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Fiber-junction design for directional bending sensors
Zhundong Li1, Fengming Hu1, Zhiming Chen 1,2✉, Jingcheng Huang2, Guoning Chen3, Runbo Chen1, Minmin Wei1, Kete Lao1,
Jiajia Hu1, Jintao Zheng1, Lvfei Wang4, Yuan Yao4, Xiaoyan Hu1, Baowen Liang1, Min Yang3, Xihong Lu 1, Jinxiu Wen1 and
Jianyi Luo 1,2✉

Flexible sensors in wearable electronics have become increasingly multifunctional due to the development of materials synthesis
and structure design. In particular, structural design can not only add capabilities to sensors fabricated from existing available and
normal materials, but also offer opportunities for the fabrication of sensors with certain desired functions. Here, we designed a
series of fiber-junction structure models, in which two fibers were simply hooked to each other to form a junction on a flexible
printed circuit, for fabrication of directional bending sensors. The value and direction of bending angle are related to the change in
electronic signal by a theoretical expression, allowing us to employ a simple and practicable method to use available conductive
fiber materials to fabricate high-sensitivity, high-resolution and directional bending sensors. In addition, these models are generally
applicable, which have broad combination with different conductive fiber, and corresponding bending sensors all possess
capability of directional identification. Furthermore, the capability of identifying directional bending was demonstrated by human
motion monitoring such as joint bending and muscle contraction.

npj Flexible Electronics             (2021) 5:4 ; https://doi.org/10.1038/s41528-021-00102-2

INTRODUCTION
Recent advances in the development of flexible sensors with
multifunction have opened a landscape for wearable electronics,
meeting the increasing diversification of human demand1–6. Two
major strategies have driven the multifunction of flexible sensors7.
The first strategy is the design and synthesis of materials,
including metallic nanoparticles and nanowires8–10, liquid metal11,
conductive polymers12,13, and carbon-based micro/nanomater-
ials14–16. Material innovation is a great tool to extend the sensing
function of flexible sensors, but the expected industrial cost of
materials is not easily estimated. The second strategy is structure
design, through which researchers can use existing commercially
available materials to fabricate multifunctional flexible sensors17.
Furthermore, structure design allows for selecting low-cost and
suitable materials to fabricate sensors with target functions.
Structure design refers to the construction of various geometric

configurations, and these configurations can be divided into two
types: in-plane and out-of-plane18. For example, in-plane config-
urations such as serpentine shapes19,20, fractal geometries17,
mesh-like geometries21, and buckled structures22 can be obtained
by thin film deposition and etching. Coiled shapes23,24, 3D
wavy25,26, 3D mesostructures27–29, and wrinkled structures30–32

belong to the out-of-plane configurations. Typical examples of
wrinkled structures are the application of conductive fibers in
stretch strain or bending sensors30,31. The conductive fiber is
made from metallic nanoparticles and nanowires, conductive
polymers, carbon-based micro/nanomaterials, or conductive
material-modified conventional fibers16. The inherent character-
istics of the softness and flexibility of conductive fiber make them
particularly suitable for the fabrication of stretch strain or bending
sensors33,34. Fiber-based stretch-strain or bending sensors have
attracted wide attention for their potential applications in human
motion monitoring, human rehabilitation, and human–machine
interaction35–39. However, sensors based on a single fiber mostly

have a sole function, such as mainly focusing on detecting a single
bending direction37–39. These single directional detections limit
the sensors in directional motion monitoring and human–machine
interaction with multi-axis robots. To address this issue, one
strategy is to convert aligned fibers into a fiber network with
wrinkled microstructures to fabricate a sensor with the function of
detecting of multidirectional bending40,41. However, this strategy
often involves a complicated multistep fabrication process. Thus, it
is necessary to develop a simple structural model for the
fabrication of directional bending sensors for application in future
wearable electronics.
Here, we introduce a series of fiber-junction structure models

for the fabrication of directional bending sensors. These models
can be divided into X1-junctions, X2-junctions, K1-junctions and K2-
junctions and H-junctions, which are all formed by simply
connecting two commercially available conductive fibers in a
hook-like fashion. The bending sensor based on these fiber-
junction structures showed high sensitivity, high-resolution,
linearity, and long-term stability. Moreover, variations in the
resistance of these sensors show the opposite trend for outward
or inward bending, illustrating the ability of the sensors to
recognize the bending direction. We further demonstrate this
capability by successfully applying these sensors in both large-size
and subtle bending strain human motion monitoring, indicating
great promise in fiber-junction structure-based bending sensors.

RESULTS
Fiber-junction structure modes and operating principle
Supplementary Fig. 1 shows a series of fiber-junction structure
models, including X1-junction, X2-junction, K1-junction and K2-
junction and H-junction with similar layout in their junction
structure. The junction formation involved two commercially
available conductive fibers. Different junction models constructed
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with conductive fibers in a flexible substrate were attributed to
different connected configurations of these fibers. Taking the H-
junction structure model as an example, the conductive fibers
were fixed on the PI substrate by prearranged copper holes and
then formed two junctions on both ends of the substrate. As
illustrated in Fig. 1a, once the designed sensor was fabricated, two
fibers were brought in contact each other at a contact angle θ,
which could be demonstrated by the SEM image of the cross-
section of the fiber beams junction. In our designed model, the
fabricated sensor possessed double-directional bending modes:
outward bending and inward bending. During outward bending,
the conductive fiber fixed transversely on the substrate under-
went tensile strain, which resulted in stretching of the longitudinal
conductive fiber. Thus, the two fibers at the junctions became
tighter, resulting in an expansion of the contact area and an
increase in the contact angle (Fig. 1b). In contrast, inward bending
compressed the transverse fiber, therefore, the two fibers at the
junctions became looser with a reduced contact area and contact
angle (Fig. 1c). In addition, according to the quantum tunneling
effect, the relationship between the resistance change rate of
these model-based sensors and the contact angle can be
expressed as (for the derivation, see Supplementary Note 1).

ln
ΔR
R

þ 1

� �
¼ �KΔθ: (1)

where the ΔR
R is the resistance change rate of the sensor, and K is a

constant of a certain sensor. This means that ln ΔR
R þ 1

� �
is linear

with Δθ. Under the assumption that the contact angle θ increases
linearly with the bending angle α, and Δθ is equal to α/B, B is the
angle reduction factor. Thus, we can obtain the relationship
between the resistance change rate and the bending angle in the
bending sensor as follows:

ln
ΔR
R

þ 1

� �
¼ � K

B
α: (2)

The bending angle α is positive as the sensor bends outward,
and the angle of inward bending is assumed to be negative.

Because ln ΔR
R þ 1

� �
is negatively linearly correlated with the

bending angle α, the electrical signals of the sensor evolve in a
negative half in case of outward bending, while they evolve in the
opposite half in case of inward bending. Therefore, our designed
structure model allowed the sensor to undergo double-directional
bending modes to recognize the directions of human motions. In
addition, the H-junction structure can improve the sensitivity of
the sensor due to the changes in resistance caused by variations in
the contact area and contact angle of the two fibers instead of
relying on stretching-like one-dimensional structure fiber-based
bending sensors40. Similarly, X1-junction, X2-junction K1-junction
and K2-junction structure models can also use Eqs. (1) and (2) to
explain the relationship between their relevant resistance change
rate and the bending angle of the sensor because all these fiber-
junction structure models have similar cross junctions. Moreover, a
cascade is another strategy to enhance the sensitivity of the
bending sensor, and a more significant response in resistance
variation can be observed in cascading structure sensors. As
shown in Supplementary Fig. 3, the fiber-junction bending sensors
can be easily constructed into a large-size flexible substrate
through cascade, implying that these fiber-junction sensors are
potential candidates for future full body-covering electronic skin.

Fiber-junction bending sensor and performance
characterization
To verify the feasibility of the fiber-junction structure models,
fiber-junction structure-based bending sensors with conductive
carbon fibers as active materials were first fabricated. These fiber-
junction bending sensors are composed of conductive fibers and
PI substrates, in which conductive fibers with a diameter of
<0.3 mm were simply threaded through and fixed on a small-size
flexible PI substrate with a length of 1.6 cm and width of 0.8 cm,
allowing it to be compatible with the surface of human skin. To
demonstrate the above models and perform the curvature
characterization of the fiber-junction bending sensor, a high-
precision stage with a step motor was used as bend-driver setup.
As shown in Fig. 2a, both ends of the sensor were fixed onto the

Fig. 1 H-junction structure model for bending sensor. Response in contact area and contact angle of two adjacent fibers of the junction
when the bending sensor at a relaxing, b outward bending, and c inward bending.
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stage, and the sensor started outward or inward bending along
with a step by step shift. The relation of the bending angle and
shift value is shown in Fig. 2b and can be expressed by (for the
derivation, see Supplementary Note 2)

ΔL ¼ L0 1� cos
α

2

h i
: (3)

where L0 and ΔL are the initial length of the fiber-junction
bending sensor and its shift value, respectively, and α is the
bending angle of the sensor, which can be estimated based on the
shift value (see Supplementary Fig. 4). As mentioned above, since
the initial length of the bending sensor was 1.6 cm, the minimum
shift value of each step can be set to 5 µm. Therefore, the bending
angle can be precisely controlled, allowing accurate curvature
characterization of the fiber-junction bending sensor.
In the case of the H-junction bending sensor, when driven to

outward bending, the resistance change rate of the sensor
decreased with increasing bending angle from 0° to 90° in 10°
increments (Fig. 2c), suggesting that the outward bending mode
led to a decrease in the gaps between the carbon fibers. In
addition, this result also indicated that the H-junction bending
sensor had the ability to distinguish the bending states of the
measured object. In particular, the H-junction bending sensor
exhibited a high sensitivity within a small bending strain range
that the resistance change rate decreased by ~50% of the total
value of ΔR/R0 as the sensor bent outward to 30°, making it
suitable for detecting the small-scale strain of human motions.
Moreover, the H-junction bending sensor also show a high-
resolution under small bending strain that the measure angle can
accurate to 1° when bent outward from 10° to 19° (as shown in
Supplementary Fig. 5). In contrast to the outward bending, when
the sensor bent inward from 0° to −90° (Fig. 2d), the value of ΔR/
R0 increase due to the increase in gaps, and the sensor also
showed high sensitivity to the initial 30° inward bending strain. In
addition, the other fiber-junction bending sensors, including the
X1-junction bending sensor, X2-junction bending sensor, K1-

junction bending sensor and K2-junction bending sensor, all
showed similar resistance variations at different bending direc-
tions, the resistance change rates were negative when these
sensors bent outward, and positive as these sensors bent inward
(as shown in Supplementary Fig. 6). These experimental results
were consistent with our designed bending sensor model,
indicating that this H-junction bending sensor possesses the
ability to recognize double-directional bending. Furthermore, the
bending directions of the H-junction bending sensor could be
determined from its electrical signals. In addition, the H-junction
bending sensor fabricated by other commercially available
materials, such as graphene fiber and stainless-steel fiber also
possessed the capability of identifying double-directional bending
(Supplementary Fig. 7), implying the broad combability of our
fiber-junction structure models with different conductive fibers.
The capability of the bending sensor in detecting directional
bending offers a high-precision sensing platform for monitoring of
bending strain-based human motions. In addition, according to
the relationship of Eq. (2), the bending angles α and their
corresponding values of ΔR/R0 from Fig. 2c, d were extracted, and
then evaluated by linear fitting. As illustrated in Fig. 2e, there is a
well-pronounced linear relationship between ln ΔR

R þ 1
� �

and the
bending angle α. This linear relationship is an intuitive reflection of
the accurate bending strain, and facilitates the calibration of the
curvature characterization of the H-junction bending sensor.
Moreover, this linear relationship further proved that our designed
H-junction bending sensor model was reasonable and feasible. In
addition, the reproducibility of the linearity of the H-junction
bending sensor were evaluated. Three more batches of bending
sensors were fabricated, and the linear fitting curves of these
sensors were shown in Supplementary Fig. 9. It was found that the
H-junction bending sensors with different batches could enable
similar stronger linear relationship. In addition to sensitivity and
linearity, the linear hysteresis, response time and dynamic
bending durability is another three key parameters for the
physical robustness and sensing reliability of the bending sensor.

Fig. 2 Performance characterization of bending sensor. a Schematic illustration of the bending sensor fixed to a bend-driver setup in order
to detect the response in resistance of the sensor when at outward bending and inward bending. b Relationship of bending angle and shift
value. c Responses in resistance of the H-junction bending sensor when at outward bending. d Responses in resistance of the H-junction
bending sensor when at inward bending. e Value of ln ΔR

R þ 1
� �

under various bending angle. f Responses in resistance of the H-junction
bending sensor under outward bending over 10,000 cycles.
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As shown in Supplementary Fig. 10, the H-junction bending sensor
presented slight hysteretic behavior by comparing the resistance
change rate during the bending outward 60°/relaxing cycles. The
response time determines how quickly the bending sensor
responds to the bending strain, and it is usually defined as a
90% time constant (τ90%). For obtaining the response time of the
H-junction bending sensor, an equipment that can make the
bending sensor bend outward/inward quickly in cycles was
fabricated (as shown in Supplementary Note 3). The response
time of the bending sensor when bent inward from 5° to −5° with
a frequency of 9 Hz was <30ms according to the higher
magnification ΔR/R0−t response curves (Supplementary Fig. 12),
and the response time was about 50 ms for the bending sensor
when bent outward from −5° to 5°.” This fast response ensure the
bending sensor apply in the real-time monitoring of fast and
complicate signals in the human body. The dynamic bending
durability of the H-junction bending sensor was also tested. The
real-time evolution of repeated outward bending 60° and relaxing
cycles is shown in Fig. 2f. The resistance change rate could still
return to the initial value after 10,000 cycles, indicating the long-
term structural stability and sensing reliability of the H-junction
bending sensor during bending/relaxing cycles. All these results
demonstrated that the H-junction bending sensor with excellent
properties such as high sensitivity, double-directional bending
and long-term dynamic bending durability is a robust candidate
for wearable electronics.

Direction large-size motion monitoring
To evaluate the capability of human motion detection, various
kinds of bending sensors have been used to detect joint bending,
such as finger bending, wrist bending, elbow bending and knee
bending, which are easily detected because of their large-size
bending strain30,32,42. However, these bending sensors could not

distinguish the direction of joint bending because of the
variational tendencies in electrical signals caused by joint bending
were identical. According to our designed model, the fiber-
junction bending sensors have double-directional bending modes:
outward bending and inward bending, corresponding to the
downward and/or upward of joint bending. To illustrate the
application potential of the fiber-junction bending sensor in
human motion monitoring, the H-junction bending sensors
representative of the fiber-junction bending sensor were directly
attached to joints of the human body. Figure 3a–d show the
resistance change rate of the bending sensor adhered to the
finger, wrist, elbow, and knee joints. On the one hand, the H-
junction bending sensor could precisely capture and identify
when the joints were bent or straightened, and it could
distinguish the bent position of the joints at different bending
angles. As shown in Supplementary Movie 1, the resistance
gradually decreased in response to an increasing bending angle of
the finger. On the other hand, the bending sensor could recognize
the direction of joint bending, Fig. 3a, b show that the downward
bending of the finger and wrist caused obvious stretched strain in
their corresponding epidermis, in which the resistance change
rate of their adhered sensors decreased when the finger and wrist
began to bend, and all the values of ΔR/R0 were negative. In
contrast, Fig. 3c, d show that the overall electrical signal of the
bending sensors adhered to the elbow and knee was in the
positive half, and the resistance change rate increased at first as
the sensor bent inward, which was a reflection of the contract
strain of the epidermis caused by the upward bending of the
elbow and knee. In addition, when the finger, wrist and elbow all
bent with a same angle of 60°, the electronic signals of their
corresponding sensors shown different response, due to the
bending angle of the sensor mounted onto finger was about 60°
but which mounted onto the wrist and elbow were about 30° (as
shown in Supplementary Fig. 13). To vividly demonstrate the

Fig. 3 H-junction bending sensor attached to joints for large-size human motion monitoring. Responses in resistance during the
downward bending of (a) finger and (b) wrist, respectively. Responses in resistance during the upward bending of (c) elbow and (d) knee,
respectively.
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ability of the sensor to recognize the direction of joint bending,
videos of both downward and upward bending of the wrist were
also collected (see Supplementary Movie 2). The bending sensor
showed a decreasing resistance and an increasing resistance as
the wrist bent downward and upward, respectively, consistent
with our designed sensor model. Together, these results provide
important insights into the fiber-junction bending sensor posses-
sing the capability of identifying the double-directional bending
of human motions.

Direction subtle motion monitoring
Human motion is based on the combined action of skeletal
muscle, bone and joint43. Unlike joint bending, which results in a
large-size bending strain on the corresponding epidermis, muscle
contractions only lead to subtle strain in the corresponding
epidermis. However, the epidermis, corresponding to the muscle
contraction driven by human motion, is also based on two strain
modes: stretching and contracting44. The fiber-junction bending
sensor with the advantages of exhibiting high sensitivity within a
small bending strain range and double-directional bending
detection can be mounted on the skin for muscle contraction
detection. As illustrated in Fig. 4a–c, the H-junction bending
sensor with a single channel was horizontally attached to the
epidermis corresponding to the calf muscles, and three sets of
fitness actions, standing heel lifts, squats and leg extensions, were
selected to exercise the calf muscles. According to the feedback of
the electrical signal of the sensor, the squat led to a more
significant deformation of the corresponding epidermis than the
other two fitness actions. The resistance change rate was close to
0.1 for the squat, approximately −0.05 for the standing heel lift,
and above −0.05 for the leg extension. Thus, the H-junction
epiderma sensor was sensitive enough to capture the electrical
sign variation when performing muscle motions, and can
distinguish optimal fitness actions of a certain muscle. Further-
more, it is noteworthy that the response in the resistance change
rate was positive during squatting–standing cycles, while the
sensor responded negatively when both heel lifting–relaxing
cycles and leg extension–bending cycles were performed. These
results can be attributed to the inward bending of the sensor
caused by the contract strain of the calf muscles when squatting

(Fig. 4b), and the outward bending due to the stretch strain of the
muscles when heel lifts and leg extensions were performed (Fig.
4a, c). This phenomenon can be observed in a real-time video
showing a series of fitness actions of standing heel lifts, squats and
leg extensions (Supplementary Movie 3), and these experiments
confirmed that the H-junction bending sensor had the ability to
identify the strain direction of the epidermis for different muscle
motions.
In addition to detecting muscle contraction by a single channel,

real-time multichannel monitoring of muscle contraction of
different muscles was also investigated. Three H-junction bending
sensors were attached to the epidermis corresponding to the
bicep, tricep, and deltoid muscles and then simultaneously
detected the muscle contractions caused by fitness exercises,
such as standing dumbbell curls, side lateral raise, push-ups, and
shoulder presses (Fig. 5a–d). Standing dumbbell curls induce
apparent responses in the resistance change rate of the sensor
adhered to the epidermis corresponding to the biceps, which
mainly originated from the contract strain of the biceps. However,
the response in resistance variation was negligible for the other
two sensors which corresponded to triceps and deltoids,
indicating that standing dumbbell curl motions might mainly
affect the biceps. In contrast to standing dumbbell curls, side
lateral raises affect the deltoid muscle, causing a more significant
response in the resistance variation. Therefore, the H-junction
bending sensor could distinguish which muscles were affected by
the fitness exercises, which might be beneficial for providing
scientific exercise guidance. In addition, Fig. 5c, d show the
response in the resistance variation for each muscle-adhered
sensor, implying that both push-ups and shoulder press can act on
all three muscles simultaneously. Notably, the evolving trends in
the resistance change rate of the sensor adhered to the triceps
were opposite to those of the other two sensors (biceps and
deltoids). Figure 5c presents the resistance change rate was
negative for the sensor corresponding to the triceps, and positive
for the others. These results can be attributed to the stretch-strain
of the epidermis caused by muscle contraction of the triceps, and
the contract strain of both biceps and deltoids under the fitness
exercise of push-ups. In contrast to the push-ups, shoulder press
lead to opposite evolving trends in the resistance change rate of
all the sensor corresponding to the three muscles (see Fig. 5d),

Fig. 4 Subtle motion monitoring by a single channel. H-junction bending sensor reverse horizontally attached to epidermis corresponding
to the calf muscle group. Responses in resistance during the fitness exercise of (a) standing heel lifts, (b) squat, and (c) leg extensions,
respectively.
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due to the contract strain of the epidermis caused by muscle
contraction the triceps and the stretch-strain of both biceps and
deltoids. These experiments further demonstrated that the H-
junction bending sensor possesses the capability to identify
different strain directions of epidermis movement upon muscle
contraction. Notably, these muscle contractions were detected
simultaneously by three channels, and the signal crosstalk
between the channels was eliminated by circuit design and
optimization algorithms (see the signal process, Supplementary
Note 3). Overall, the combined advantages of high sensitivity and
double-directional bending detection indicate that the fiber-
junction bending sensor has great potential in wearable electro-
nics for real-time fitness motion monitoring and human–machine
interaction.

DISCUSSION
Based on fiber-junction structure models, a series of bending
sensors with excellent sensitivity and double-directional bending
modes was designed. The capability of bending direction
recognition was derived from the resistance variation in different
trends according to the quantum tunneling effect. Other
remarkable properties such as high-resolution, linearity, and
dynamic bending durability of the obtained H-junction bending
sensor were evaluated. The potential of the sensor as wearable
electronics in human motion monitoring was also investigated. As
expected, the H-junction bending sensor successfully applied to
detect large-size bending strains of human motions, such as finger
bending, wrist bending, elbow bending, and knee bending.
Unexpectedly, the H-junction bending sensor could capture the
small movements of muscle contraction and identify the strain
direction of the corresponding epidermis. These results indicate
that the fiber-junction structure models are practical for sensitive
direction bending sensors in wearable electronics, which have

potential applications in human motion monitoring, human
rehabilitation, and human–machine interaction.

METHODS
Materials
Carbon fiber was purchased from Conston Technology Co. LTD; Graphene
fiber was purchased from Longsciences Technology Co. LTD; and stainless-
steel fiber was purchased from Shunlong thread Co. LTD.

Fabrication of fiber-junction bending sensor
The bending sensor is constructed of flexible substrate and conductive
fibers, in which a flexible printed circuit board (FPCB, PI) with a length of
1.6 cm, width of 0.8 cm as the substrate, and carbon fiber, graphene fiber,
and stainless-steel fiber were used as the conductive fiber. For X1-junction
structure model, X2-junction structure model, K1-junction structure model,
and X2-junction structure model, two conductive fibers were fixed on the
FPCB by four copper holes and formed one junction. Whereas, for H-
junction bending sensor, three fibers were fixed on the FPCB by six copper
holes and formed two junctions.

Measurement of the resistance change rate of bending sensor
versus bending angle
A single axis step motor is used for bending sensing test. In the bending
calibration experiment, two ends of the bending sensor are fixed on the
single axis stepper motor by using the self-made fixture, the program of
the stepper motor is set by using the steps corresponding to each angle
calculated in advance, and the electric resistance of the sensor is recorded
in real time by using a force measuring instrument (Keithley 2400S).

DATA AVAILABILITY
The experimental data referenced in this text is available from the authors upon
reasonable request.

Fig. 5 Subtle motion monitoring by three channels. Three H-junction bending sensors reverse horizontally attached to epidermis
corresponding to the biceps, triceps and deltoid muscle at the same time, respectively. Responses in resistance during the fitness exercise of a
standing dumbbell curls, b side lateral raise, c push-ups, and d shoulder press, respectively.
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