheses and soft robots into sophistication, and are 
expected to make lives more fascinating.
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1. Introduction

Peripheral neural system possesses extero-
ception and proprioception, which provide 
the body with necessary sensory informa-
tion to make decisions when interacting 
with external objects. Exteroceptor, which 
is a sensory organ or part of the body, such 
as the eyes, ears, nose, or skin, can receive 
stimulation from outside the body. These 
different stimulations in the external 
environment, including but not limited 
to light, sound, gas, and pressure, can be 
transformed by different exteroceptors 
into sensory nerve impulses, which are 
then transferred from afferent pathway 
to the corresponding sensory center to 
produce different sensations. Through 
exteroceptor, the body feels a sense of 
exteroception and thus, understands the 
characteristics of external objects.[1–3] Pro-
prioceptor, which is also a receptor in 
blood vessels, skin, or muscles, etc., sup-
plies information about the movement, 
position, and state of the body and its 
parts. The muscular tension and pressure 

and the degree of joints’ bending are transformed by different 
proprioceptors into nerve impulses. Subsequently, the cerebral 
cortex can receive the nerve impulses through neural pathways 
and the spinal cord. In such a way, people generate propriocep-
tion that is a perception based on the information from pro-
prioceptors and know where the body and limb positions are 
in space and what their states are.[4,5] Both exteroceptor and 
proprioceptor are important and often complementary to each 
other. For example, for a touch action, the motion of the arm 
is sensed through proprioceptors. Once the finger touches the 
target object, exteroceptor will respond. Considerable efforts 
have been made in developing artificial aid equipment, such as 
prostheses and robots.[6–15] In order for them to be as conscious 
and intelligent as humans, it is necessary to develop artificial 
peripheral neural system, while its progress is still far from 
enough.

Bionic sensors have recently been finitely researched to 
mimic exteroceptors or proprioceptors, which possess enor-
mous potentialities for condition monitoring and feedback 
control.[16–19] Inspired by the distributed sensing mechanism 
of different mechanoreceptors, a haptic sensor based on a hier-
archically distributed microstructure was fabricated and could 
translate pressure stimulation into electronic signals.[20] To 
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recognize control trajectory, an alternative strategy was to con-
struct a sensor array, where numerous sensing elements were 
connected together by interlaced wires.[21–24] Via designing sur-
face microstructures, flexible sensors were fabricated and put 
forward as an alternative solution for microstrain monitoring 
and healthcare.[25–27] Presently, research on bionic exterocep-
tors or bionic proprioceptors is carried out separately due to 
their incompatibility, which restricts integration and coordi-
nated operation of bionic sensing system. Few studies have 
reported on composite functional materials and highly uni-
versal processes that simultaneously realize the construction 
and functioning of two or more different types of bionic recep-
tors. There is a huge contrast between the current progress 
and strong demand for developing artificial peripheral neural 
system. Besides, the targeted artificial peripheral neural system 
strongly desires high stretchability to allow well-pleasing inte-
gration of intelligent prostheses with the human body, and to 
adapt and monitor large deformation of soft robots.

Here we demonstrate a novel functional composite material 
that can serve as a key ingredient to for the first time simul-
taneously construct different artificial exteroceptive sensor (AE 
sensor) and artificial proprioceptive sensor (AP sensor) for 
artificial peripheral neural system. The functional composite 
material, which consists of carbon nanotubes (CNTs), polyester 
fibers, and rubber fiber, is based on the design method of cross-
scale heterogeneous structure. Through ingenious structural 
designs, the AE sensor and AP sensor feature outstandingly 
high stretchability that is unprecedented up to 200% stretching 
strain, laying an important perception foundation for intelligent 
prostheses and soft robots with great elasticity for future appli-
cations. Both AE sensor and AP sensor exhibit the superior 
performance of fast response and high stability, which ensures 
efficient and stable operation. Thereinto, a free conductive gate 
structure is proposed to construct the AE sensor. Based on the 
proposed structure, the AE sensor characterizes geometrically 
hierarchical sensing capability that enables to translate different 
location of external mechanical stimulation into a distinct elec-
tronic signal. Importantly, the AE sensor realizes the integrated 
functions of detecting external stimulation, recognizing stimu-
lation location, and transmitting mechanosensitive signal, and 
features no energy consumption when no external stimulation 
occurred. It effectively avoids the use of numerous electronic 
sensing elements and addresses the challenge of complex  
manufacturing processes of interlaced wires. Attributed to the 
superior universality of the design principle, the AE sensor can 
be designed into multiple types of prototype devices for personal-
ized applications, including music control, game manipulation,  
and wireless typing. Regarding the AP sensor, it characterizes 
a high sensitivity and an outstandingly wide sensing range, of 
which gauge factor (GF) is over 28 times and sensing range 
is 40 times than that of metal-based sensors, respectively. It 
provides a powerful platform as a wearable health monitoring 
device to accurately feedback the activities and states of various 
body parts, such as finger joint, elbow joint, and knee joint. As 
a proof-of-concept, we explore the spatiotemporal resolution 
function of an artificial peripheral neural system integrated 
with the AE sensor and AP sensor. With the help of algorithmic 
analysis, the artificial peripheral neural system possesses both 
efficient exteroception and proprioception, and exhibits a great 

potential to promote intelligent prostheses and soft robots into 
being conscious. This work not only brings a novel functional 
composite material to simultaneously realize the fabrication of 
two different types of highly stretchable bionic receptors but is 
also expected to achieve a highly significant scientific and tech-
nological breakthrough for the research of artificial peripheral 
neural system.

2. Results and Discussion

The concept behind the mechanosensational artificial periph-
eral neural system is shown in Figure 1. Biologically, as shown 
in Figure 1a, a stimulation is translated into receptor potentials 
by multiple mechanoreceptors, such as Meissner corpuscle, 
Ruffini corpuscle, Merkel disk, and Pacinian corpuscle. With 
the help of biological synapse, the receptor potentials trigger 
the generation of postsynaptic potentials, which are then trans-
mitted to the brain through nerve fibers. Finally, the body will 
generate a perception that means relating to the way people 
interpret and understand what they notice or feel. Function-
ally inspired by the somatosensory signal generation, we dem-
onstrated a mechanosensational artificial peripheral neural 
system, which consisted of the AE sensor and AP sensor, with 
the huge potential for person identification, motion recogni-
tion, wearable interaction, and artificial intelligence (Figure 1b). 
In our design, the configurations of the AE sensor and AP 
sensor were ultrasimple and highly efficient, both of which 
were fabricated of a stretchable active thread.

The AE sensor adopted a parallel configuration of two 
stretchable active threads with the free conductive gate struc-
ture (Figure 1c). When an external mechanical stimulation was 
not applied, there is no current in the AE sensor due to the fact 
that the parallel stretchable active threads were separated. In 
this case, the AE sensor consumed no energy, which was con-
ducive to long-term functioning. Once the external mechanical 
stimulation was applied on the AE sensor, the free conductive 
gate would contact with the parallel stretchable active threads 
and thus, a current in the AE sensor would occur. This was a 
mechanosensational signal and its value varied with the loca-
tion of the external mechanical stimulation. Subsequently, the 
mechanosensational signal would be transmitted through the 
AE sensor to a back-end microcontroller unit (MCU) for deci-
sion-making. Overall, the AE sensor integrated the all-in-one 
multifunction of converting, recognizing, and transmitting the 
mechanosensational signal, and featured no energy consump-
tion when no external stimulation occurred. The functional 
characteristics enabled the AE sensor to provide the efficient 
exteroception of intelligent prostheses and soft robots. It should 
be noted that the realization of the exteroception did not need 
numerous electronic sensing elements and complex manufac-
turing process of interlaced wires as common, such that greatly 
simplified the device’s structure and made it highly efficient.

The equivalent circuit of the AE sensor was shown in 
Figure  1d, where the working mechanism of the AE sensor 
was explained in the electronic aspect. In the equivalent cir-
cuit, two parallel resistance strings, each of which composed 
of numerous variable resistance units, were equivalent to 
the parallel stretchable active threads. Since the external free 
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conductive gate would contact any location of the stretchable 
active threads, the current loop would be generated and vary 
with the involved parts of the stretchable active threads. It could 
be considered as that there was a plurality of virtual switches 
between the parallel resistance strings. As an example, when 
the free conductive gate would contact the S1 location of the 
AE sensor due to an external mechanical stimulation, the vir-
tual switch S1 would close. Followingly, a responding current 
was generated and transmitted by the AE sensor, where a cur-
rent loop occurred. The corresponding resistance (Rtotal) of the 
AE sensor was expressed as: Rtotal  = Ru1  + Rb1, where the Ru1 
and Rb1 were the values of the variable resistance units in the 
parallel resistance strings. Once the location of the external 
mechanical stimulation changed to S2 location, the virtual 
switch S1 would open while the virtual switch S2 closed. In this 
case, the response resistance of the AE sensor was changed 
and calculated as: Rtotal = Ru1 + Ru2 + Rb1 + Rb2. For other situ-
ation that the external mechanical stimulation was applied on 
Sn location of the AE sensor, the response resistance of the 
AE sensor could be universally represented by the formula as: 
Rtotal = 

1i

n

∑
=

(Ru1 + Ru2 + Rb1 + Rb2 + … + Rui + Rbi). Therefore, the 
AE sensor could convert the external mechanical stimulation 

into electrical signal. Different location of the mechanical stim-
ulation would be recognized by the AE sensor due to different 
value of the response resistance. The generated current went 
through the AE sensor and was transmitted to the MCU for 
decision-making.

For the AP sensor, a U-type configuration of the stretchable 
active thread was adopted (Figure 1e). A drive signal powered by 
an external voltage of 5 V would directly go through the stretch-
able active thread to form a feedback signal. When the AP 
sensor was deformed, the feedback signal would be changed. 
Once the AP sensor returned to its original state, the feedback 
signal would turn back. Thus, there was a baseline signal in 
the AP sensor and a relationship between the feedback signal 
and deformation. If the baseline signal was defined as the value 
of the feedback signal when the AP sensor was in the original 
state, by judging the relationship between the feedback signal 
and the baseline signal, the deformation would be confirmed. 
Therefore, the functional characteristics of the AP sensor ena-
bled to realize the proprioception of intelligent prostheses and 
soft robots. It meant that their joint activity could be detected 
by the AP sensor, and the amount of deformation would be 
determined. Based on the information from the AP sensor, 

Figure 1.  Biological inspiration and design of bionic receptors. a) Illustration of biological mechanoreceptors and the related neural system. b) An 
intelligent prosthetic limb combined with the AE sensor and AP sensor for interactive applications. c) Design principle and working mechanism of the 
AE sensor. d) Equivalent circuit for the working principle of the AE sensor. e) Design principle and working mechanism of the AE sensor. f) Equivalent 
circuit for the working principle of the AE sensor.
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intelligent prostheses and soft robots would know where the 
body or limb position is in space.

To explain the working mechanism of the AP sensor in the 
electronic aspect, the equivalent circuit of the AP sensor was 
prepared in Figure 1f. It could be found that two variable resist-
ance units, each of which represented half part of the stretch-
able active thread, were connected at one end, and side by side 
in series. The value of each variable resistance unit varied with 
the deformation. In the original state, the drive signal could 
directly go through the serial variable resistance units to get a 
feedback signal. In this case, the corresponding resistance of 
the AP sensor was expressed as: R′total = R′u + R′b, where the R′u 
and R′b were the values of the variable resistance units in the 
original state. Once a deformation of the AP sensor happened, 
the value of the variable resistance unit would be changed to 
make a response. The difference in resistance change was cal-
culated as: ΔRtotal = R′′total – R′total = R′′u + R′′b – R′u – R′b, where 

the R′′u and R′′b were the values of the variable resistance units 
in the stretched state. Therefore, it could be judged whether 
there was a deformation from the corresponding resistance 
of the AP sensor. Besides, further the deformation increased, 
the corresponding resistance of the AP sensor would continue 
to change. Through judging the change of the corresponding 
resistance, the AP sensor could be used to detect the size or 
degree of the deformation. In such a way, intelligent prostheses 
and soft robots embedded with the AP sensor could get the pro-
prioception, whichever changing in joints would be confirmed 
by information from the AP sensor.

The stretchable active thread, which was the key functional 
composite material of the AE sensor and AP sensor, was com-
posed of CNTs, polyester fibers, and rubber fiber (Figure 2a). A 
pure stretchable thread was the composite that two bundles of 
polyester fibers were alternately twisted with an elastic rubber 
fiber. By a pre-stretching coating method, CNTs were coated on 

Figure 2.  Stretchable active thread and performance of the AP sensor. a) Structure of the stretchable active thread. b) SEM image of the stretchable 
active thread where one bundle of polyester fibers coated with CNTs (CNTs@polyester fibers) peeled away the rubber fibers and the other bundle still 
twisted the rubber fiber. c) SEM image of the CNTs, which are coated on the polyester fibers. d) Relative change in resistance of the AP sensor under dif-
ferent strains, where showing the performance based on three identical devices. e) The tests on the response and recovery properties of the AP sensor 
by applying relatively large stretching strains. f) Normalized resistance response of the AP sensor under cyclically stretching loads (≈20% strain) with 
different frequencies. g) Regulatory circuit of proprioception, where the AP sensor is attached on the back side of movable joint. h) Bending activities 
of finger joint, elbow joint, and knee joint recorded by the AP sensor.

Adv. Funct. Mater. 2021, 2101107



www.afm-journal.dewww.advancedsciencenews.com

2101107  (5 of 11) © 2021 Wiley-VCH GmbH

the pure stretchable thread. After this, the stretchable thread 
coated with CNTs (CNTs@stretchable thread) would be conduc-
tive and thus, could be served as the stretchable active thread 
(Figure S1, Supporting Information). Figure 2b shows the scan-
ning electron microscope (SEM) image of the stretchable active 
thread, where one bundle of polyester fibers coated with CNTs 
(CNTs@polyester fibers) was peeled away the rubber fibers and 
the other bundle still twisted the rubber fiber. The SEM image 
of the CNTs that were coated on the polyester fibers was pre-
sented in Figure 2c. Movie S1, Supporting Information, vividly 
shows the high deformation of the stretchable active thread. In 
the movie, the black one was the bundle of CNTs@polyester 
fibers, which twisted the white line one that was the rubber 
fiber. It could be found that during stretching the stretchable 
active thread, the bundles of CNTs@polyester fibers always 
twisted the rubber fiber. The design method of the cross-scale 
heterogeneous structure of the stretchable active thread con-
tributed to the as-fabricated devices to efficiently and steadily 
function.

As stated above, the AP sensor was based on the U-type con-
figuration of the stretchable active thread. To reflect the electro-
mechanical performance of the AP sensor, the relative change 
in resistance of the AP sensor was tested (Figure 2d). The rela-
tive change in resistance was calculated as: ΔR/R0 = (R−R0)/R0, 
where the R and R0 were the values of the resistance of the AP 
sensor in the stretched state and the original state, respectively. 
The trend of the curve was to rise sharply first (0–25% strain), 
and then continued to rise relatively slowly (25–200% strain). 
There were two main factors that affected the change in resist-
ance. One factor was the crack between the two bundles of the 
CNTs@polyester fibers and the other one was the contact area 
of the two bundles of the CNTs@polyester fibers (Figure S2, 
Supporting Information). Within the 25% strain, some cracks 
appeared with stretching. Then, their size began to expand and 
their number increased. The resistance changed rapidly at this 
stage. In the range of 25–200% strain, the number and size of 
cracks had a reduced ability to influence the resistance of the 
AP sensor, while the contact area of two bundles of the CNTs@
polyester fibers became the main factor to affect the resistance. 
It should be noted that the change in contact area to affect the 
resistance was not as great as the effect of the change in the 
cracks. Therefore, at this stage, the resistance of the AP sensor 
continued to increase, but the change in the resistance was 
relatively slow compared to the one at the first stage. In this 
work, the GF, which was a parameter of sensitivity, of the AP 
sensor was defined as: GF = ΔR/R0/Δε, where the Δε was the 
change in strain of the AP sensor being stretched. As shown 
in Figure 2d, the GF of the AP sensor ranged from 57.5 ± 3.9 
(0–25% strain) to 6.1 ± 0.4 (in the large range of 25–200% 
strain). The high sensitivity of the AP sensor benefited a better 
detection within 25% strain, whose GF was over 28 times than 
that of metal-based sensors (GF ≈ 2). With an outstandingly 
large sensing range (0–200% strain) that was 40 times than that 
of metal-based sensors (≈5% strain), the AP sensor provided a 
powerful sensing platform to allow high integration of intelli-
gent prostheses with the human body, and to efficiently adapt 
and monitor large deformation of soft robots.

Under static stretching strain, the tests on the response 
and recovery properties were conducted to probe the 

electromechanical stability of the AP sensor (Figure  2e). Sev-
eral relatively large stretching strains of 25%, 100%, 150%, and 
200% were applied on the AP sensor. The result showed that the 
AP sensor responded differently to the strains and the response 
was stable despite small overshoots generated by the delayed 
creep of the rubber fiber. Furthermore, the response frequency 
of the AP sensor was tested at the different stretching frequen-
cies (Figure 2f). The stretching strain of ≈20% was applied on 
the AP sensor at the frequencies of 0.5, 1, and 4 Hz. These 
dynamic responses were continuous and stable. Damping and 
other significant changes in the dynamic responses did not 
happen from the AP sensor. The result manifested that the AP 
sensor possessed enough detection ability to accurately feed-
back the activities of various parts of the body within a normal 
frequency range. In addition, a microstrain (≈1%) was applied 
rapidly to evaluate the response time of AP sensor (Figure S3a, 
Supporting Information). The result showed the fast response 
time and decay time of the AP sensor were both <18 ms that 
was enough outstanding for normal operations in daily lives. 
The tests of more than 10 000 stretching-releasing strain cycles 
were conducted by applying 25% and 100% strains (Figure S3b, 
Supporting Information), which confirmed the satisfactory 
robustness and high stability of the AP sensor.

In the regulatory circuit of proprioception, skeletal muscle 
was connected at either or both ends to a bone and character-
ized by transverse stripes (Figure 2g). It provided muscle motor 
sensation, which mainly referred to the degree of muscle con-
traction and the change in the position of the extremities, and 
so moved parts of the skeleton. The muscle motor sensation 
is generally obtained by specialized biological receptors. Muscle 
spindle, a specialized biological receptor in the skeletal muscle, 
was the location in the muscle fiber, and each fiber was coiled 
with sensory endings, which was responsible for detecting 
changes in muscle length and tension. Effective detection would 
provide better information feedback to the body. Since the AP 
sensor featured high sensitivity, large sensing range, and fast 
and stable response, the different activities of various parts of 
the body would be accurately detected by equipping the corre-
sponding parts with the AP sensor. As shown in Figure 2h, the 
dynamic curve from the AP sensor recorded the bending pro-
cess of a finger. Different bending degrees of the finger, such 
as half bending and full bending, were distinctly measured 
and well recognized by the AP sensor. Besides, the motions of 
elbow joint and knee joint were also accurately reflected by the 
dynamic curves from the AP sensor. All the cyclical responses 
of the AP sensor were stable for the detection of these joints’ 
bending motions. The results demonstrated that the AP sensor 
could yield significant information about the movement and 
position of the body and its parts. The AP sensor had the huge 
potential to supply the important perception foundation of pro-
prioception for intelligent prostheses and soft robots.

The AE sensor could be also fabricated by the stretchable 
active threads based on the free conductive gate structure. As 
the parallel configuration of two stretchable active threads was 
adopted, the AE sensor featured high stretchability. In the orig-
inal state, when an external mechanical stimulation was applied 
to the S1 location of the AE sensor, the corresponding response 
resistance would be generated (Figure 3a). Since the response 
resistance of the AE sensor was linear with the location 
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(Figure S4a, Supporting Information), the relative location (RL) 
of the external mechanical stimulation would be confirmed by 
the formula: RL = S1/L = RS1/RL, where the L was the length of 
the AE sensor, the RS1 and RL were the response resistances of 
the AE sensor when the external mechanical stimulation was 
respectively applied on S1 location and the end location. During 
deformation, the S1 location and the length of the AE sensor 
were changed into S′1 location and L′. Thus, once the external 
mechanical stimulation was applied to the S′1 location, the RL 
of the AE sensor was the same as the one of the original AE 
sensor. As there was still a linear relationship between the 
response resistance and the location (Figure S4b, Supporting 
Information), the RL of the stretched AE sensor could be also 

calculated as: RL = S′1/L′ = R′S1/R′L, where the R′S1 and R′L were 
the response resistances of the stretched AE sensor when the 
external mechanical stimulation was respectively applied on 
S′1 location and the end location of the stretched AE sensor. 
As shown in Figure 3b, when the external mechanical stimula-
tion was applied on the 50% RL, a response signal would be 
generated no matter whether the AE sensor was in a stretched 
state. Furthermore, a new different response signal from the 
AE sensor would occur once the RL of the external mechan-
ical stimulation changed. The results manifested that the AE 
sensor had the ability to perceive external mechanical stimula-
tion and could accurately recognize the location of the external 
mechanical stimulation. Even when being greatly stretched, the 

Figure 3.  Performance and characteristics of the AE sensor. a) The working mechanism of the AE sensor in the original state and stretched state and 
their corresponding equivalent circuits. Longer effective working length by stretching the AE sensor brought more available portion to perceive the 
external mechanical stimulation. b) The change in the response resistance versus RL, where the external mechanical stimulation is applied on the 
original and stretched AE sensor, respectively. c) Spatiotemporally dynamic stimulations applying on the AE sensor. Top: Diagram of biological synapses 
and the AE sensor subjected to the external mechanical stimulation. Bottom: Repetitive responses to the dynamic stimulation applied on different 
location of the AE sensor at the interval time of 1.6 and 4.5 s, respectively. d) Music control demonstrated by using a linear AE sensor. e) A U-type AE 
sensor used for playing game and its typical resistance responses. f) Wireless typing based on an S-type AE sensor and its typical resistance responses.
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AE sensor was still capable of stable functioning, which genu-
inely provided an essential exteroception to promote intelligent 
prostheses and soft robots into sophistication.

Biologically, dynamical stimulations at intervals can trigger 
synapses to induce neural signals and thus, form a spatiotem-
porally dynamic logic in a neural network (Figure 3c). In such 
a way, the brain would decide a feedback based on the neural 
signals. Since the AE sensor featured the highly regional dif-
ferentiated response resistances to the location of external 
mechanical stimulation, a typical and basic spatiotemporally 
dynamic logic of the neural network could be mimicked by the 
AE sensor. For the demonstration, the AE sensor with length 
of 10 cm was fabricated. A short-term mechanical stimulation 
at the interval time of 1.6 s was successively applied on the 
locations of 2, 4, 6, and 8 cm, such that the mechanosensitive 
signal with different resistance was generated from the AE 
sensor. Furthermore, the long-term mechanical stimulation at 
the interval time of 4.5 s was also reflected well by the mecha-
nosensitive signal of the AE sensor. Besides, the distinguish-
able and stable mechanosensitive signal could be generated to 
these dynamical stimulations even when greatly stretching the 
AE sensor, which indicated that the response of the AE sensor 
was highly robust (Figure S5, Supporting Information). The 
response from the AE sensor was analogous to the one of bio-
logical neural system, which was induced by different synapses 
from numerous mechanoreceptors. Note that the AE sensor 
did not need the integration of numerous sensing elements to 
respond to the spatiotemporally dynamic stimulations. It ben-
efited to greatly simplify device’s structure, reduce preparation 
process, and improve operating efficiency. For the use of the 
AE sensor, the response time and response stability were also 
important factors to be considered. As shown in Figure S6a, 
the AE sensor characterized a rapid response time and decay 
time of both <9 ms, providing a huge advantage for real-time 
feedback of signals. The tests of more than 10  000 loading–
unloading cycles were conducted by applying the mechan-
ical stimulation at different locations, which indicated the  
high stability and repeatability of the AE sensor (Figure S6b,  
Supporting Information).

Synaptic plasticity refers to the connection between neural 
cells, namely the synapse, whose connection strength can be 
adjusted.[28] Synapses will be strengthened and weakened as 
their activities changed. In our design, the AE sensor combined 
with logical operation could realize the functions of synaptic 
plasticity. To test the bionic synaptic plasticity, the AE sensor 
with length of 10 cm was prepared, in which two working por-
tions were set (Figure S7a, Supporting Information). In this 
situation, the effective working length of each working portion 
was 5 cm, each of which was embedded with a couple of virtual 
mechanoreceptors and synapses. Through applying mechanical 
stimulation to the working portions multiple times, a data-
base of the response signals would be obtained. Then, a rule 
of logical operation could be built to determine which working 
portion the unknown mechanical stimulation was applied on. 
After that, same feedback could be provided by applying the 
mechanical stimulation on the same working portion. It should 
be noted that the increase in times of mechanical stimulation 
would enrich the database, such that the rule of logical opera-
tion could be more reasonable and effective, which was like 

strengthening synapses in biology. In another aspect, more 
working potions with effective working length of 2 cm could 
be set in the AE sensor, so that more feedbacks could be pro-
vided to respond to more different locations of the mechanical 
stimulation (Figure S7b, Supporting Information). Based on 
the obtained database of the response signals, the rule of logical 
operation needed to be changed accordingly. In such a way, the 
new working potions could be obtained, which was like gen-
erating new connection between neural cells in biology. The 
characteristic of the bionic synaptic plasticity endowed the AE 
sensor with powerfully interactive capabilities, meaning that 
our thoughts could be precisely turned into scheduled actions 
by touching the corresponding working portion of the AE 
sensor.

As a proof of concept, there were five working portions 
in a linear AE sensor, to each of which the effective working 
length was 3 cm (Figure 3d and Figure S8a, Supporting Infor-
mation). These five working portions, namely V1, V2, V3, V4, 
and V5, corresponded to <20%, 20–40%, 40–60%, 60–80%, 
and >80% volume. Touching the corresponding working 
portion of the linear AE sensor could adjust the volume of 
music. Vivid music control by touching the linear AE sensor 
was shown in Movie S2, Supporting Information. Owing to 
the scalability of the preparation process, a U-type AE sensor 
with the seven working potions was designed (Figure  3e and 
Figure S8b, Supporting Information). These seven working 
potions were named C1, C2, C3, C4, C5, C6, and C7. In a com-
puter game, a gopher would randomly emerge from a hole. 
Touching a working portion of the U-type sensor would cause 
a virtual hammer to hit the gopher on the corresponding hole 
(Movie S3, Supporting Information). In addition, an S-type AE 
sensor with twelve working potions was also designed for wire-
less typing (Figure 3f and Figure S8c, Supporting Information). 
The working potions were named from K1 to K12 in sequence. 
In a customized typing system, each virtual key included mul-
tiple characters. By touching a working portion of the S-type 
AE sensor, the characters inside the corresponding virtual 
key would start to display circularly. The display time of each 
character was 0.75 s. Once removing the touch, the character 
displayed at this time would be entered into the upper textbox 
and the key screen returned to its original state. Movie S4, Sup-
porting Information, demonstrated that the text of “NTU SG!” 
was wirelessly typed by touching the S-type AE sensor. Through 
a reasonable path planning, only one as-designed fiber-shaped 
AE sensor could be used for touch perception on all sides 
around a three-dimensional hexagonal structure (Figure S9, 
Supporting Information). These demos manifested the power-
fully interactive capabilities of the AE sensor and its superior 
performance. Multiple types of the AE sensor were successfully 
fabricated to indicate the superior universality of the design 
principle. It is thought-provoking to further consider addi-
tional demonstrations to emphasize the importance of the high 
stretchability of the devices. Nevertheless, we believe that, based 
on the highly stretchable devices, more exciting demos will be 
displayed in the future, and for example, future robots will 
be implemented as the Elastigirl in The Incredibles. It should 
be noted that as the CNTs dispersion was water-based, water 
would dissolve the CNTs of the dried CNTs@stretchable thread 
again if the devices were used in a humid or rain environment, 
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which would lead to the devices failure. It needs further study 
to make the devices washable or waterproof to more close to 
real applications.

Like the sensory functions of receptors in the biological 
peripheral neural system, the integration of the AP sensor and 
AE sensor based on the stretchable active thread could provide 
the proprioception and exteroception of artificial peripheral 
neural system. The proposed artificial peripheral neural system 
had the great potential to promote prostheses and soft robots 
into being conscious. The schematic process flow of the artifi-
cial peripheral neural system based on the AP sensor and AE 
sensor included signal acquisition, central controller, neural 
network, and decision (Figure 4a). The joint activities could be 
detected by the AP sensor and the external mechanical stimula-
tions were converted to digital signals by the AE sensor. The 
sensing circuit was implemented with an operational ampli-
fier and a resistance to voltage conversion module (Figure 4b). 
The central controller module contained a low energy Blue-
tooth module (Taiyo Yuden EYSGCNZWY), which integrated a 
general-purpose system-on-chip (Nordic nRF51822) (Figure 4c). 
There were two main functions for this central controller: col-
lecting and processing signals from the sensors and sending 
signals to back-end applications. When there was a resistance 
change on the sensor side introduced by external actions or 
deformations, a predefined command would be triggered and 
wirelessly delivered to back-end applications via a Bluetooth 
low energy (BLE) protocol. Since the front-end sensing circuit 
and the central controller module were integrated together on 
the same flexible board, the proposed system could be easily 
attached to human bodies with high comfortability. Through a 
logical operation, the features of the signals from the sensors 
were extracted. After that, the k-nearest neighbors algorithm 
was used to classify the joint activities and external mechanical 
stimulations. Based on the behavioral classification, an execut-
able instruction would be triggered to feedback the decision, of 
which the potential applications included person identification, 
motion recognition, and wearable interaction.

Feature extraction was important to reduce the raw signal 
data to be informative and non-redundant. The typical sensory 
signal curves from the AP sensor and AE sensor were shown 
in Figure  4d. The deformation (D) of the AP sensor was set 
as a characteristic parameter for the joint bending within a 
set time of 5 s. Three characteristic parameters related to the 
signal curve of the AE sensor, including location of stimula-
tion (L), holding time (H), and interval time (I), were set for 
the external mechanical stimulation within a set time of 9 s. As 
an example, when a finger bent two times within the set time, 
the AP sensor would detect the deformation of finger bending 
quickly. Subsequently, the deformation characteristic param-
eters were extracted by the self-defined logical operation. On 
the other hand, when an external mechanical stimulation, such 
as touch, was subsequently applied to the three different loca-
tions of the AE sensor, the activity of the external mechanical 
stimulation would be recorded in real-time within the set time. 
The corresponding characteristic parameters would also be 
extracted for further analysis and processing. All different activ-
ities of deformation and external mechanical stimulation could 
be characterized and classified by the feature map based on the 
four characteristic parameters (Figure 4e). The main idea of the 

classification was based on the k-nearest neighbors algorithm. 
For unknown activities detected from the AP sensor and AE 
sensor, their characteristic parameters would be compared to 
the database, which contained numerous characteristic param-
eters from the known activities. After that, the system could 
judge that the unknown activities were most likely to belong 
to which one that was known. Like the process of experience-
dependent perceptual learning, the judgment could be more 
and more accurate by continuous learning and training, so that 
more appropriate feedback would be made for the interactive 
applications.

3. Conclusion

In summary, we proposed and demonstrated that two dif-
ferent types of AP sensor and AE sensor could be simultane-
ously fabricated by the novel functional composite of CNTs, 
polyester fibers, and rubber fiber through ingenious struc-
tural designs for artificial peripheral neural system. Attrib-
uted to the design method of cross-scale heterogeneous 
structure of the functional composite, both AP sensor and 
AE sensor featured outstandingly high stretchability that was 
unprecedented up to 200% stretching strain and exhibited 
the superior performance of fast response (<18 ms) and high 
stability (>10  000 cyclical tests), which ensured the efficient 
and stable operation of the artificial peripheral neural system. 
The artificial peripheral neural system based on the highly 
stretchable AP sensor and AE sensor was constructed and 
possessed both efficient exteroception and proprioception. 
Thereinto, the AE sensor realized the integrated functions, 
including detecting external stimulation, recognizing stimu-
lation location, and transmitting mechanosensitive signal, 
and featured no energy consumption when no external stim-
ulation occurred. The AP sensor characterized the high sen-
sitivity and outstandingly wide sensing range, of which the 
GF was over 28 times and the sensing range was 40 times 
than that of metal-based sensors, respectively. Diverse joint 
activities of the body could be accurately detected by the AP 
sensor, and external mechanical stimulations could be effec-
tively converted to digital signals by the AE sensor. It laid 
the extraordinary perception foundation of proprioception 
and exteroception for intelligent prostheses and soft robots 
with great elasticity. By combining with sensing circuit and 
logical operation, the artificial peripheral neural system per-
formed extremely well and was as conscious and intelligent 
as humans and even beyond in certain aspects. Accurate 
feedback on the activities of various parts of the body, music 
control, game manipulation, and wireless typing manifested 
the enormous superiority of the spatiotemporal resolution 
function of the artificial peripheral neural system. This work 
not only provided a new and exciting way for simultaneously 
realizing two different types of highly stretchable bionic 
receptors but also constructed the high-performance artificial 
peripheral neural system, all of which would contribute to 
promoting intelligent prostheses and soft robots into sophis-
tication, and would supply an alternative and highly pow-
erful avenue for more convenient and fascinating lives in the 
future.
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4. Experimental Section
Materials and Sensors Fabrication: A commercially available stretchable 

thread (22 YDS. PW22 ELASTIC THREAD, TONWEI, England) that 
two bundles of polyester fibers were alternately twisted with an elastic 
rubber fiber was selected as the basic elastic support. A pre-stretching 
coating method was used to coat the pure stretchable thread with CNTs. 

First, the pure stretchable thread was stretched and fixed in the ≈100% 
strain state by two binder clips, so that the bundles of polyester fibers 
would be separated. CNTs dispersion (water-based TNWDSR, Chengdu 
Organic Chemicals Co. Ltd.) was fully dip-coated on the pre-stretched 
pure stretchable thread by a dropper. Then, the wet stretchable thread 
was dried at room temperature for about 2 h. Five times of the coating–
drying processes were performed to yield the CNTs@stretchable thread. 

Figure 4.  Coordination of the AP sensor and AE sensor. a) Schematic process flow of the artificial peripheral neural system based on the AP sensor 
and AE sensor, including signal acquisition, central controller, neural network, and decision. b) Circuit schematic to drive the AE sensor and AP sensor 
for applications. c) Main layout of the designed flexible PCB with the size of 3 × 3 cm2. d) The typical sensory signal curves from the AP sensor and AE 
sensor, corresponding to different input information. The deformation (D) of the AP sensor is set as a characteristic parameter for the joint bending. 
Three characteristic parameters related to the signal curve of the AE sensor, including location of stimulation (L), holding time (H), and interval time 
(I), are set for the external mechanical stimulation. e) The feature map of the activities of deformation and external mechanical stimulation based on 
four characteristic parameters.
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After that, the CNTs@stretchable thread was served as the stretchable 
active thread to fabricate the AP sensor and AE sensor. To fabricate 
the AP sensor, a U-type configuration of the stretchable active thread 
was adopted. In more details, a stretchable active thread was folded 
in half. Then, a pure stretchable thread was sandwiched between them 
to avoid contact between the folded parts of the stretchable active 
thread. The folding point of the stretchable active thread and the 
end of the pure stretchable thread were fixed together with a double-
sided conductive copper foil tape (#1183, 3M Inc.). The two free ends 
of the stretchable active thread were respectively connected with a 
conductive wire. Their joints were fixed respectively with the double-
sided conductive copper foil tape. Finally, the fixed joints and the other 
end of the pure stretchable thread were combined by an adhesive tape 
(Scotch Magic Tape 810, 3M Inc.). To fabricate the AE sensor, a parallel 
configuration of two stretchable active threads with the free conductive 
gate structure was adopted. Two stretchable active threads were placed 
in parallel and sandwiched a pure stretchable thread. The two ends of 
the stretchable active threads and the end of the pure stretchable thread 
on the same side were fixed together with the adhesive tape. The other 
ends of the stretchable active threads were respectively connected with 
a conductive wire. Their joints were fixed respectively with the double-
sided conductive copper foil tape. Finally, the fixed joints and the other 
end of the pure stretchable thread were combined by the adhesive tape. 
The free conductive gate of the AE sensor was a double-sided conductive 
copper foil tape, which was attached to home-made loading equipment. 
Once an external mechanical stimulation was applied on the AE sensor 
by the loading equipment, the double-sided conductive copper foil tape 
would contact with the parallel stretchable active threads. For the demos 
of finger touching, the double-sided conductive copper foil tape was 
attached to a fingertip of a glove to serve as the free conductive gate. 
The photographs of the typical AP sensor and AE sensor were shown in 
Figure S10, Supporting Information.

Circuit Design and Signal Processing: The sensing circuit was 
implemented with an operational amplifier (Texas Instruments TLV2782) 
and resistance to voltage conversion module (Figure S9a, Supporting 
Information). The analog output voltage Vsensor from the sensing circuit 
had a linear relationship with the corresponding sensor resistance 
Rsensor. It could be expressed as: Vsensor = Vref × (1 + Rsensor/Rref), where 
the Vref and Rref were the reference voltage and reference resistance. The 
operational amplifier provided 8 MHz bandwidth with only 650 µA of 
supply current, which made it dedicated for low-power and high-speed 
applications. The reference resistance and reference voltage were chosen 
as needed, making the analog output voltage within the analog to digital 
conversion input limitation of 3 V from the Bluetooth module. The central 
controller module was implemented by a low energy Bluetooth module 
(Taiyo Yuden EYSGCNZWY), which integrated a general-purpose system-
on-chip (Nordic nRF51822) (Figure S9b, Supporting Information). There 
were 8 channels of 10-bit analog-to-digital convertor (ADC) integrated on 
this chip and four of them were configured to connect with the front-end 
sensing circuit on the flexible printed circuit board (PCB). The remaining 
ADCs were configured in their disabled mode so as to reduce total 
power consumption. Active ADC continuously monitored the sensor 
value at a sampling speed of 1000 times per second when there was a 
sensor connected to it. This Bluetooth module had an embedded 128 k 
programmable flash memory so that it could store the sensor data for 
a certain period depending on the sensing speed required for back-end 
applications. When there was a resistance change on the sensor side 
introduced by external actions or deformations, a predefined command 
would be triggered and wirelessly delivered to back-end applications via 
a BLE protocol. When compared to the classic Bluetooth technology, 
BLE featured less power consumption, which made it ideal for portable 
devices by providing longer battery life. Since the front-end sensing 
circuit and the central controller module were integrated together on the 
same flexible board, this proposed system could be easily attached to 
human bodies with high comfortability.

Characterization and Measurement: SEMs (FESEM 6340F and SEM 
JEOL 6360) were used to observe the morphologies of the materials. 
A digital optical microscope (UM012C, GAOSUO) was utilized to 

capture the dynamic process of stretching a stretchable active thread. 
Dynamic and static loading, including applying an external mechanical 
stimulation on the AE sensor and stretching the AP sensor, were 
performed by a customized actuator (Beijing Times Brilliant Electric 
Technology Co., Ltd.). The changes in resistance of the sensors were 
detected and recorded by digital multimeters (VICTOR 187 and Agilent 
34461A). The current-voltage curves were measured by a semiconductor 
characterization system (Keithley 4200).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
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