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Abstract: Internal mechano-sensors, as an indispensable part of the proprioceptive system of intelli-
gent equipment, have attracted enormous research interest because of their extremely crucial role in
monitoring machining processes, real-time diagnosis of equipment faults, adaptive motor control
and so on. The mechano-sensory structure with signal-transduction function is an important factor in
determining the sensing performance of a mechano-sensor. However, contrary to the wide application
of the cantilever beam as the sensory structure of external mechano-sensors in order to guarantee
their exteroceptive ability, there is still a lack of an effective and widely used sensory structure to
significantly improve the sensing performance of internal mechano-sensors. Here, inspired by the
scorpion using the specialized slit as the sensory structure of internal mechano-sensilla, the slit is
ingeniously used in the design of the engineered internal mechano-sensor. In order to improve the
deformability of the slit wake, the hollowed-out design around the slit tail of biological mechano-
sensilla is researched. Meanwhile, to mimic the easily deformed flexible cuticular membrane covering
the slit, the ultrathin, flexible, crack-based strain sensor is used as the sensing element to cover the
controllable slit wake. Based on the coupling deformation of the slit wake, as well as the flexible strain
sensor, the slit-based mechano-sensor shows excellent sensing performance to various mechanical
signals such as displacement and vibration signals.

Keywords: bio-inspired; slit; sensory structure; mechano-sensor

1. Introduction

Mechano-sensors are a kind of sensor that can convert a variety of mechanical sig-
nals (such as air/water flow, vibration, touch, acoustic signal, and so on) into electrical
signals [1–4]. In the engineering field, mechano-sensors are important for engineering
equipment to detect mechanical signals in the internal and external environment, because
mechanical signals contain a lot of information for rehabilitation monitoring of advanced
equipment, guiding the control of mechanical actuators, and precise motion control of intel-
ligent robots in complex working conditions [5–8]. Recently, there has been an urgent need
to further significantly improve the sensing performance of mechano-sensors. However,
after decades of research, the mechano-sensors based on traditional design methods are
quickly approaching their performance limits. Therefore, exploring novel strategies is very
important for developing mechano-sensors with excellent performance such as ultra-high
sensitivity, low power consumption, durability, and so on.

The signal-conduction sensory structure and signal-transduction materials are two
major sensing elements of mechano-sensors [9–11]. The coupling design of the above two
elements is key to achieving the optimal performance of various mechano-sensors. Because
the mechanical signals cannot be directly received by signal-transduction materials, it
first requires a highly specialized sensory structure to achieve the efficient collection of
dispersed signals at the sites of nanoscale functional materials [12–14]. Obviously, it is one
of the necessary ways for developing next-generation mechano-sensors by designing a
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highly specialized sensory structure, which can achieve optimal signal transmission, for
a corresponding mechanical signal. According to the classification of an exteroceptive
and proprioceptive system, various types of mechano-sensors are divided into external
mechano-sensors and internal mechano-sensors [15,16]. Specifically, the external mechano-
sensors extending or protruding from the surface of the equipment mainly utilize exterocep-
tive capabilities through the direct detection of external stimuli containing air/fluid-flow
signals and tactile signals [17,18]. For external mechano-sensors, various types of cantilever
beams are widely utilized as the sensory structure because of its unique advantages in exter-
nal mechanical-signal collection [19]. The internal mechano-sensors, as the important part
of the proprioceptive system, are widely used to enhance the capability of the intelligent
equipment to perceptive the changes in their own state via detecting the internal mechanical
stimulus that is generated in the object body [20]. Internal mechano-sensors with excellent
comprehensive performance have attracted extensive attention because of their significant
role in improving the proprioceptive capabilities of intelligent equipment [8,21]. However,
contrary to the wide application of the cantilever beam as the sensory structure of external
mechano-sensors, there is still a lack of an effective and widely used sensory structure for
significantly improving the sensing performance of internal mechano-sensors. Obviously,
it is an urgent problem to find a specific sensory structure that can be widely used and can
significantly improve the performance of the internal mechano-sensor.

In nature, arachnids (such as the spider and scorpion), in which visual systems have
been highly degraded, have evolved a variety of mechano-sensilla to meet their survival
needs in a harsh natural environment [12,22]. Among various mechano-sensilla, the slit-
based mechano-sensilla, as an important part of the proprioceptive system, are ingeniously
used to sense the internal mechanical stimulation caused by walking and the external
vibration signal [23,24]. The slit-based mechano-sensilla are distributed at the front of
the basitarsus joint. When the external mechanical signal acts on the tarsus, the tarsus
rotates around the end of metatarsus, which further causes the deformation of the slit-based
mechano-sensilla due to the extrusion stress [25–29]. The slit-based mechano-sensilla are
composed of bending slit units. The real-time observation result showed that the slit wake
would periodically open and close under the alternating load [30,31]. In the engineering
field, the “crack-shaped” slit is a typical defect owing to the significant stress amplification
at the tip. Our previous research indicated that, for preventing the catastrophic fatigue
fracture of the slit from the slit tip as well as ensuring the sensitivity of sensilla, the cuticular
membrane with low bending stiffness and high tensile stiffness are ingeniously used to
cover the slit wake. The ultrathin cuticular membrane is prone to bending deformation
with the opening and closing of the slit wake. Obviously, the biological research clearly
indicate that the slit-based mechano-sensilla provide a natural bio-inspired strategy for
utilizing the slit as the sensory structure of an internal mechano-sensor in order to further
significantly improve the sensing performance. Although the functional mechanism of
the biological slit-based mechano-sensilla has been deeply researched, there has been a
lack of bionic research on utilizing controllable slit as the sensory structure of the external
mechano-sensor.

Herein, inspired by the open and close of the slit wake as well as the bending deforma-
tion of the cuticular membrane covering the slit wake in response to dynamic mechanical
signals, we report a novel slit-based internal mechano-sensor. In the bio-inspired mechano-
sensor, the flexible, ultrathin, crack-based mechano-sensitive strain sensor (FUCMSS) is
utilized as the sensing element to cover the slit wake. With the deformation of the FUCMSS
and slit wake, the mechanical signal is sensitively detected by efficiently collecting the
mechanical signal and transforming it into a resistance signal. This work explains the de-
sign strategy of the slit-based mechano-sensor in detail and demonstrates great application
foreground for utilizing the slit as the mechano-sensory structure of the next-generation
mechano-sensor. The bio-inspired slit-based mechano-sensor may have a wide range of
applications in the precise adaptive motion control of intelligent robots, the precise opera-
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tion of actuators, as well as the real-time monitoring of the health and processing status of
intelligent CNC machining equipment.

2. Materials and Methods
2.1. Fabrication of the “Hollow Out” Structures and Slit on the Solid Substrate

Transparent acrylic plate with a thickness of 2 mm was chosen as the substrate. The
slit and the hollow structure around the slit tail were prepared on the acrylic plate using
a laser cutting machine (HY-CFB01, HY Co., Liaocheng, China). The three-dimensional
model of the solid substrate was built for finite-element (FEA) simulations. The commercial
software Abaqus 6.14 (Dynamic, Explicit) was used to evaluate the influence of geometric
parameters of the slit as well as the hollow structure on the deformation of slit.

2.2. Fabrication of the Flexible Crack-Based Strain Sensor

20 nm-thick Au film was deposited on the top of the flexible polyethylene terephthalate
film with a thickness of 5 µm via sputtering (108 auto Cressington sputter coater). Then,
a piece of sensing film with dimensions of 5 mm × 20 mm (l × w) was intercepted from
the entire sample. Based on the home-made equipment, the nanoscale crack array was
generated as the sensory structure by bending the sample, and the density of the crack
was controlled by adjusting the curvature radii, loading magnitude, as well as the number
of cycles. Cu leads were wired on top of the Au layer using Cu paste for the resistance
measurement of the bio-inspired slit-based mechano-sensor. The FUCMSS covered the slit
wake using epoxy resin.

2.3. Characterization of the Slit-Based Mechano-Sensors

A digital microscope with a super depth of field (Keyence, VHX-5000, Osaka, Japan)
was used to characterize the deformation of the crack-based strain sensor covering the slit
wake. The deformation of the nanoscale crack under tensile stress was obtained from in situ
TEM tension experiments. The displacement signal was loaded using a homemade stepper
motors system and precision micro-displacement stage system with high precision. The
vibration signal with specific frequency and amplitude was generated using a vibration
generator (JZK-2, Sinocera Piezotronics, Inc., Yangzhou, China). For detecting vibrations
with a frequency of 70 Hz, a modal shaker (JZK-2, Sinocera Piezotronics, Inc., China) and a
digit multimeter (Keithley, DMM 6500, Cleveland, OH, USA) with a higher sample rate
was used. The resistance signal of bio-inspired mechano-sensor was read using a digit
multimeter (Keysight, 34465A, Santa Rosa, CA, USA) with Keysight BenchVue software.

3. Results and Discussion

In our slit-based mechano-sensor, the controllable slit was ingeniously used as the
mechano-sensory structure. The simulation result shows that the deformation of the
solid substrate was mainly concentrated on the slit wake (Figure 1a). Hence, when an
alternating load acts on the substrate in the direction perpendicular to the slit length, the
slit wake will open and close synchronously with the alternating load. The factors affecting
the deformation of the slit wake will be discussed in the follow-up study. The ultrathin
strain-sensitive sensing film based on the nanoscale crack array was utilized as the sensing
element for converting external mechanical signals into resistance change (Figure 1b–d).
The FUCMSS is composed of a flexible substrate, conductive metal layer, electrode and
protective layer. Due to the extremely small bending stiffness, the FUCMSS is prone to
periodic bending deformations under small alternating loads. In the bending-deformation
process, the FUCMSS shows a large change in the electrical resistance, which contributes to
the variation of the nanoscale crack width.
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Figure 1. The bio-inspired coupling design of slit-based mechano-sensor composed of FUCMSS
and substrate with controlled slit. (a) Finite-element simulation analysis of the substrate with
controllable slit. (b) The schematic of the slit-based mechano-sensor. (c) The manufactured slit-based
sensor sample. (d) The bending deformation of FUCMSS covering slit wake. (e) The connection–
disconnection process of nanoscale cracks with the bending deformation of the FUCMSS.

Crack patterns with jagged crack edges undergo the disconnection–reconnection
process in response to mechanical stimuli (Figure 1e) [32]. For example, under tensile stress
perpendicular to the crack length, the edges of the cracks are oriented away from each
other until the crack edges are completely separated. In this process, the resistance of the
FUCMSS increases significantly. Conversely, the resistance of the FUCMSS decreases with
the approach of the crack edges. It is also worth noting that the FUCMSS shows different
sensitivity to mechanical signal in different bending stages. Specifically, the sensitivity
of the sensor is significantly improved with the bending of the FUCMSS from straight
to fully folded. Hence, if the sensor begins working from a certain initial bending state,
it will possess higher sensitivity than if beginning from a flat state. Here, the coupling
design of the slit-based mechano-sensor was carried out. The FUCMSS was used to
cover the slit wake with a certain initial bending. With the open and close of the slit
wake under alternating loads, the FUCMSS underwent corresponding periodic bending
deformations. By combining the deformation characteristic of the slit wake and the ultrathin
FUCMSS under alternating loads, the slit-based mechano-sensor showed excellent sensing
performance for multiple mechanical signals such as dynamic force, displacement, velocity,
acceleration, and so on. Obviously, the deformability of the slit wake in response to low
mechanical signals as well as the sensitivity of the FUCMSS are important factors for
determining the sensing performance of the slit-based mechano-sensor.

As the sensing element of the slit-based mechano-sensor, the FUCMSS with a nanoscale
crack pattern was manufactured using the traditional mechanical bending method (Figure 2a).
The cracks were generated on the Au layer with the tensile stress exceeding the fracture
toughness of the metal film. Therefore, the direction of the slit length was perpendicular to
the direction of the bending forces. Firstly, the nano-thickness Au film was generated on the
polythylene terephthalate (PET) film by controllable physical deposition (Figure 2b). Then
the above film was mechanically bent using the home-made instrument. In the bending
process, the magnitude and frequency of the tensile stress as well as the bending degree of
the sensing film are all important parameters to determine the crack formation. Therefore,
with the home-made instrument, the weight was used to apply tensile stress to the film, the
frequency of the alternating load was regulated by changing the reciprocating frequency of
the stepping motor, and the film was placed on a slender rod to regulate the bending degree
of the film. Figure 2c,d clearly indicate that the nanoscale fatigue cracks were formed in the
Au layer. Among the many parameters, the density of the crack has a great influence on the
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sensitivity of the FUCMSS. In our research, the density of the nanoscale crack was adjusted
by changing the radius of the slender rod in Figure 2a. The result indicates that cracks
can only be produced when the radius of slender rod is less than 1 mm. With the further
decrease in slender-rod radius, the crack density increased significantly. Meanwhile, there
was a significant positive correlation between the sensitivity of the FUCMSS and the crack
density. Here, the metal slender rod with radius of 0.5 mm was chosen in our research.
The dense crack patterns were formed on the Au layer, and the density of crack was about
200/700 µm2.
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nanoscale crack array on the flexible substrate. (d) Local enlarged image taken from (c) denoted by
green square.

The performance of the FUCMSS including sensitivity, mechanical stability, and re-
sponse time were researched in detail. Figure 3a shows the sensing performance of the
FUCMSS that was fabricated using different radii of the slender rod. The result indicates
that the sensitivity of the FUCMSS to dynamic mechanical signals can be significantly
improved by decreasing the bending curvature radius. Figure 3b shows the dynamic
∆R/R0 response curve of the FUCMSS under different peak strains. The result indicates the
variation in resistance of the FUCMSS for different peak strains, in sharp contrast to the
original sample without cracks (purple curve). Under different strains, the current–voltage
(I–V) curves of the crack-based sample and crack-free bare film are shown in Figure 3c.
The strain-sensitive film with microcracks showed a stable increase in electric current with
the increase in strain. Therefore, the FUCMSS, which can even sensitively detect a change
of 0.1% strain, showed excellent strain-sensing performance. Hysteresis is also one of the
important indicators of the strain sensor. As can be seen from Figure 3d, the response time
of the FUCMSS was about 93 ms during the mechanical-signal-loading stage, while 112 ms
was required to return to the initial state during the unloading process. In addition, the
durability of the FUCMSS was also tested. Figure 3e indicates that the resistance value
of the sample was relatively stable during the 0–10,000 cycles of alternating load. There
was no significant performance degradation. Figure 3f shows the relative resistance of
the tensile and release cycles after eight cycles with the change in the strain curve. The
sensing curves of the tensile and release cycles in the 1st, 10th, 100th, 500th, 1000th, 2000th
and 5000th tensile and release cycles were consistent, indicating that the strain sensor has
good monotonicity and long-term stability before failure. In summary, The FUCMSS shows
excellent sensitivity, repeatability and tensile durability.
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Figure 3. Characterization of the performance of slit-based mechano-sensor. (a) The resistance
response of various crack-based strain sensor fabricated using different radii of slender rod. (b) Re-
versible loading-unloading behavior for various final strains. (c) The current-voltage (I–V) curves
of crack-based strain sensor. (d) The response and recovery time of the crack-based strain sensor.
(e) Relative resistance change–time curves of strain sensor for 12,000 loading/unloading cycles.
(f) The loading–unloading curves at different stages.

The FUCMSS covering the slit wake bends with the open and close of slit. Therefore, to
understand the relationship between the different types of bending deformation of the PET
substrate and the change in resistance of the Au layer is crucial for optimizing the design of
the slit-based mechano-sensor. When compressive stress is applied to the FUCMSS, there
will be two different forms of bending deformation: concave bending and convex bending
(Figure 4a). The Au layer is located on the upper surface of the PET substrate. Hence,
in convex bending, the nanoscale crack width increases with the bending deformation
of the FUCMSS, which further leads to an increase in resistance. Conversely, in concave
bending, the edges of the cracks are close to each other, resulting in a decrease in resistance.
Figure 4b,c show the relative resistance (∆R/R0) as a function of strain (ε) about the FUCMSS
under the conditions of the above two types of bending deformation. The results indicate
that in concave-bending mode or convex-bending mode, there is a positive correlation
between the value of ∆R/R0 and the absolute value of ε. However, when the FUCMSS
had the same absolute value of ε, the value of ∆R/R0 in convex-bending mode was two
orders of magnitude higher than the that in the concave-bending mode. Meanwhile, the
Au film without the nanoscale crack structure was not sensitive to the bending deformation
of the PET substrate. Obviously, the above analysis shows that the FUCMSS working in the
convex-bending mode is more sensitive to the bending deformation. Hence, the FUCMSS
working in the convex-bending mode has a greater advantage in low-mechanical-signal
detection. Additionally, Figure 4c shows that the rate of the change in ∆R/R0 increases
significantly with the increase in bending deformation, indicating that with a certain initial
bending, the sensitivity of the FUCMSS can be further improved.
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Figure 4. Two different bending-deformation mode of FUCMSS under compressive stress. (a) Two differ-
ent types of bending deformation of the PET substrate under compressive stress and the corresponding
change in resistance. (b) The loading–unloading curve of the FUCMSS under concave-bending deforma-
tion. (c) The loading–unloading curve of the FUCMSS under convex-bending deformation.

The deformability of the slit wake in response to low mechanical signals has a great in-
fluence on the performance of the slit-based mechano-sensor. Here, the factors affecting the
deformability are systematically analyzed. According to the theory of fracture mechanics,
the deformation of slit can be represented by [33]:

w ≈ (1 + v)(3 − v)
2E

Yσ
√

a2 − x2 (1)

Here, w is the width of the slit, v is Poisson’s ratio, E is the elastic modulus of homo-
geneous material, Y is the shape factor, σ is the applied stress, the direction of which is
perpendicular to the length of the slit, a is the length of slit, x is distance from any point
of the slit to the slit wake. At the slit wake, the value of x is 0. The deformation of the slit
wake, ws, can be given by:

ws ≈
(1 + v)(3 − v)

2E
Yσa (2)

Equation (2) indicates that with the decrease in elastic modulus, E, the deformability of
the slit wake can be effectively improved. Many studies have revealed that the “hollowed
out” design can significantly reduce the overall stiffness of the structure, Et, which can be
represented by:

Et = E(1 − Vp
2) (3)
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Here, Vp is the effective removal area of the solid substrate. Therefore, the ws of the
substrate with “hollow out” design can be given by:

ws ≈
(1 + v)(3 − v)
2E
(
1 − Vp2

) Yσa (4)

Compared with Equation (2), Equation (4) clearly indicates that the change in slit
width at the slit wake is significantly improved because of the “hollow out” design.

Next, the finite-element-modeling method was used to further verify the effective-
ness of “hollow out” design strategy on improving the deformability of the slit wake
(Figure 5a–g). Figure 5h further indicates that the ws of sample g with the maximum effec-
tive removal area was significantly higher than that of the other samples. Under the same
compressive stress, the slit-wake deformation of sample g was approximately two hundred
times greater than the sample without the hollowed-out design. Hence, the hollowed-out
structure of sample g was utilized in the next substrate design.
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Figure 5. The influence of the effective removal area on the deformation of slit wake. (a–g) Finite-
element-simulation analysis of the influence of different “hollow out” structures on the deformation
of slit wake. (h) The statistical results of the slit-wake deformation for the samples from (a–g) with
different “hollow out” structures.

Equation (4) indicates that slit length, a, has a great influence on the deformation of the
slit wake. Figures 6 and 7a show that the deformability of the slit wake was significantly
improved with the increase in slit length. Hence, simply considering the deformation
demand of the slit wake, increasing the slit length is an efficient strategy. However, the stress
concentration at the slit tip, which would lead to the catastrophic failure of the functional
structure by inducing crack nucleation due to tip flaws, is also significantly strengthened
with the increase in slit length (Figure 7a). Obviously, in comprehensive consideration of
the sensitivity as well as the mechanical stability, the slit length can only be moderately
increased. In addition, the influence of the solid substrate’s thickness on the deformability
of the slit wake was also investigated using the finite-element-modeling method. In
order to coincide with the subsequent preparation experiments, polymethylmethacrylate
(PMMA) was selected as the constituent material of the substrate. Figure 7b indicates
that, with the change in substrate thickness from 1 mm to 8 mm, the deformability of the
slit wake decreased slightly. Obviously, the influence of substrate thickness on slit-wake
deformability is much less than that of elastic modulus and slit length.
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Based on the independent design of the FUCMSS as well as the substrate with the
slit, the coupling design of the slit-based mechano-sensor was further carried out. Firstly,
the slit was manufactured on the PMMA substrate via laser ablation (Figure 8a). The
effective removal area was 400 mm3, the Et of the substrate was about 1.5 GPa, the length
of slit was about 15 mm, and the thickness of substrate was about 1 mm. Meanwhile, to
improve the deformability of the slit wake, the optimal “hollow out” design strategy in
Figure 5g was utilized and processed on the substrate (Figure 8b,c). Then, the FUCMSS
in convex-bending mode was bonded to the upper surface of the slit wake (Figure 8d).
Figure 8e indicates that when the compressive stress acted on the solid substrate, the height
of the FUCMSS arching significantly increased with the decrease in ws. Meanwhile, the
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edges of the nanoscale crack on the Au layer gradually separated, which further led to the
increase in resistance (Figure 8f).
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Figure 8. Preparation and characterization of slit-based mechano-sensor. (a) The slit-wake deforma-
tion and stress concentration on the slit tip with different slit lengths. (b) The substrate based on the
optimal “hollow out” design strategy in Figure 5g. (c) The bio-inspired slit-based mechano-sensor.
(d) The FUCMSS covering the slit wake in convex-bending mode. (e) The bending of FUCMSS with
the change in slit width. (f) The change in nanoscale crack width with the bending of FUCMSS.

The research on the FUCMSS has revealed that the initial bending degree of the PET
substrate has a great influence on the sensitivity to low mechanical signals. Therefore, the
bending degree of the FUCMSS was controlled by adjusting the distance from the highest
point of the FUCMSS to the upper surface of the substrate. Figure 9a indicates that the
heights from sample I to sample IV were 0, 0.44 mm, 0.84 mm, and 1.55 mm, respectively. A
compressive force of 0.5 N was applied to the four samples, respectively. The results indicate
that the resistance change in the slit-based mechano-sensor was positively correlated with
the bending degree of the FUCMSS (Figure 9b). The ∆R/R0 of sample IV with the maximum
bending was about of 1400, while the ∆R/R0 of sample I with the tiled film was three
orders of magnitude smaller than sample IV. In addition, the ∆R/R0 responses of the four
samples under a square wave were compared; the square-wave signal input to the exciter
had an amplitude of 1 V and a frequency of 0.5 Hz. Figure 9c also indicates that sample
IV had the best waveform-recognition ability for dynamic mechanical signals because
of its more significant resistance change. Hence, improving the bending degree of the
FUCMSS distributed on the surface of the solid substrate is one of the most important
ways to improve the sensitivity of the slit-based mechano-sensor to low mechanical signals.
In the next study, sample IV was chosen to evaluate the performance of the slit-based
mechano-sensor. In summary, for the solid substrate, the slit length and reasonable “hollow
out” design, which influences the overall stiffness of the substrate, are important factors
in determining the performance of the slit-based mechano-sensor. Additionally, for the
FUCMSS covering the slit wake, the parameters (such as density, length, width, roughness
of slit edges) of the slit array as well as the initial bending degree are important factors in
determining the performance of the slit-based mechano-sensor.
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Figure 9. The influence of the initial bending degree of FUCMSS on the sensitivity of slit-based
mechano-sensor. (a) The initial bending degree of FUCMSS covering slit wake, the direction of the
green arrow represents the direction in which the load is applied. (b) The resistance response of the
four samples in (a) in response to the same mechanical stimuli. (c) The dynamic signal-recognition
capability of the four samples in (a).

To evaluate the sensing performance of the slit-based mechano-sensor, the impact-
response experiment of two small particles falling on the substrate were carried out
(Figure 10a). The two particles, which had masses, m, of 0.0345 g and 0.3775 g, were
used in the experiment. The falling height of the particles was 10 cm. It is worth noting
that the mechano-sensor was placed vertically so that the direction of the impact force
was perpendicular to the slit length (Figure 10a). The ∆R/R0 responses of the slit-based
mechano-sensor to the impact signals were compared. Figure 10b indicates that all the
impacted signals caused by the above two particles were well detected. Meanwhile, there
was a significant positive correlation between the ∆R/R0 response and particle mass.

In order to further evaluate the ability of the slit-based mechano-sensor to sense small
displacement changes, the precision displacement table was used to manually apply a
reciprocating displacement signal less than 10 µm (Figure 10c). Figure 10d indicates that
the sensor showed a strong response to the above displacement signal. The difference
in the ∆R/R0 peak was caused by manual operation. Meanwhile, the fluctuation and
nonlinear increase in ∆R/R0 caused by the shaking of the hand in the static holding stage is
also significantly reflected. The above results indicate that the slit-based mechano-sensor
showed excellent sensing performance to the low displacement signal.

Vibration sensors have an important application value in the engineering field. Here,
the application of the slit as a mechano-sensory structure in the design of a vibration
sensor is further explored. In order to better cooperate with the mass block, the slit was
processed on a hollow cylinder instead of a flat substrate. The crack-length direction
was parallel to the upper surface of the cylinder. The finite-element-stimulation results
show that, with the external load acting vertically on the upper surface of the cylinder,
the maximum deformation of the slit tail occurred at the farthest distance from the slit tip
(Figure 11a). Therefore, the design strategy of the slit-based mechano-sensor based on a
planar substrate is also suitable for a curved substrate. Analogous to the traditional inertial
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vibration sensor, a mass block (112.5 g) was placed on the upper surface of the cylinder
(Figure 11b). The cylinder was fixedly connected to the tested device with bolts. Therefore,
as the cylinder vibrated with the tested device, the relative motion occurred between the
mass block and the cylinder, which further led to the compression deformation of the
slit wake and the bending deformation of the FUCMSS. Next, the application tests were
then performed to evaluate the sensing performance of the vibration sensor for the weak
dynamic signal. Firstly, the vibration sensor was fixed to the table and knocking signals
with different intensities acted on the desktop. Figure 11c indicates that the knocking
signals with different intensities were accurately detected. In addition, to further evaluate
the sensing performance of the vibration sensor, the impact signal caused by the ball (12 g)
falling from the height of 30 cm onto the desktop was detected. The landing site was 60 cm
away from the sensor. Figure 11d shows that the bouncing signal of the ball was detected
sensitively. Figure 11d clearly indicates that the impact intensity between the steel ball and
desktop rapidly decreased with the increase in bounce times. The above results clearly
indicate that the bio-inspired strategy has good application prospects in the design of a
vibration sensor.
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Figure 10. The sensitivity of slit-based mechano-sensor to the dynamic mechanical signal. (a) The
impact-response experiment of two small particles falling on the substrate. (b) The resistance
response of slit-based mechano-sensor to different impact signals. (c) The displacement loading
using a precision displacement table. (d) The resistance response of slit-based mechano-sensor to
displacement signal.



Appl. Sci. 2022, 12, 4456 13 of 15

Appl. Sci. 2022, 12, x FOR PEER REVIEW 13 of 15 
 

desktop rapidly decreased with the increase in bounce times. The above results clearly 

indicate that the bio-inspired strategy has good application prospects in the design of a 

vibration sensor. 

 

Figure 11. The vibration sensor based on the bio-inspired strategy. (a) The deformation of slit wake 

in the case of a slit processed on a hollow cylinder. (b) the composition of slit-based vibration sensor. 

(c) The resistance response of vibration sensor to desktop knocking signal. (d) Detection of mechan-

ical signal generated by the impact between the steel ball and the desktop. 

4. Conclusions 

In summary, inspired by the coupling deformation characteristic of biological slit-

based mechano-sensilla, the internal mechano-sensor using the slit as a sensory structure 

and flexible strain sensor as a sensing element was designed. To improve the deformabil-

ity of the slit wake, a hollow structure, which can reduce the compressive stiffness of sub-

strate, was deigned. The experimental and theoretical analysis results show that there was 

a positive correlation between the deformation of the slit wake and the effective removal 

area of the hollow structure. As the sensing element, the flexible crack-based strain sensor 

was fabricated and covered the slit wake. The results indicate that the density of the na-

noscale fatigue cracks, which have a great influence on the sensitivity of the mechano-

sensor, can be controlled at 200/700 μm2 by changing the parameters such as the load, 

loading frequency and bending degree of the substrate. Meanwhile, our research also in-

dicates that improving the initial bending degree of the flexible strain sensor covering the 

slit wake can significantly improve the sensing performance of mechano-sensor. We also 

explored the application of the bio-inspired strategy on the design of a vibration sensor. 

The experimental results show that the vibration sensor can effectively detect the low dy-

namic mechanical signal such as the dynamic displacement signal and impact signal. It 

can be expected that such a bio-inspired design strategy will provide an entirely new idea 

for the internal mechano-sensor to improve the proprioceptive capability of intelligent 

equipment. 

  

Figure 11. The vibration sensor based on the bio-inspired strategy. (a) The deformation of slit wake
in the case of a slit processed on a hollow cylinder. (b) the composition of slit-based vibration sensor.
(c) The resistance response of vibration sensor to desktop knocking signal. (d) Detection of mechanical
signal generated by the impact between the steel ball and the desktop.

4. Conclusions

In summary, inspired by the coupling deformation characteristic of biological slit-
based mechano-sensilla, the internal mechano-sensor using the slit as a sensory structure
and flexible strain sensor as a sensing element was designed. To improve the deformability
of the slit wake, a hollow structure, which can reduce the compressive stiffness of substrate,
was deigned. The experimental and theoretical analysis results show that there was a
positive correlation between the deformation of the slit wake and the effective removal
area of the hollow structure. As the sensing element, the flexible crack-based strain sensor
was fabricated and covered the slit wake. The results indicate that the density of the
nanoscale fatigue cracks, which have a great influence on the sensitivity of the mechano-
sensor, can be controlled at 200/700 µm2 by changing the parameters such as the load,
loading frequency and bending degree of the substrate. Meanwhile, our research also
indicates that improving the initial bending degree of the flexible strain sensor covering the
slit wake can significantly improve the sensing performance of mechano-sensor. We also
explored the application of the bio-inspired strategy on the design of a vibration sensor. The
experimental results show that the vibration sensor can effectively detect the low dynamic
mechanical signal such as the dynamic displacement signal and impact signal. It can be
expected that such a bio-inspired design strategy will provide an entirely new idea for the
internal mechano-sensor to improve the proprioceptive capability of intelligent equipment.
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