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Abstract
Biomimetic mechanosensors have profound implications for various areas, including health care, prosthetics, human‒
machine interfaces, and robotics. As one of the most important parameters, the sensitivity of mechanosensors is
intrinsically determined by the detection resolution to mechanical force. In this manuscript, we expand the force
detection resolution of current biomimetic mechanosensors from the micronewton to nanonewton scale. We develop
a nanocrack-based electronic whisker-type mechanosensor that has a detection resolution of 72.2 nN. We achieve the
perception of subtle mechanical stimuli, such as tiny objects and airflow, and the recognition of surface morphology
down to a 30 nm height, which is the finest resolution ever reported in biomimetic mechanosensors. More
importantly, we explore the use of this mechanosensor in wearable devices for sensing gravity field orientation with
respect to the body, which has not been previously achieved by these types of sensors. We develop a wearable smart
system for sensing the body’s posture and movements, which can be used for remote monitoring of falls in elderly
people. In summary, the proposed device offers great advantages for not only improving sensing ability but also
expanding functions and thus can be used in many fields not currently served by mechanosensors.

Introduction
Animals can perceive various types of mechanical sti-

muli that come from the external environment by using
their natural sensors. For example, skin, whiskers, cochlea,
and vestibules can detect touch, track fluid motions, sense
acoustic waves, and navigate a gravity field, respectively1.
Although these sensors seem to be quite different, they
can be intrinsically concluded to be one type of sensor, a
mechanosensor, which perceives a mechanical force
induced by the external environment and applied to the
sensing element. Decoding these sensing mechanisms and
learning from natural mechanosensors have greatly
inspired people to develop biomimetic devices for artifi-
cial sensing technology2. In recent years, tremendous
efforts have been devoted to this field, with a vast number
of publications continuously reporting exciting results. To

date, a great variety of devices have been developed for
mapping tactility3–6, detecting objects in the surrounding
environment7,8, recognizing surface morphology9–11,
feeling airflows12–14, sensing vibrations or sound
waves15–17, and so on. These mechanosensors offer the
potential of profound implications for various areas,
including but not limited to prosthetics, health care,
human‒machine interactions, and robotics18–20.
For all these biomimetic mechanosensors, sensitivity is

one of the most important parameters in evaluating
device performance. Despite the different characterization
forms, the sensitivity of a biomimetic mechanosensor is
essentially determined by the force detection resolution
since the underlying physical quantity measured by the
sensing element is the force. The force detection resolu-
tion is the minimum value of the force that a sensor can
distinguish. Currently, many biomimetic mechanosensors
have demonstrated the ability to detect subtle forces, and
the detection resolution ranges from 0.1 to 18 mN21–24. In
other studies, the detection resolution has ranged from
0.9 to 5 Pa in terms of pressure13,15,24–27. The equilibrium
force detection resolution is on the submillinewton to
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millinewton scale after converting pressure to force. Most
recently, by utilizing a triboelectric nanogenerator, An
et al. developed an electronic whisker-type mechan-
osensor that could distinguish an exciting force to the
level of 1.129 μN7. This work is a tremendous advance-
ment that encourages the exploration of mechanosensors
with superfine resolution. Therefore, after successfully
achieving micronewton scale detection resolution,
the next milestone for the mechanosensor is to further
improve the force detection resolution to the
nanonewton scale.
However, it is very challenging for biomimetic mechan-

osensors to detect nanonewton scale force. In fact, even
though the constraints required by practical applications
such as wearable devices or flexible humanoid robots are
not considered, the detection of nanonewton scale force is
not easy to achieve. It requires bulky instruments such as
atomic force microscopy (AFM), which requires compli-
cated control and detection systems for support. Some
studies have reported sensitivity to the nanonewton scale by
utilizing silicone-based devices28–30. However, these devices
require intensive MEMS fabrication ability and are expen-
sive. The lack of a simple, cost-effective, and wearable
device with nanonewton-scale detection resolution hinders
further advancements in the applications of biomimetic
mechanosensors in many fields.
To resolve this obstacle, in this manuscript, we intro-

duce efforts to develop an ultrahighly sensitive biomi-
metic mechanosensor. First, we imitate the principle and
structure of mammalian whiskers to construct a whisker-
type mechanosensor consisting of a flexible sensing fiber
to undertake and transfer external mechanostimuli to the
internal strain of the structure. Additionally, we imple-
ment a nanocrack-based strain sensor to transfer internal
strain to output electrical signals. A nanocrack-based
strain sensor that imitates the mechanism that spiders use
to sense minute variations was first reported by Kang
et al.31. However, the precise manufacturing of nano-
cracks on a flexible and small sensing fiber is difficult, thus
preventing researchers from using nanocrack-based strain
sensors in whisker-type devices. Recently, we developed a
photolithography-assisted method that can precisely fab-
ricate patterned nanocracks at designated positions32.
Therefore, we are able to construct an ultrahighly sensi-
tive mechanosensor utilizing a nanocrack-based electro-
nic whisker (NCBEW), as shown in Fig. 1.
We characterize the NCBEW mechanosensor, and it

can achieve force detection resolution down to 72.2 nN,
which is the first biomimetic mechanosensor with
nanonewton-scale detection resolution. The improvement
in sensitivity yields the ability to perceive subtle
mechanical stimuli, which is essential in many circum-
stances to track minor changes in the external environ-
ment. We demonstrate the perception of tiny objects such

as a single section of hair, the feeling of airflow induced by
breathing or a door’s opening and closing. We also use the
NCBEW mechanosensor to recognize surface morphol-
ogy and achieve the perception of a 30 nm-height step,
which is also the finest resolution ever reported regarding
biomimetic mechanosensors. Furthermore, since the
NCBEW mechanosensor is so sensitive that it can
recognize the torsion induced by its own gravity, we
demonstrate the sensing of the tilted angle of a body with
respect to the Earth’s vertical. A fully integrated and
wearable hairband has been developed based on the
NCBEW device for real-time monitoring of human body
posture and movements such as sleeping position and
falling, which mimics the functions of the human
vestibule.
In summary, the proposed NCBEW mechanosensor

expands the force detection resolution of current biomi-
metic mechanosensors from the micronewton to nano-
newton scale. It is reasonably believed that it not only
endows devices with more sensitive sensing ability to the
surrounding environment but also provides an opportu-
nity for personal health care and potential applications
such as artificial vestibules for gravity perception.

Results
Principle of the NCBEW mechanosensor
The NCBEW mechanosensor imitates the whisker

sensory system of animals. The whiskers of a cat and the
underlying sensing mechanism are illustrated in Fig. 1a.
Specifically, a whisker fiber grows in the hair follicle with
its root being surrounded by neuro cells. When a
mechanical stimulus such as an external force is applied
to the fiber, the deformation of the fiber pushes or pulls
the neuron cells due to its bending. Then, neuronal cells
transfer the mechanical stimulus to electric signals and
finally send the electric signals to the brain33,34. As shown
in Fig. 1b, we propose to use a polydimethylsiloxane
(PDMS) cantilever as the flexible sensing fiber to imitate
the whisker fiber that undertakes and transfers the
external load to internal strain and a U-shaped nano-
crack-based strain sensor located at the root area of the
cantilever to function as neuron cells that sense the
deformation of the sensing fiber and generate electrical
signals.
The manufacturing process of the NCBEW mechan-

osensor is shown in Fig. 1c. First, a layer of Au was
sputtered onto a PDMS sheet. Second, Au was patterned
by using standard photolithography. Third, the photo-
resist on the Au was patterned again to define the location
of nanocracks. Fourth, the sample was bent to generate
cracks. Fifth, the photoresist of the sample was removed,
and the PDMS sheet was defined as a sensing fiber by
using a knife die. Optionally, for tilt angle sensing, two
pieces of PDMS were bonded onto the two sides of the
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sensing fiber (The detailed information is described in
Note S1 of the Supplementary information.). Figure 1d
shows a photograph of an NCBEW mechanosensor. Fig-
ure 1e shows the nanocracks precisely manufactured in
the Au layer, and the overlapped crack edges can be
observed.
An illustration of a nanocrack-based strain sensing unit

is shown in Fig. 2a. The working principle of the Au/
PDMS nanocrack-based strain sensing unit includes the
overlap effect and the tunneling effect35,36. Therefore,
when a mechanical stimulus is applied to the sensing fiber
that forces the fiber to bend outward, the electrode is
stretched, which makes nanocracks open. As a result, the
resistance of the Au layer increases dramatically, therefore
indicating the value of the applied mechanical stimulus
(Fig. 2b). In contrast, when the sensing fiber is forced to

bend inward, the crack edges overlap, and the resistance
of the Au layer decreases. In addition, combining the
previous reports involving nanocrack-based sensors35,36,
an electromechanical model is established in Note S2
(Supplementary information) to show the relationship
between the output of the proposed NCBEW mechan-
osensor and the applied force.

Characterization of the NCBEW mechanosensor
The sensing performance of the NCBEW mechan-

osensor is investigated and shown in Fig. 3. The NCBEW
mechanosensor exhibits ultrahigh sensitivity, including
gauge factor (GF) and detection resolution. Figure 3a
shows the response of the NCBEW mechanosensor to
force in the range of 0–67.5 μN. Specifically, the NCBEW
mechanosensor responds to the loading force of 67.5 μN
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Fig. 1 The nanocrack-based electronic whisker mechanosensor. a Schematic illustration of the NCBEW mechanosensor and its biomimetic
comparison with the cat whisker sensory system. b Schematic of the NCBEW mechanosensor. c The manufacturing process of the NCBEW
mechanosensor. d Photograph of an NCBEW mechanosensor. e SEM images of the nanocracks in the Au layer with the ordered arrangement
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with an ΔR/R0 of 2.39 ± 0.33 (the responses of five sam-
ples are shown in Fig. S1); therefore, the GF of the
NCBEW mechanosensor is 682.85 ± 94.28 (the corre-
sponding strain is 0.35%, and the detailed calculation is
described as the model in the section of Note S3 in the
Supplementary information). According to the proposed
electromechanical model (Note S2, Supplementary
information), we also conduct theoretical fitting of the
response of the proposed NCBEW mechanosensor. As
shown in Fig. S2, the proposed electromechanical model
can fit the response of the proposed NCBEW mechan-
osensor. Additionally, the detection resolution of the
NCBEW mechanosensor is on the nanonewton scale. As
shown in Fig. 3b, within the range of 0–5.5 μN, a linear
relationship is fitted with the Equation y= 0.000831x, and
the coefficient of determination R2 is equal to 0.995.
Referring to the method reported in the work done by
Wang’s group7, we calculate the detection resolution by
measuring the noise level for the output signal and
dividing its value by the slope of the fitting equation. The
resistance of the device when no force is loaded, as well as
the fluctuation of the resistance, are measured. Then, the
relative resistance change is calculated by dividing the
fluctuation of the resistance by the average of the resis-
tance and is defined as the noise level (the results are
shown by the inserted figure in Fig. 3b). Considering the
noise level to be 0.00006, the force detection resolution of
the NCBEW device is as low as 72.2 nN. It is worth noting

that the strain of the nanocrack sensing unit deciding the
output of the device is reciprocally proportional to
the flexural rigidity of the sensing fiber (Eq. (S1)). That is,
the force detection resolution of the device could be
improved using softer materials, thinner sensing fibers,
etc. These results demonstrate that we can expand the
force detection resolution of biomimetic mechanosensors
from the micronewton level to the nanonewton scale.
We also perform thorough quantitative characterization

by applying precisely controlled mechanical stimuli to the
NCBEW device. Vertical deflections with specific para-
meters are applied on the free end of the sensing fiber
using an electronic universal testing machine. The
equivalent loading force can be calculated by the deflec-
tion of the flexible sensing fiber. The detailed information
is described in Note S3 (Supplementary information).
First, the hysteresis behavior of the device was studied by
applying a gradually changing force. As shown in Fig. 3c,
the response curves regarding the loading and unloading
process nearly overlap. The degree of hysteresis (DH) is
3.27% according to a previously reported calculation
method37. A square wave loading with a force amplitude
of 67.5 μN was applied to the NCBEW device to check the
response time and recovery time. As shown in Fig. 3d, the
response time and recovery time are 140 ms and 100 ms,
respectively.
Figure 3e demonstrates the repeatability of the NCBEW

mechanosensor. When varied mechanical stimuli are
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Fig. 2 Schematic diagram of the working principle of the nanocrack-based strain sensing unit. a The resistance change of a nanocrack when
the crack opens. b Nanocrack-based strain sensing unit percepts the bending of the flexible sensing fiber
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applied periodically, the device generates signals corre-
spondingly, and the signal amplitudes of all cycles remain
constant. Durability, which is considered another impor-
tant performance parameter for sensors, is tested. By
applying a force of 67.5 μN at a loading frequency of
0.2 Hz to the NCBEW mechanosensor, the ΔR/R0 from
the 1st cycle to the 1000th cycle is presented in Fig. 3f.
The average maximum values of ΔR/R0 calculated based
on the amplitudes of five cycles near the 500th and 1000th
cycles are 2.35 and 2.56, respectively. Compared with the
maximum value of ΔR/R0 (2.11) in the first cycle, the

relative differences are 11.77% and 21.52%. The change in
the response results from strain accumulation38.
The effects of temperature, humidity and packaging on

the response of the NCBEW mechanosensor were also
evaluated. As shown in Fig. S3a, when the temperature
increases from 25 °C to 55 °C, the ΔR/R0 of the device
increases from 0 to 1.08 ± 0.19 (data were obtained from
5 samples). These results show an obvious temperature
coefficient due to the large coefficient of thermal expan-
sion (CTE) of the PDMS substrate and the temperature
resistance effect of Au39. To minimize the temperature

3.0a

c

e f

d

b
0.8

0.6

0.4

0.2

0.0

2.5

2.0

1.5

1.0

0.5

0.0

3.0
6.0

5.0

4.0

3.0

2.0

1.0

0.0

6.0

5.0

4.0

3.0

2.0

1.0

0.0

0 200 400 600
Cycle

800 1000

1000996496 500
CycleCycle

51
0

1

2
3

Cycle

2.5

2.0

1.5

1.0

0.5

0.0

0 10 20 30 40 50

0 10 20 30 40 50 60 70 –2.0 0.0 2.0 4.0 6.0

Time (s)

Time (s)

Time (s)

Noise level =
0.00006

0

–0.3

0

0.3

1 2 3 4 5

8.78.68.58.4

0.0

0.5

1.0

1.5

2.0

3.0

2.5

2.0

1.5

1.0

0.5

0.0

3.4 3.5 3.6
Time (s)

3.7 3.8

140 ms 100 ms

Time (s)

8.0 10.0 12.0 14.0

2.5

2.0

1.5

1.0

0.5

0.0

0 10 20
Force (µN)

Load force (µN)

DH = 3.27%

11 µN 22 µN 33 µN 44 µN 67.5 µN

Loading

Experiment

Fitting

Unloading

Force (µN)

Resolution = = 72.2 nN0.00006

y = 0.000831x

0.000831

30 40

Mechano-
stimulation

50

n = 5

60 70 0 1 2 3 4 5 6

�
R

 /R
0

�
R

 /R
0

�
R

 /R
0

�
R

 /R
0

�
R

 /R
0

�
R

 /R
0 
(1

0–4
)

�
R

 /R
0

0

1

2

3
�

R
 /R

0

�
R

 /R
0

0

1

2

3

�
R

 /R
0

�
R

 /R
0 

(%
)

�
R

 /R
0

Fig. 3 Characterization of the NCBEW mechanosensor. a The NCBEW mechanosensor responds to the applied force with a wide range from 0 to
67.5 μN. b The linear relationship between the applied force and relative resistance changes within the range from 0 to 5.5 μN. Considering the noise
level, the minimum resolution for force detection is as low as 72.2 nN. c The hysteresis behavior of the NCBEW device with a degree of hysteresis (DH)
of 3.27%. d The response time and recovery time are 140ms and 100 ms. e Repeatability is demonstrated via the response of the NCBEW device to
periodic loading forces of 11 μN, 22 μN, 33 μN, 44 μN, and 67.5 μN. f Characterization of the durability of the NCBEW device with loading cycles up
to 1000

Zhang et al. Microsystems & Nanoengineering            (2023) 9:87 Page 5 of 12



coefficient, materials with a lower CTE, such as polyimide,
can be used to replace PDMS, and algorithms that could
eliminate the temperature resistance effect of Au should
be further studied. Additionally, a differential design
should be constructed in future studies. As shown in
Fig. S3b, in addition to the U-shape nanocrack-based
sensing unit at the fixed end, the differential design
includes another U-shaped nanocrack-based sensing unit
at the free end of the fiber where the strain is minimal.
The second U-shaped nanocrack-based sensing unit
serves as a temperature unit that can eliminate the effect
of temperature on the response of the NCBEW
mechanosensor. To evaluate the effect of humidity on the
response of the sensor, the sensor was placed in an air-
tight environment where the humidity was changed by
using a humidifier. The response of the process is recor-
ded in Fig. S3c. When the relative humidity increases
from 20% to 90%, there is little change caused by the
change in humidity, which means that the sensor has
good resistance to humidity change. We also investigate
the effect of the packaging on the response of the NCBEW
mechanosensor. The ΔR/R0 of the device after packaging
is lower than that before packaging, and the GF of the
packaged nanocrack-based strain sensing unit is 458.48
(Fig. S3d). Previous studies have shown a decrease in
sensitivity to packaged nanocrack-based sensors40–43. On

the other hand, the packaging material increases the
thickness of the cantilever and encapsulates the nano-
crack sensing unit inside the structure; therefore, the
sensing unit is closer to the neutral layer of the cantilever
structure so that less strain is applied when the same force
is applied (Note S3, Fig. S3e, f).

Tactile recognition and airflow monitoring
The improvement of a mechanosensor’s sensitivity

yields better performance and sensing ability in practical
applications. To demonstrate the advantages of the
NCBEW mechanosensor, we utilize our devices for tactile
recognition and airflow monitoring. The results are
shown in Fig. 4.
In nature, animals use skin or whiskers to perceive

tactile sense, such as the roughness of the surface. By
mounting the device on a movable robotic arm to touch
and scan the surface, our NCBEW mechanosensor can be
applied for tactile sensing (as shown in Figs. 4a, S4 of the
Supplementary information). When the sensing fiber
touches the patterned protruding features, it bends out-
ward and leads to an increase in the resistance, while
when the device crosses the bumps, the sensing fiber
recovers, which results in a decrease in the resistance.
Figure 4b shows the surface profiling results for con-
tinuously scanning patterned fringes. The testing sample
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contains four SU-8 photoresist fringes on the surface. The
pattern has a spacing of 5 mm and a height of approxi-
mately 32 μm. The scanning results obtained from the
NCBEW mechanosensor regarding the relative change in
resistance (blue line) and the data obtained by the surface
profilometer (red line) are compared. The two lines agree
well with each other. Then, to perceive the nanometer-
scale surface morphology, we develop an NCBEW device
with an inhomogeneous cross-section that has a superior
ability to recognize sensing fiber bending due to the
concentration effect of strain (Fig. S5 and Note S4 in
Supplementary information). Figure 4c shows an Au
stripe with a height of 30 nm deposited on glass, and its
surface is characterized via a commercial surface profil-
ometer. Figure 4d shows the signal obtained from the
NCBEW mechanosensor. A step change is recorded when
the sensing fiber starts or terminates touching the Au
stripe. The results demonstrate that the NCBEW
mechanosensor is ultrasensitive for tactile perception and
capable of perceiving nanometer-scale surface morphol-
ogy, which is the finest resolution of all biomimetic
mechanosensors to our knowledge9,10,21,22,44,45. In addi-
tion, we also test the NCBEW mechanosensor for tactile
recognition of complex surface morphology. Figure 4e
shows that three SU-8 stages with different heights are

recognized. Figure 4f shows the mapping of the spatial
distribution of four photoresist blocks. The surface mor-
phology scanning results of the NCBEW mechanosensor
match well with those obtained from a commercial sur-
face profilometer, as shown in Fig. S6.
The NCBEW mechanosensor is capable of imitating

mammal whiskers to sense minute changes in the envir-
onment. Figure 5a shows the ability to detect a superlight
object. A section of human hair (the length of hair is
~1 cm and the weight is ~0.1 μg) is placed on the device’s
end and then removed 4 times. The device’s output signal
can distinguish the process clearly. Figure 5b shows the
response of the NCBEW mechanosensor when water
drops with a volume as small as 1 μL fall onto the device.
The signal exhibits an overshoot due to the impulse of the
water drop’s momentum and then stays at constant levels
until another water drop falls.
Monitoring the airflow can obtain the speed and

direction of the wind. Furthermore, the minute airflow
disturbance is a sign of changes in the external environ-
ment, such as an object moving or approaching. The
ability of the NCBEW mechanosensor to monitor
the airflow is also characterized. We attach our device at
the philtrum position to monitor the airflow caused by
human breathing, as shown in Fig. 5c. Human breathing
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can reflect the state of personal health; for example, sleep
apnea syndrome may lead to hypertension, coronary heart
disease, and even sudden death46. To monitor human
breathing, some flexible strain sensors were employed by
attaching the flexible sensors onto the skin of the
chest47,48. We provide a more convenient approach to
monitor human breathing flow. As shown in Fig. 5d (and
in Movie S1, Supplementary information), 16 peaks of the
relative change in resistance reflect human breathing in
one minute. We also demonstrate the use of our NCBEW
mechanosensor to sense the opening and closing of the
door by monitoring the corresponding airflow, as shown
in Fig. 5e. When the door is opening or closing, the
movement of the door panel induces positive or negative
pressure, thus generating airflow disturbance. Figure 5f
shows the response of the NCBEW mechanosensor to
monitor the opening and closing of the door. These
results indicate the ability of our device to track envir-
onmental changes via the perception of airflow.

Perception of the body’s orientation with respect to the
gravity field
In nature, humans and some animals use the vestibule

system to sense Earth’s gravity, which acts as a pervasive
environmental stimulus on the body. The vestibule system
perceives gravity via the otolith and stereocilia (Fig. 6a, b).
The sense of gravity is referred to as graviception, which is
required for postural stability and spatial orientation
recognition49. Inspired by the vestibule system, the
NCBEW mechanosensor can perceive the torsion force
induced by the sensing fiber’s own gravity due to
the superfine force detection resolution. When the device
rotates, the tilted angle between the direction of the
sensor’s body and the direction of the gravity field chan-
ges; therefore, the torsion force applied to the sensing
fiber changes. By recognizing the difference in torsion
force, our device can sense the orientation of the device
itself. A detailed analysis is described in Note S5 and Fig.
S7 in the Supplementary information. We define the
inclination angle θ as the angle between the vertically
upward direction and the direction of the sensing fiber.
The relationship between the value of strain at the root
part of the sensing fiber and inclination angle θ is inves-
tigated via a theoretical model and finite element analysis
(FEA). The results are plotted in Fig. 6c. Specifically, the
strain increases when θ changes from 0° to 90°, while it
decreases when θ changes from 90° to 180°. The max-
imum strain is ~0.08% when the sensing fiber is in a
horizontal position. Figure 6d shows the results in terms
of the NCBEW mechanosensor’s response when θ chan-
ges from 0° to 180°. The output signal presented as ΔR/R0
is zero when θ equals 0° and then reaches the maximum
value (0.058 ± 0.0076) when θ equals 90°. Notably, the
value of ΔR/R0 is not equal to zero when θ is 180° due to

the stretching force (illustrated by Fig. S7, Supplementary
information). Figure 6e shows the NCBEW mechan-
osensor responding to tilt angles from 0 to 90° with good
repeatability. We also found that the NCBEW mechan-
osensor shows good linearity between tilt angles of 0 and
10° (Fig. 6f). In addition, the inclination angle sensing
resolution of the NCBEW mechanosensor is 0.08°, as
shown in Fig. 6g, which is higher than some reported
flexible tilted sensors50,51. The ability of the device to
sense tilted angles ranging from −180° to 0° is shown in
Fig. S8 (Supplementary information). In summary, we
demonstrate that the NCBEW mechanosensor has the
function of sensing the inclination angle of the body
with respect to the direction of the gravity field, which
has not ever been achieved by current biomimetic
mechanosensors.
To achieve a function similar to the human vestibule

system, we develop a wearable device that integrates an
NCBEW mechanosensor, postprocessing circuits and a
Bluetooth unit onto a hairband (Fig. 7a). This system
achieves the sensing of the body’s posture and movements
and therefore can potentially serve as an artificial vestibule
system and has been used for remote monitoring of falls
in elderly people.
Falls in elderly people over the age of 65 are prevalent

and have become a serious issue for the aging population.
Especially for elderly individuals who live alone, if not
found in a timely manner, falls can cause injuries,
including bone fracture or cerebral hemorrhage, that may
lead to paralysis and even death. According to the sta-
tistics from the Centers for Disease Control and Preven-
tion in the US, falls among adults 65 and older caused
over 32,000 deaths in 2018, making falls the leading cause
of injury death for that group52. A wearable device with
remote monitoring ability is urgently needed to help
doctors and guardians take care of the elderly and alert
them when emergencies occur. Our device can help to
resolve this issue, as shown in Fig. 7b. We developed an
elderly fall alert cloud database system. The elderly can
wear a smart hairband that contains the NCBEW
mechanosensor. A local device such as a smartphone or
data router receives the signals from the smart hairband
and uploads the data to a cloud database automatically.
The data can be shared with doctors in emergency care at
local hospitals. At the same time, the guardians of the
elderly can also be notified by the cloud database via the
smartphone applications we developed.
An elderly person could wear this smart hairband on

their head to monitor their sleeping posture (Fig. 7c) and
daily activities such as reading, taking medicine, and
housework (Fig. S9, Supplementary information). To
determine a method that distinguishes falls from other
daily activities, we compared the signals when falls occur
with those of other activities. Figure 7d, e show the

Zhang et al. Microsystems & Nanoengineering            (2023) 9:87 Page 8 of 12



response of the smart hairband when a person falls for-
ward and backward. Spikes are observed when the signal
changes rapidly. We define the event time, which equals
the duration from the start to the end of the signal change,
and use this event time as the criterion to distinguish falls
from other activities. The event times for falling forward
and backward are 0.23 s and 0.17 s, respectively. The event
times for lying down or sitting up are 4.9 s and 4.5 s,
respectively (Fig. S10, Supplementary information), which
are more than 20 times longer than those of falls. Based
on the event time, the system is able to recognize the falls

of elderly people and then notify doctors and guardians in
a timely manner.

Conclusion
In this manuscript, a biomimetic mechanosensor is

developed by integrating a nanocrack-based strain sensor
with a flexible sensing fiber to form a novel electronic
whisker. The proposed NCBEW mechanosensor achieves
a detection resolution of force as low as 72.2 nN, the
perception of tiny objects such as hair airflow, and the
recognition of surface morphology down to 30 nm height,
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which is the finest resolution ever reported regarding
biomimetic mechanosensors. In addition to demonstrat-
ing the improvements in terms of detection resolution, we
utilize the NCBEW device to sense the inclination angle of
an object with respect to the Earth’s vertical, which has
not been previously achieved by these devices. Therefore,
our NCBEW mechanosensor provides a significant
advancement in terms of sensitivity and offers great
potential to contribute to applications in remote health
care.

Acknowledgements
The authors thank Prof. Dazhi Wang for providing the tunable three-axis stage.
This work was supported by the National Key Research and Development
Program of China (Grant No. 2020YFB2008502), the National Natural Science
Foundation of China (Grant No. 51875083), and the Dalian Science &
Technology Innovation Fund (Grant No. 2020JJ25CY018).

Author details
1State Key Laboratory of High-performance Precision Manufacturing, Dalian
University of Technology, 116024 Dalian, Liaoning, China. 2Key Laboratory for
Micro/Nano Technology and System of Liaoning Province, Dalian University of
Technology, 116024 Dalian, Liaoning, China. 3State Key Laboratory of Structural
Analysis for Industrial Equipment, Dalian University of Technology, 116024
Dalian, China

Author contributions
C.Z. and M.W. contributed equally to this work. C.Z. and M.W. conceived the
idea. C.Z. fabricated the devices and performed the measurements and data
analysis. Z.T. and S.C. assisted with device fabrication and measurements. Z.T.,
S.C., and J.S. assisted with data analysis. S.Z. and Y.S. generated the schematic
drawings. M.L. and L.C. performed the mechanical analysis of the device. D.G.
and Z.K. carried out the FEA of the device. L.W. and J.L. supervised the research.
C.Z., M.W., and J.L. wrote the manuscript.

Competing interests
The authors declare no competing interests.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41378-023-00560-w.

Received: 9 November 2022 Revised: 22 May 2023 Accepted: 23 May 2023

References
1. Jung, Y. H., Park, B., Kim, J. U. & Kim, T. I. Bioinspired electronics for artificial

sensory systems. Adv. Mater. 31, 1803637 (2019).
2. Wang, J. W. et al. Artificial sense technology: emulating and extending bio-

logical senses. ACS Nano 15, 18671–18678 (2021).
3. Shin, S. H. et al. Integrated arrays of air-dielectric graphene transistors as

transparent active-matrix pressure sensors for wide pressure ranges. Nat.
Commun. 8, 14950 (2017).

4. Boutry, C., Negre, M., Jorda, M., Vardoulis, O. & Bao, Z. A hierarchically pat-
terned, bioinspired e-skin able to detect the direction of applied pressure for
robotics. Sci. Robot. 3, eaau6914 (2018).

5. Yan, Y. C. et al. Soft magnetic skin for super-resolution tactile sensing with
force self-decoupling. Sci. Robot. 6, eabc8801 (2021).

6. Zhao, X. F. et al. Ultrahigh-sensitive finlike double-sided e-skin for force
direction detection. ACS Appl. Mater. Interfaces 12, 14136–14144 (2020).

7. An, J. et al. Biomimetic hairy whiskers for robotic skin tactility. Adv. Mater. 11,
2101891 (2021).

8. Harada, S., Honda, W., Arie, T., Akita, S. & Takei, K. Fully printed, highly sensitive
multifunctional artificial electronic whisker arrays integrated with strain and
temperature sensors. ACS Nano 8, 3921–3927 (2014).

9. Cao, Y. D. et al. Fingerprint-inspired flexible tactile sensor for accurately dis-
cerning surface texture. Small 14, 1703902 (2018).

10. Chun, S., Hong, A., Choi, Y., Ha, C. & Park, W. A tactile sensor using a conductive
graphene-sponge composite. Nanoscale 8, 9185–9192 (2016).

11. Solomon, J. H. & Hartmann, M. J. Biomechanics: robotic whiskers used to sense
features. Nature 443, 525 (2006).

12. Wang, H. M. et al. Bioinspired fluffy fabric with in situ grown carbon nanotubes
for ultrasensitive wearable airflow sensor. Adv. Mater. 32, 1908214 (2020).

13. Takei, K. et al. Highly sensitive electronic whiskers based on patterned carbon
nanotube and silver nanoparticle composite films. Proc. Natl. Acad. Sci. USA
111, 1703–1707 (2014).

14. Asadnia, M. et al. From biological cilia to artificial flow sensors: biomimetic soft
polymer nanosensors with high sensing performance. Sci. Rep. 6, 32955 (2016).

15. Lee, Y. et al. Flexible ferroelectric sensors with ultrahigh pressure sensitivity and
linear response over exceptionally broad pressure range. ACS Nano 12,
4045–4054 (2018).

16. Gong, S. et al. A soft resistive acoustic sensor based on suspended standing
nanowire membranes with point crack design. Adv. Funct. Mater. 30, 1910717
(2020).

17. Pang, C. et al. Highly skin-conformal microhairy sensor for pulse signal
amplification. Adv. Mater. 27, 634–640 (2015).

18. Wan, Y. B., Wang, Y. & Guo, C. F. Recent progresses on flexible tactile sensors.
Mater. Today Phys. 1, 61–73 (2017).

19. Sun, H. et al. An ultrasensitive and stretchable strain sensor based on a
microcrack structure for motion monitoring. Microsyst. Nanoeng. 8, 111 (2022).

20. Wang, X., Deng, Y., Jiang, P., Chen, X. & Yu, H. Low-hysteresis, pressure-
insensitive, and transparent capacitive strain sensor for human activity mon-
itoring. Microsyst. Nanoeng. 8, 113 (2022).

21. Alfadhel, A. & Kosel, J. Magnetic nanocomposite cilia tactile sensor. Adv. Mater.
27, 7888–7892 (2015).

22. Liu, Y. F. et al. A biomimetic multifunctional electronic hair sensor. J. Mater.
Chem. A 7, 1889–1896 (2019).

23. Zhang, J. et al. Biomimic hairy skin tactile sensor based on ferromagnetic
microwires. ACS Appl. Mater. Interfaces 8, 33848–33855 (2016).

24. Pang, C. et al. A flexible and highly sensitive strain-gauge sensor using
reversible interlocking of nanofibres. Nat. Mater. 11, 795–801 (2012).

25. Liu, Y. F. et al. Bio-inspired highly flexible dual-mode electronic cilia. J. Mat.
Chem. B 6, 896–902 (2018).

26. Mannsfeld, S. C. B. et al. Highly sensitive flexible pressure sensors with
microstructured rubber dielectric layers. Nat. Mater. 9, 859–864 (2010).

27. Liu, M. M. et al. Large-area all-textile pressure sensors for monitoring human
motion and physiological signals. Adv. Mater. 29, 1703700 (2017).

28. Kim, K., Liu, X. Y., Zhang, Y. & Sun, Y. Nanonewton force-controlled manip-
ulation of biological cells using a monolithic MEMS microgripper with two-
axis force feedback. J. Micromech. Microeng. 18, 055013 (2008).

29. Chen, S. J. & Pan, S. S. A force measurement system based on an electrostatic
sensing and actuating technique for calibrating force in a micronewton range
with a resolution of nanonewton scale. Meas. Sci. Technol. 22, 045104 (2011).

30. Algre, E. et al. MEMS ring resonators for laserless AFM with sub-nanonewton
force resolution. J. Microelectromech. Syst. 21, 385–397 (2012).

31. Kang, D. et al. Ultrasensitive mechanical crack-based sensor inspired by the
spider sensory system. Nature 516, 222–226 (2014).

32. Liu, J. S. et al. Photolithography-assisted precise patterning of nanocracks for
ultrasensitive strain sensors. J. Mater. Chem. A 9, 4262–4272 (2021).

33. Ebara, S., Kumamoto, K., Matsuura, T., Mazurkiewicz, J. E. & Rice, F. L. Similarities
and differences in the innervation of mystacial vibrissal follicle-sinus complexes
in the rat and cat: a confocal microscopic study. J. Comp. Neurol. 449, 103–119
(2002).

34. Luo, Y. F., Bresee, C. S., Rudnicki, J. W. & Hartmann, M. J. Z. Constraints on the
deformation of the vibrissa within the follicle. PLoS Comput. Biol. 17, e1007887
(2021).

35. Yang, T. T. et al. Structural engineering of gold thin films with channel cracks
for ultrasensitive strain sensing. Mater. Horiz. 3, 248–255 (2016).

36. Wang, C. F. et al. Detection of non-joint areas tiny strain and anti-interference
voice recognition by micro-cracked metal thin film. Nano Energy 34, 578–585
(2017).

37. Yoon, S. G., Koo, H. J. & Chang, S. T. Highly stretchable and transparent
microfluidic strain sensors for monitoring human body motions. ACS Appl.
Mater. Interfaces 7, 27562–27570 (2015).

38. Park, B. et al. A semi-permanent and durable nanoscale-crack based sensor by
on-demand healing. Nanoscale 10, 4354–4360 (2018).

Zhang et al. Microsystems & Nanoengineering            (2023) 9:87 Page 11 of 12

https://doi.org/10.1038/s41378-023-00560-w


39. Chantiwas, R. et al. Flexible fabrication and applications of polymer nano-
channels and nanoslits. Chem. Soc. Rev. 40, 3677–3702 (2011).

40. Kim, T. et al. Polyimide encapsulation of spider-inspired crack-based sensors for
durability improvement. Appl. Sci. 8, 367 (2018).

41. Kim, M. et al. FEP encapsulated crack-based sensor for measurement in
moisture-laden environment. Materials 12, 1516 (2019).

42. Hong, S. K. et al. Development of a waterproof crack-based stretchable strain
sensor based on PDMS shielding. Sensors 18, 1171 (2018).

43. Li, J. et al. Visually aided tactile enhancement system based on ultrathin highly
sensitive crack-based strain sensors. Appl. Phys. Rev. 7, 011404 (2020).

44. Xie, R. J. et al. 3D-conductive pathway written on leather for highly sensitive
and durable electronic whisker. J. Mater. Chem. C 8, 9748–9754 (2020).

45. Reeder, J. T., Kang, T., Rains, S. & Voit, W. 3D, reconfigurable, multimodal
electronic whiskers via directed air assembly. Adv. Mater. 30, 1706733 (2018).

46. Dincer, H. E. & O’Neill, W. Deleterious effects of sleep-disordered breathing on
the heart and vascular system. Respiration 73, 124–130 (2006).

47. Tolvanen, J., Hannu, J. & Jantunen, H. Stretchable and washable strain sensor
based on cracking structure for human motion monitoring. Sci. Rep. 8, 13241
(2018).

48. Ning, C. et al. Helical fiber strain sensors based on triboelectric nanogenerators
for self-powered human respiratory monitoring. ACS Nano 16, 2811–2821
(2022).

49. Binder, M. D., Hirokawa, N. & Windhorst U. (eds.). In Encyclopedia of Neu-
roscience (Springer, 2009).

50. Buthe, L. et al. Fabrication, modeling, and evaluation of a digital output tilt
sensor with conductive microspheres. IEEE Sens. J. 17, 3635–3643 (2017).

51. Chen, Y. L. Application of tilt sensors in human-computer mouse interface
for people with disabilities. IEEE Trans. Neural Syst. Rehabil. Eng. 9, 289–294
(2001).

52. Moreland, B., Kakara, R. & Henry, A. Trends in nonfatal falls and fall-related
injuries among adults aged > = 65 years - United States, 2012–2018. MMWR-
Morb. Mortal. Wkly. Rep. 69, 875–881 (2020).

Zhang et al. Microsystems & Nanoengineering            (2023) 9:87 Page 12 of 12


	A nanonewton-scale biomimetic mechanosensor
	Introduction
	Results
	Principle of the NCBEW mechanosensor
	Characterization of the NCBEW mechanosensor
	Tactile recognition and airflow monitoring
	Perception of the body&#x02019;s orientation with respect to the gravity field

	Conclusion
	Acknowledgements




