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ABSTRACT: In smart logistics, traditional manual sorting and
sorting systems based on rigid manipulators limit the warehousing development and damage the goods. Here, a nondestructive sorting method based on bionic soft ﬁngers is
proposed. This method is implemented by the soft robotic
gripper (SRG) for grasping of the breakable objects, the
triboelectric sensor (TES) for size sorting of the objects, and
the signal processing module. In the fabrication of SRG, the
silicon rubber is prepared by controlling the material synthesis
process, and its Young’s modulus is 600.91 kPa, which is
comparable to the Young’s modulus of skin tissue. Also, the
maximum input pressure of SRG is 71.4 kPa. The TES has a
linear relationship between pulse number and sliding displacement, and its resolution is 3 mm. It induces pulse signal sequences to quantify the SRG bending state and thus realize the size
sorting of objects. Additionally, a nondestructive sorting system based on TES and SRG has been developed for fruit sorting
(e.g., apples, oranges), enabling nondestructive grasping and accurate sorting. Its sorting range is 70−120 mm, and the sorting
accuracy rate is up to 95%. This work also provides a way for the application of SRG and triboelectric sensors in the sorting
ﬁeld.
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sorting of spherical objects. The frequently used sorting sensors
are mostly machine vision and infrared sensing, etc.10,11
Nevertheless, the rigid manipulator is mostly made of metal
materials, resulting in poor safety, limited adaptability, and
insuﬃcient ﬂexibility. Especially in fruit warehousing management, it is easy to cause epidermis damage and diﬃcult to
achieve nondestructive sorting, thus resulting in the pecuniary
loss of fruit. Meanwhile, it is complicated and expensive to rely
on sensing technologies such as machine vision and infrared
sensing. As consequence, the sorting system based on a rigid
manipulator is not conducive to generalized application in fruit
warehousing management.

mart systems based on the Internet of Things (IoT), such
as smart medical care, smart home furnishings, and smart
cities, have achieved vigorous development, thus
promoting the rapid development of the social economy.1−4
In 2009, a concept, smart logistics, was introduced in China.
Smart logistics refers to the modern logistics mode that realizes
intelligent analysis and improves the logistics operation
eﬃciency through cyber-physical systems, IoT, and other
intelligent technical means.5,6 In the smart logistics system,
the warehousing pays an irreplaceable role in fulﬁlling logistics
orders. Currently, the traditional manual operation leads to
warehousing management eﬃciency and is no longer responsive
to the logistics requirements.7 Among the management in all the
warehousing, research studies found that the goods sorting
process is the major bottleneck of the warehousing development
and accounts for 50−55% of total operating expenses.8 To make
up for the shortcomings of manual sorting ﬂexibility and limited
operation eﬃciency, the rigid manipulator has made great
progress in the goods sorting system.9 In recent years, with the
dimension of objects as the sorting basis, the rigid manipulators
are designed and assembled into a three-gripper mode for the
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Figure 1. Structural design and fabrication of the TS-SRG: (a) ﬂow-process diagram of the SRG, (b) schematic structure of the TS-SRG, (c)
schematic structure of the TES, (d) photographs of the TS-SRG prototype, and (e) photographs of the TES prototype.

In nature, organisms are ﬂexible through soft tissues and can
quickly adapt to complex environments. Based on bionic
thought, researchers use soft materials, such as polymers,
intelligent materials, and multifunctional materials, to make soft
robotics to realize safe and eﬃcient interaction with the
environment.12,13 With the objects size as the sorting basis,
the sorting system designed with the soft robotic gripper (SRG)
is expected to realize nondestructive grasping in spherical fruits
sorting.14 Also, classiﬁcation by fruit size is beneﬁcial to better
reﬂect the economic value of fruit itself. Nonetheless, at present,
the SRG lack matching sorting sensors to form a sorting system
to realize fruits sorting management. A triboelectric nanogenerator (TENG, also called as Wang generator) was proposed
by Wang’s group in 2012.15 It can convert mechanical
stimulations into electrical signals by the coupling eﬀect of
contact electriﬁcation and electrostatic induction.16,17 In recent
years, the rapid development of the TENG provides a possibility
for the SRG to be used for fruits sorting management.18−20
TENG has the advantages of low cost,21 multiple working
mode,22 diverse structure,23,24 and high voltage,25 which can be
used as both energy collection device and distributed sensors.
Also, TENG, as an active sensor, can collect energy from the
surrounding environment and acquire self-powered ability
without external power supply.26 Currently, the amplitude of
the pulse signals is usually used as the output parameter of
triboelectric sensor performance.27−29 Whereas, the performance output of the sensor based on this mode is not always
accurate in some applications, as there are so many factors
inﬂuencing the amplitude, such as temperature,30 humidity,31
and human-made interference,32 which will be diﬀerent in each
measurement result. Based on the above problem, using the
pulse number as the output parameter of the sensor will be a
robust and reliable sensing mechanism.
Herein, a nondestructive sorting method based on bionic soft
ﬁngers is proposed. This method is implemented by the SRG for
grasping of breakable objects, the triboelectric sensor (TES) for
size sorting of objects, and the signal processing module. In

fabrication of the SRG, the silicon rubber is controlled by
adjusting the material synthesis process. Meanwhile, its tensile
resistance and Young’s modulus have also been investigated.
Based on the sensitivity of TENG to mechanical motion, the
TES with a grating-like electrode induces a pulse signal sequence
using the sliding motion of the slider relative to the electrode to
realize the quantiﬁcation of the SRG bending deformation state.
Also, a mathematical model between the diameter of SRG and
pulse number is established and proven to be feasible.
Additionally, a nondestructive sorting system based on TES
and SRG (TS-SRG) has been developed for fruit sorting (e.g.,
apples, oranges), enabling nondestructive grasping and accurate
sorting. This work also provides a way for the application of SRG
and TENG in the sorting ﬁeld.

RESULTS AND DISCUSSION
Structural Design and Materials Option. A soft printing
process combined with mold design is used for the fabrication of
SRG, with the speciﬁc process as shown in Figure 1a. The silicon
rubber liquid is prepared by controlling the volume ratio of the
rubber stoste and curing agent after uniform mixing. The silicon
rubber liquid is poured into predesigned and processed SRG
molds. Subsequently, the poured SRG molds are placed in a
heated environment for the cross-linking reaction. Finally, the
SRG is obtained by removal of the mold and treatment after the
reaction and cooling to room temperature. The SRG mold
printed by three-dimensional (3D) print technique and the SRG
poured by silicon rubber are given in Figure S1a,b, respectively.
The schematic structure of the TS-SRG is illustrated in Figure
1b. It consists of a ﬂexible belt, three SRGs, a gas connector, four
gas tubes, a TES, and a polylactic acid (PLA) gripper base. The
SRG as a terminal device is used to complete the grasping of the
spheral objects. The ﬂexible belt acts as a connection between
the SRG and the TES to transmit the bending deformation of
the SRG, so that the TES can complete the pulse signal output.
The gas source provides power for the bending deformation of
the SRG. The schematic structure of the TES with grating-like
B
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Figure 2. Preparation and tensile properties of the silicon rubber: (a) Stretching schematic diagram of the silicon rubber, (b) tensile properties,
and (c) Young’s modulus of the silicon rubber at diﬀerent volume ratios; (d) tensile properties and (e) Young’s modulus of the silicon rubber at
diﬀerent reaction temperatures; (f) step stretching of the silicon rubber.

Figure 3. Operating principle and simulation of the TES: (a) Schematics of the grating-like electrode part and the slider part, (b) schematics of
the electron transfer process in the sliding, and (c) simulations of the device in three states.

a ﬂexible printed circuit board, and an acrylic board base. This
slider consists of a polytetraﬂuoroethylene (PTFE) ﬁlm, a black
sponge glue, and an acrylic board base.
In the fabrication of SRG, the selection and preparation of soft
materials are particularly important for a large deformation state.

electrode is shown in Figure 1c. Figure 1d shows a photograph of
the assembled TS-SRG. The photograph of the TES is given in
Figure 1e(i). The TES is divided into two main parts: the
grating-interdigitated electrode [Figure 1e(ii)] and the slider
[Figure 1e(iii)]. This electrode consists of a layer of Kapton ﬁlm,
C
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Figure 4. Open-circuit voltage output characteristics of the TES under diﬀerent grating spacing: (a) The sliding schematics of the grating-like
electrode part and the slider part and (b−f) pulses generated by the TES with diﬀerent grating spacings (d1 = 2.5 mm, d2 = 2.0 mm, d3 = 1.5 mm,
d4 = 1.0 mm, d5 = 0.5 mm) under the same sliding displacement (ΔL = 36 mm) and sliding speed (v = 10 mm/s).

Consequently, the silicon rubber is controlled by adjusting the
diﬀerent volume ratios of rubber stoste and curing agent and the
diﬀerent reacting temperatures. The prefabricated silicon rubber
liquid is poured into a stretching mold to obtain a silicon rubber
sheet to investigate its tensile properties and Young’s modulus. A
stretching diagram of the silicon rubber sheet is shown in Figure
2a. In the reacting temperature at 303.15 K, the eﬀects of the
volume ratio of rubber stoste and curing agent at 1.0:0.5, 1.0:1.0,
1.0:1.5, 1.0:2.0, and 1.0:2.5 on tensile properties and Young’s
modulus are investigated and shown in Figure 2b,c, respectively.
Under the same stretching stress, the SR-1.0:1.0 exhibits
excellent tensile strength compared to the others, and its
Young’s modulus is 600.91 kPa, which is comparable to the
Young’s modulus of the skin tissue33,34 and satisﬁes the needs of
SRG bending deformation. Moreover, in the volume ratio at
1.0:1.0, the eﬀects of reacting temperature at 303.15, 308.15,
313.15, 318.15, and 323.15 K on tensile properties and Young’s
modulus are investigated and shown in Figure 2d,e. As a result,
the tensile strength and Young’s modulus of silicon rubber
increase with the increase in reacting temperature. The step
stretching of SR-1.0:1.0 was explored in Figure 2f, and its
stretching strain increases with the increase of stretching stress.
It is necessary to evaluate the durability and load/unload cycle
performance test of silicon rubber. The durability and load/
unload cycle performance of SR-1.0:1.0 are tested using the
tensile method at the test speed of 20 mm/min and test distance
of 16 mm. In the durability test, the SR-1.0:1.0 are loaded and
unloaded for 5.5 h at the same strain and stress, respectively, as
shown in Figure S3,b. In the load/unload cycle performance test,
the SR-1.0:1.0 is loaded and unloaded for 500 cycles in Figure
S3c. There are obvious hysteresis loops in the loading and
unloading process. With the increase of loading and unloading
times, the overall stress−strain curves tend to shift to the right
and the oﬀset is smaller than the previous one, and a stable and
closed hysteresis loop is formed at last.
Operational Principle and Simulation. The mechanical
energy in the TES comes from the relative sliding of the gratinglike electrode and the slider caused by the bending deformation
of the soft grippers, so the deformation state of the soft ﬁnger can

receive feedback from the pulse electrical signal generated by the
TES. As shown in Figure 3a, the grating-like electrode and the
slider form a relative sliding freestanding mode. The operating
mechanism of the TES is illustrated in Figure 3b. The slider is
wholly aligned with the E1 of the grating-interdigitated electrode
[Figure 3b(i)]. As the slider is pasted on the Kapton ﬁlm, the
positive charges of E1 are equal to the negative charges on the
surface of the PTFE. There is no charge transfer between
electrode E1-E3 and E2-E4 due to electrostatic equilibrium.
When the slider is sliding relative to the grating-interdigitated
electrode, the E2-E4 will generate positive charges under the
action of the triboelectric eﬀect [Figure 3b(ii)], which will cause
electrons to ﬂow between the E1-E3 and E2-E4 to form a new
electrostatic equilibrium, causing the external load to form a
transient current. Once the slider completely overlaps the E2
[Figure 3b(iii)], all the electrons are transferred to the electrode
E1, and the electrostatic equilibrium between the slider and E2 is
reached again. Similarly, as the slider slides, electrons return
from electrode E1-E3 to electrode E2-E4 [Figure 3b(iv)] until
they coincide with the E3 [Figure 3b(v)]. Consequently, an
alternating current signal is generated during the entire relative
sliding period. To elucidate the working principle, the potential
distribution of the grating-like electrode part and the slider part
is simulated by COMSOL Multiphysics 5.6 under an opencircuit state, as shown in Figure 3c. The potential contour clearly
shows that Kapton is in diﬀerent contact positions with PTFE,
resulting in a potential diﬀerence between the two electrodes
that drives the ﬂow of charge in the external circuit. The
electrostatic potential simulation conditions and parameters are
presented in the Supporting Information (Note S1).
Output Characteristics. The schematic diagram of the
forward/backward sliding induced by reciprocating horizontal
movement of the stepping motor is shown in Figure 4a. To
improve the sensing accuracy, the TESs with diﬀerent grating
spacings (d1 = 2.5 mm, d2 = 2.0 mm, d3 = 1.5 mm, d4 = 1.0 mm,
and d5 = 0.5 mm) are manufactured for studying the sensing
accuracy. The ﬂexible belt of TES is controlled to be stretched or
released by the stepping motor under the same sliding
displacement (ΔL = 36 mm) and sliding speed (v = 10 mm/
D
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Figure 5. Open-circuit voltage output characteristics of the TES under diﬀerent sliding displacements: (a−e) The pulses generated by the TES
with grating spacing (d1 = 2.5 mm, d2 = 2.0 mm, d3 = 1.5 mm, d4 = 1.0 mm, d5 = 0.5 mm) when the sensor has diﬀerent sliding displacement at the
same sliding speed (v = 10 mm/s); (f) the linear relationship between the sliding displacement and the number of the pulses generated by the
TES.

Figure 6. Sensing characteristics of the TS-SRG: (a) Schematics of the operation mechanism of the TS-SRG, (b) the dimension measuring
principle of the TS-SRG; (c) the pulse output characteristics of the TS-SRG with load test objects of diﬀerent diameter, (d) the pulse output
characteristics of the TS-SRG after signal processing, (e) the diameter and pulse number ﬁtting curves.

mm, 1.5 mm, 1.0 mm, and 0.5 mm, respectively. These ﬁndings
suggest that ﬁner grating gaps induce more pulses under the
same sliding displacement and sliding speed, which will bring
better accuracy for the application of size measurement.

s), and the signals generated during the stretching process
(marked as forward) and releasing process (marked as
backward) can be seen in Figure 4b−f. The pulse numbers of
the TES are 5, 6, 7, 9, and 12 at grating spacings of 2.5 mm, 2.0
E
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Figure 7. Application and demonstration of the nondestructive sorting system based on the TS-SRG in practical applications: (a) The program
chart of nondestructive sorting system; (b) the block diagram of the output system of the TS-SRG; (c) the practical demonstration of the TSSRG for fruit sorting application; (d) the diagram of the TS-SRG application prospect.

Moreover, the pulse number of forward motion for the TES is
the same as that of the backward motion, which can also reﬂect
that it has a stable pulse signal output to a certain extent. More
short-circuit current and transferred charge pulse details of TES
with diﬀerent grating spacing can be shown to Figures S4 and S5,
respectively.
In order to research the relationship between the slider
displacement and pulse number, the TES is driven by the stepper
motor at 10 mm/s to generate diﬀerent sliding displacements
(ΔL = 12 mm, 15 mm, 18 mm, 21 mm, 24 mm, 27 mm, and 30
mm), and then the corresponding pulse sequences are recorded,
respectively, as illustrated in Figure 5a−e. More data are referred
to Table S2. The short-circuit current and transferred charge
pulse details of TES are shown in Figures S6 and S7, respectively.
The ﬁgures show that the pulse number of each sequence of
pulses is linear to the sliding displacement (Figure 5f), and also,
the ﬁtting lines between pulse number and displacement of the
TES with diﬀerent grating spacing have diﬀerent slopes (Sd1 =
0.13, Sd2 = 0.17, Sd3 = 0.19, Sd4 = 0.26, Sd5 = 0.33, deﬁnition: S
represents the slope), which deﬁne these slopes as the
displacement resolution. The ﬁner grating gap segment will
bring higher pulse numbers and a larger slope to the TES, that is,
higher displacement resolution. Moreover, to explore the eﬀect
of the speed on the pulse number, the TES (d5 = 0.5 mm) is
driven by the stepping motor to slide through 24 mm at diﬀerent
sliding speeds (v = 3 mm/s, 5 mm/s, 10 mm/s, 15 mm/s, and 20
mm/s). From Figure S8, the pulse width changes with the
rotation speed, but the total pulse number is equal, which means
that the TES can be robustly used for displacement sensing. It is
necessary to evaluate the stable output of the pulse signal for the
TES. The TES is operated continuously for 10 h with a sliding
displacement of 30 mm (Figure S9a), and then the

corresponding pulse sequences at diﬀerent moments are
recorded, respectively, as illustrated in Figure S9b. The
experimental results show that the TES can ensure the stable
and accurate output of pulse signals after 10 h of continuous
operation.
To investigate the grasping characteristics of the TS-SRG, the
SRG was powered by pneumatic equipment. The left surface of
the SRG is formed in a corrugated structure with low hardness
and higher tensile ability. Meanwhile, the right surface is the
same material without corrugated structure, which is relatively
harder to deform. Thus, the SRG is driven by the pressure
diﬀerence between the chamber and the external environment to
cause bending, and the left surface tends to undergo larger
deformation, as shown in Figure 6a. This bending deformation
was transmitted through the ﬂexible belt to the TES, to lead a
sliding displacement of the slider part relative to the grating
electrode part, thereby producing pulse signals. Whereas, it is
necessary to evaluate the bending degree variations at the same
input air pressure for the soft gripper with TES or not, that is, it
must be conﬁrmed that the load TES does not cause changes in
the workspace or mechanical properties of the soft gripper. The
test results indicated that the load TES has hardly any eﬀect on
the bending state of the soft gripper at diﬀerent input air
pressures, as shown in Figure S10. According to related previous
works,18,35 the deformation of the SRG can be considered as an
arc of a circle, and L and W are constant values. Based on the
motion state of TS-SRG, a mathematical model of the arc length
variation quantity (ΔL) and radius (r) after SRG bending can be
established in Figure 6b and referred to in Note S2 of the
Supporting Information. The state of TS-SRG grasping objects
with diﬀerent diameters is shown in Figure S11. Experimental
results show that the pulse numbers of the TS-SRG are 10, 9, 8,
F
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quantiﬁcation of the SRG bending state. Moreover, a nondestructive sorting system based on TES and SRG (TS-SRG)
has been developed for fruit sorting (e.g., apples, oranges),
enabling nondestructive grasping, size measurement, and
accurate sorting. The error rate of measurement is only 2.22%,
sorting range is 70 to 120 mm, and sorting accuracy rate is up to
95%. This work also provides a way for the application of SRG
and TENG in the sorting ﬁeld.

7, and 6 at corresponding diameters of 80, 90, 100, 110, and 120
mm in Figure 6c, respectively. The measured pulse signals have
the following main problems: First, the baseline oﬀset origin of
the waveform, and second, the signal shows an upward trend.
These problems may be due to an unstable air pressure input. To
obtain regular signals and ensure the accuracy of signal
acquisition, the original signal needs to be preprocessed by an
ampliﬁer. The measured results are shown in Figure 6d, which
are consistent with the Figure 6c. The experimental data of the
pulse number and the corresponding diameter ﬁtting curve
(marked in red) are shown in Figure 6e.
Demonstration. In smart logistics, traditional manual
sorting and sorting systems based on rigid manipulators
signiﬁcantly limit the development of fruit warehousing and
bring the pecuniary losses of the fruits. The program of the
nondestructive sorting system is given in Figure 7a. The
nondestructive sorting system includes the drive module, the
TS-SRG module, the ampliﬁer module, the acquisition card
module, and the display module. First, the output signal is
generated from the TS-SRG when the SRG is driven by the gas
pump. Next, the output signal is processed through the ampliﬁer
before entering the NI acquisition card to obtain regular signals
and ensure the accuracy of signal acquisition using the NI
acquisition card. The ampliﬁed output signals are collected by
the NI acquisition card, and the signals are counted by the
LabVIEW software as the basis of fruit sorting. Finally, the count
results are sent to the computer and displayed, as depicted in
Figure 7b. Moreover, to verify the practical application of this
system, the spherical fruits (e.g., apples and oranges) of diﬀerent
diameter (D) and species were grasped by the TS-SRG for fruit
sorting, as shown in Figure 7c. There are three sorting grades:
big (D > 110 mm), medium (80 mm ≤ D ≤ 110 mm), and small
(D < 80 mm). The error rate of measurement is only 2.22%, and
sorting range is 70 mm to 120 mm. The detailed demonstration
process is given in Video S1. To better illustrate the accuracy of
this sorting system, the apples with diﬀerent diameters (Da =
108.66 mm, Da = 101.09 mm, Da = 79.77 mm) are repeatedly
grasped 100 times, respectively. The test results are shown in
Figure S12a. The sorting accuracy rates are 92%, 95%, and 93%,
respectively. The reason for this test result may be attributed to
the irregularity of the apple shape, the instability of the SRG
driven by gas pump, and the grating width and spacing of the
TES. Moreover, in Figure S12b, we have added the comparison
in the recognition accuracy with other literatures.18,36−39 In a
future application scenario, the TS-SRG can be combined with a
robotic arm to perform fruit warehousing management and
chemical glassware shipping, etc., as shown in Figure 7d. This
work provides a research way for the practical application of the
TENG in the sorting ﬁeld.

EXPERIMENTAL SECTION
Fabrication of the SRG. The fabrication of SRG was acquired
using a soft printing process combined with mold design. The silicon
rubber is prepared by controlling the diﬀerent volume ratios of rubber
stoste and curing agent and the diﬀerent reaction temperatures after
uniform mixing. The speciﬁc experimental parameters of volume ratio
and reaction temperature are shown in Table S1. In the fabrication of
SRG, the silicon rubber liquid with a volume ratio of 1.0:1.0 is poured
into predesigned and processed SRG molds under the drainage of a
drainage glass rod. The polylactic acid (PLA) molds of SRG are shown
in Figure S1a. Subsequently, the poured SRG mold was kept at a
temperature of 303.15 K for 3 h. Finally, the SRG was obtained by
removal of the mold and treatment after the reaction and cooling to
room temperature, as shown in Figure S1b.
Fabrication of the TES. The process of TES can be divided into the
manufacturing of electrode and slider part and the assembling of the
device. The TES consists of an acrylic box, an electrode part, and a
sliding part. The acrylic board of 3 mm was cut and glued into the box.
For the electrode part, an acrylic board was cut as the base board, as
shown in Figure S2a. Then, the copper electrode with grating-like
pattern was covered with the surface of the base board. This grating-like
electrode is made from copper (thickness: 35 μm), which was
processed using printed circuit board technology. Later, Kapton ﬁlm
was covered with the surface of grating-like copper electrode as the
triboelectric positive electric layer. For the sliding part, an acrylic sheet
was cut as the slider [Figure S2b]. The black sponge (thickness: 1.5
mm) is pasted to the slider surface for better contact with the electrode
portion. Then, the PTFE serves as a triboelectric negative electric layer
on a slider with black sponge, and the slider part is connected to ﬂexible
belt. Lastly, the slider, the electrode part, and the acrylic box are
assembled into the TES.
Fabrication of the TS-SRG. The TS-SRG is composed of three
SRGs, a ﬂexible belt, a TES, a gas source, and a PLA gripper base. The
PLA gripper base was printed by a 3D printer. The SRG was adopted to
realize the grasping of the object. The ﬂexible belt acted as a connection
between the SRG and the TES to transmit the bending deformation of
the soft gripper so that the TES can complete the pulse signal output.
The gas source provided power for the bending deformation of SRG.
Electrical Measurement. The ﬂexible belt of TES is driven by the
stepping motor (57BYGH56D8EIS-P, HOHI, China) to control the
slider. A software platform was constructed based on LabVIEW
software and data acquisition card (BNC-2120, National Instruments,
USA) for data acquisition and analysis. An electrometer (6514,
Keithley, USA) was adopted to measure the open-circuit voltage, shortcircuit current, and transferred charge signal. An ampliﬁer (AD620,
China) was used to amplify the electrical signal.

CONCLUSIONS
In summary, a nondestructive sorting method based on bionic
soft ﬁngers is proposed. This method is implemented by the soft
robotic gripper (SRG) for the grasping of breakable objects, the
triboelectric sensor (TES) for size sorting of the objects, and the
signal processing module. In the fabrication of SRG, the silicon
rubber is prepared by controlling the material synthesis process,
and its Young’s modulus is 600.91 kPa, which is comparable to
the Young’s modulus of skin tissue. Also, the maximum input
pressure of SRG is 71.4 kPa. The TES with grating-like electrode
has a linear relationship between pulse number and sliding
displacement, and its minimum displacement resolution is 3
mm. It induces a pulse signal sequence to realize the
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