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A B S T R A C T   

Clamping manipulators known as end effectors, are applied to achieve the gripping function of objects basically 
and to overcome the inconvenience and hard work for human hands. Among them, the development of flexible 
manipulators has received wide attention. However, the existing gripper processes confine the gripping manner, 
and grasped objects may slide due to the insufficient friction force. Here, we demonstrate a multifunctional and 
integrated sliding sensor to provide a flexible sensing scheme for soft robotic manipulators to achieve high 
sensitivity and intelligent recognition. The sensing device combines a capacitive sensor with a triboelectric 
nanogenerator (TENG) based sensor, to provide possible approaches to control gripping and avoid unexpected 
slipping and damage, during the flexible gripping process.   

1. Introduction 

Clamping manipulators known as end effectors, are applied to ach-
ieve the gripping function of objects basically, regardless of the transfer 
robot or the assembly robot [1,2]. The mechanical graspers usually 
appear in the specialized cases, to overcome the inconvenience and hard 
work for human hands [3]. Nowadays, conventional hand portion of 
three- or four-finger deformable fingers with purely mechanical struc-
ture, present a similar design for shape and leaves a problem of slow 
crawling and narrow adaptability [4]. These conventional graspers 
made of rigid materials have a degree of difficulty to control and grasp 
the diverse shapes, sizes, irregularly-placed objects, especially for the 
holding stability. 

Subsequently, the development of flexible clamping manipulators 
has received wide attention [5–9]. For example, air-suction-type end 

effector grip large, fragile or soft workpieces, with easy on-off control 
from the air source, and process more stable gripping. This gripping 
robotic hand is more adaptable to meet a wide range of the end effector 
[10]. However, the existing gripper processes confine gripping manner, 
and it bears large, frequent deformation and is difficult to grasp 
sheet-like objects. Meanwhile, the gripper is required to generate suffi-
cient force to grip the object, grasped objects may slip due to the 
insufficient friction force when gripping flat-panel, smooth-surface ob-
jects. Accordingly, it is desirable to have a technical solution to over-
come or at least mitigate at least one of the above drawbacks. 

Integrated sensors that can obtain information such as the magnitude 
and location of a gripping force and whether an object slides may be a 
smart solution for robotic graspers, which control the operation and 
mechanical output [11–14]. Various sensors have been developed to 
detect changes from the surroundings [15–17] and to transfer physical 
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information into electrical or optical signals that can be directly used by 
machines and humans [18–21]. To detect the degree of sliding between 
a robot arm and a gripping object, sliding sensors mainly monitor the 
shearing force and the relative displacement [22,23]. Currently, sliding 
sensors have large physical size, weight and complicated wiring, thus 
making them inconvenient to ensure detection accuracy and flexibility 
at the same time. 

The design in this paper is for a multifunctional and integrated 
sliding sensor to provide a flexible sensing scheme for the soft robotic 
manipulators to achieve high sensitivity and intelligent recognition. The 
proposed design combines a high-sensitivity capacitive sensor [24,25] 
with a triboelectric nanogenerator (TENG) based sensor [26–29]. TENG 
is based on the coupling effect of contact electrification and electrostatic 
induction. When two different materials are in contact with each other 
under external force, their surfaces will generate equal amounts of 
positive and negative electrostatic charges due to contact electrification. 
And when the separation occurs in space, the induced potential differ-
ence is generated in the back electrodes, and the electrons are driven to 
flow in the external circuit to realize the supply of electrical energy. 
Therefore, TENGs can be used as a self-powered sensor for mechanical 
force, with multifunctional and active characteristics, which have po-
tential applications in touch screens and electronic skins [30–32]. The 
capacitive sensor recognizes compressive stress and deformation, while 
the TENG provides a means for identifying the displacement and ve-
locity of the contact object. The combination of the two parts can ach-
ieve a rich collection of physical changes through the electrical signals, 
to provide possible approaches to control gripping and avoid unex-
pected slipping and damage, during the flexible gripping process. 

2. Experimental section 

2.1. Device fabrication process 

A copper conductive tape with a width of 5 mm is attached along the 
midline of a PET or some other substrate, and leaves extra space for 
encapsulation around. Then the connecting wire is added and the whole 
structure is covered by PU film. Another copper tape is stuck along the 
midline of PI tape. After introducing a lead wire, the copper tape is 
aligned and placed on the former one which is separated by the PU film. 
Then the entire part is sealed with a small air gap left between the PI and 
PU films. Based on the previously fabricated capacitive part, copper tape 
is attached to the outer surface of the PI film and aligned. The entire 
surface is then covered with an FEP film. Finally, the entire device is 
tailored to a slim shape with a width of 10 mm. The entire thickness was 
less than 0.2 mm. The PI and PU were viscous at the back. As for the 
device attached on the epidermis, the device is fabricated in reverse 
sequence and stuck directly onto the skin without the PET substrate. 

2.2. Pressure measurement 

Steel weights are placed on a hard-acrylic substrate (side length of 2 
mm) as the load that presses the sensor from the triboelectric part. As the 
weight gradually increases, and corresponding capacitance is recorded 
by the LCR meter (E4980AL, Keysight). The measurement parameters 
are set with a frequency of 300 kHz and an alternating voltage of 1 V. 

2.3. Deformation measurement 

The device is kept horizontally with two ends fixed at the linear 
motor and the three-dimensional stage. Before the test, the device is 
aligned to keep the device straight. The distance between the two ends is 
then gradually reduced by the linear motor, and the device begins to 
deform. The corresponding capacitance is also recorded by the LCR 
meter. And for each small step, the capacitance is recorded for 5 s. 

2.4. Sliding measurement setting up 

The flexible sliding sensor is flatly attached to the optical horizontal 
lifting platform, and foam tape is used on the back of the device to 
ensure soft contact with the sample. The tested device is chosen with an 
effective length of 8 cm, and the electrode wire is connected from one 
end to an electrometer (Keithley 6514). A data acquisition card (NI PXI- 
6259) is used to collect data in real-time. An A4 paper sample (width of 
10 mm) has adhered to a hard acrylic plate. The acrylic plate is adhered 
to the linear motor to keep the A4 paper outwards to contact the FEP 
film when the linear motor pushes the acrylic plate back and forth. The 
A4 paper is softly pressed on the sliding sensor to reduce frictional 
losses. 

For testing the relationship between displacement and signals, the 
linear motor pushes the sample forward with a fixed sliding speed of 0.1 
ms� 1. During the process, the corresponding open-circuit voltage and 
transferred charges are monitored. The sliding displacement started at 
10 mm, with a 5 mm increment for each test and 1 s of rest time before 
stopping at the end. While for testing the relationship between velocity 
and signals, the displacement is fixed with 30 mm. 

3. Results and discussion 

The flexible sliding sensor is designed as a thin-film device, which is 
divided into two functional parts from top to bottom, shown in Fig. 1a. 
The detailed fabrication process is shown in the experimental section. 
The outer part works as TENG to sense the contact sliding, which results 
from the Maxwell displacement current [33,34]. The inner part is a 
capacitive sensor to detect the compressive pressure, which encapsu-
lates an air gap between the polyimide (PI) and polyurethane (PU) films 
to improve the sensitivity to pressure. Based on the above design, the 
entire structure is light, compact, and easy to bend, and thin to attach to 
an irregular surface, as shown in Fig. 1b. 

Cross-section of the sensor is shown in Fig. S1 and the divided 
functions are illustrated in Fig. 1c and d. The FEP film is a typical 
negatively triboelectric material that gains electrons on the surface 
when in contact with an external object [35]. Accordingly, the contact 
object is positively charged with the same amount of opposite charges 
on the FEP surface. The output of sensing sliding motion is induced by 
relative displacement between the charged surfaces. When an object 
slides on the surface, opposite charges are induced in the copper elec-
trode on the back of the fluorinated ethylene propylene (FEP) film. The 
sliding motion generates a small potential difference along the long 
electrode to the ground end, resulting in an amount of charge trans-
ferring between the electrode and the ground, shown in Fig. 1c. As for 
the capacitive sensor, a small dielectric spacer made of an air gap and PU 
film is between the two Cu electrodes, while all around is sealed tightly. 
When an external force presses on the device, the dielectric spacer is 
compressed, which results in a larger capacitance of the device [36]. So, 
the capacitive sensor can identify both compressive stress and defor-
mation of the entire device that brings in strains in the dielectric spacer, 
which is shown in Fig. 1d. 

To verify the sensitivity of the capacitive sensor, a flexible sliding 
sensor with an effective sensing area of 2 � 1 cm2 is fabricated to test the 
pressure. Acrylic plate is used to apply pressure and extra load weight is 
put on the above surface. The curve of capacitance changes to pressure is 
shown in Fig. 2a. The results show that the sensitivity is higher below 1 
kPa, which is 0.720 kPa� 1, while gradually saturated for larger pressure. 
Additionally, two different kinds of a dielectric spacer, whether there is 
a microstructure on the PU surface, were compared on the performance 
of the capacitive sensor (Fig. S2). 

Uniformity experiment is carried out along the length of the device. 
A flexible sliding sensor with an 8 cm effective length was placed flatly 
on the table and then pressed by four fingers from left to right. The 
effective length means the length of overlapping electrodes in an 
effective functional area, which can be also explained that the length of 
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the overlapping area dividing width. There were four capacitance 
platforms in accord with the four fingers touch in turn, shown in Fig. 2b. 
When the force was removed, the capacitance recovered to the original 
level. The results show that any pressure that occurs at the effective area 

could affect the shape of the air gap. We also compared the structure of 
one with the air gap and the other flatly sealed device on the capacitive 
performance (Fig. S3). 

The response to small pressure is also tested for the device. Three 

Fig. 1. Schematic structure and working principle of the flexible sliding sensor. (a) Schematic diagram of the flexible sliding sensor. This device can be used to attach 
on the finger surface to sense the pressure and sliding signals. (b) SEM photos of the PI, PU, and FEP surfaces, respectively, with a white scale bar of 5 μm. The film 
device is soft enough to bend or be attached to an irregular surface. (c) Schematic diagram of the sliding recognition by the single-electrode TENG. The object 
contacts with the FEP on the surface, which generates opposite charges on the two surfaces. (d) Schematic diagram of the capacitive part with an air gap 
encapsulated. 

Fig. 2. Capacitive performance for the pressure of the flexible sliding sensor. (a) The ratio of the capacitive change to the vertical pressure curve was obtained by 
increasing the load on the flexible sliding sensor. (b) Four fingers were pressed on the device in the time sequence to verify the uniformity along the length direction. 
(c) The results of the small pressure test for the flexible sliding sensor, using 1 mg, 5 mg, and 10 mg Al foils. (d) The flexible sliding sensor could work underwater. 
The device was immersed in water and pressed by fingers. 
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pieces of aluminum foil, weighing 1 mg, 5 mg and 10 mg respectively, 
are selected as samples. The average thickness of the aluminum foil was 
15 μm, in case the deformation of the air gap should be very effective on 
the capacitance change, so there is a small capacitance increase after 
placing the aluminum foil on the sliding sensor. In the experiment, the 
foil is transferred with a metal tweezer and placed gently on the surface 
of the device. The entire process was monitored by an LCR meter in real- 
time (Fig. S4). The capacitance bounces up due to the pressure and re-
covers to initial values after blowing away the aluminum foil. Three 
different samples could be identified with very low but distinguished 
pressure in Fig. 2c. 

Also, the flexible sliding sensor is based on the adhesive layer-by- 
layer structure, and each film is tightly bonded to adjacent layers, 
which achieves basic waterproof properties. The sliding sensor with an 
effective length of 12 cm is fabricated for testing the underwater per-
formance. The device was directly attached to the bottom of a square 
petri dish (side length 10 cm). Then, tap water was poured to submerge 
the device. In Fig. 2d, the device could still work underwater, and the 
uniformity remained good along the length direction (Video S1). 

Supplementary video related to this article can be found at https 
://doi.org/10.1016/j.nanoen.2020.104764 

To analyze the sensing deformation response, large deformation of 
the device is tested under increasing strains. As shown in Fig. 3a, the 
device is adjusted horizontally with two ends fixed at a linear motor and 
a three-dimensional displacement stage. In the experiment, a step-by- 
step displacement test imposes deformation on the sliding sensor. The 
deformation process is described in the schematic illustration of Fig. 3b. 
When the fixed ends approached each other, the PET film at the bottom 
arches to release the strains, and the slim device shows a good curvature 

at the beginning, as shown in Fig. 3a. The results in Fig. 3c partly il-
lustrates the deformation effect on the capacitance performance. The 
sensitivity at the initial stage is larger, indicating that the compressive 
force is effective in this condition. However, as the distance further 
decreased, the fixed force at two ends is insufficient to compress the 
device further and the change of capacitance slowed down. 

Furthermore, we study the influence of bending orientation on the 
device performance under deformation. The device is tested under 
convex and concave deformations respectively in Fig. 3d and e. There is 
a difference in internal stress, and the ratio of capacitance change is 
different under the same bending degree. Fig. 3f shows that the incon-
sistent deformation of two layers compresses the intermediate dielectric 
part. And the internal strains are responsible for the performance under 
convex and concave deformations. And the long cycling test in Fig. 3d 
and e demonstrate the stability of the sensor, until the breakage of the Cu 
tape. The results illustrate that the flexible sensor is more suitable on 
fingers to monitor bending, because inwards bending can induce a 
concave deformation of the device [37]. 

In the device, TENG is designed for contact electrification and induce 
potential difference under the triboelectric cover material. The mecha-
nism of TENG makes it possible to sense the contact-sliding motion of 
the contact object, as long as the surface is charged and can attract 
opposite charges in the back electrode. The relative motion of the 
charged surface could transfer mechanical energy into electrical signals 
through the electrode. 

The preparation of sensing displacement is in the Experimental 
Section. A small sheet of A4 paper is regarded as the sample and placed 
at a fixed start point to process initial contact. The linear motor pushes 
the sample forward. The results in Fig. 4a and b shows that the open- 

Fig. 3. Capacitive performance for the deformation of the flexible sliding sensor. (a) Photos of the striking process of the bending flexible sliding sensor. (b) 
Illustration of the deformation of the device due to the approaching distance and external force at the two fixed ends. (c) The effect of the deformation on the 
capacitive performance as the distance decreased. The 180� is an estimated bending angle for this measurement. (d) and (e) The cycling performance test of the 
flexible sliding sensor, for (d) upward convex and (e) downward concave deformations under the same striking process except for the orientation. (f) A schematic 
illustration of the convex and concave deformations, which were inconsistent in strain. 
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circuit voltage and transfer charges follow a linear relationship with the 
sliding displacement. The sensitivity to displacement is 0.1614 V m� 1 

and 53.92 nC m� 1 for an 8 � 1 cm2 flexible sliding sensor, and the 
contact area against the sample is kept as 1 � 1 cm2. And the results were 
close to the report in the article based on the free-standing mode [38]. 
Then increasing velocity sensing test is carried out at a fixed displace-
ment of 30 mm. The results in Fig. 4c show that the voltage holds on 
below the driving velocity of 0.2 ms� 1, then there is a drop in the signal. 
The voltage has a slight downtrend due to mechanical disturbances, 
which may come from the larger driving force and break the contact 
balance between solid films. Even though when the linear motor works 
stably, the voltage signals maintain. According to the results above, the 
TENG part could sense the sliding displacement of the contact object 
based on the open-circuit voltage and the number of transferred charges. 
The real-time signals generated from the sliding sensor are shown in 
Video S2. 

Supplementary video related to this article can be found at https 
://doi.org/10.1016/j.nanoen.2020.104764 

After further consideration of the transfer charges, the velocity could 
influence the number of charges through the circuit per second. This 
process is similar to change the working frequency of TENG to increase 
the height of current peaks [39]. In the experiment, the velocity grad-
ually increases from 0.05 to 0.3 ms� 1, and short-circuit current is 
monitored under different sliding velocities. The results in Fig. 4d show 
that the average current peaks grow, which are distinguished for several 
cycles above the zero level. The sublevel part of the signals results from 
the backward motion at a velocity of 0.1 ms� 1. The current direction can 
reflect the forward and backward motions. In other words, a one-way 
movement toward the ground terminal of the device leads to a posi-
tive peak and then a negative peak in turn. 

Displacement and velocity sensing results are tested by keeping the 
object contacting within the area of the triboelectric film and sliding on 
it. The contact electrification between the external object and the FEP 

film generate opposite charges on both surfaces, which is important to 
the device performance based on TENG (Fig. S5). But in this part the 
mechanism is a little different from the single-electrode mode or 
contact-sliding mode [40], because the previous two working modes 
require separation motion from contact. The non-separation process 
induces a small charge transfer in Fig. 4e. In the initial contact electri-
fication, the sample and the FEP film carried an equal amount of 
charges, shown in Fig. 4e1. The charged sample on the surface changes 
the potential in the electrode and negative charges show the gradual 
change of potential in the electrode. During the process from Fig. 4e1 to 
Fig. 4e3, as the charged sample approaches the ground terminal, the 
potential around the resistor R gradually changes. The entire process is 
accompanied by a small amount of charge transfer. To demonstrate that 
surface charges generate the signals, the distance of the sample away 
from the triboelectric layer is also studied. The results show that the 
signals rapidly decrease when the sample separated from the sensor, but 
the sliding motion could still change the potential distribution in the 
electrode, even when it is 5 mm away (Fig. S6). This could be attributed 
to the surface charges which generate electrostatic field [41]. The 
mechanism reveals that displacement affects the number of transferred 
charges, and the current is related to the mechanical sliding velocity, 
which both constitutes the motion sensing function of the device to 
contact the object. 

The flexible sliding sensor with an effective working length of 8 cm is 
prepared, and it is attached directly to the index finger that extended 
from tip to palm along the midline, as shown in Fig. 5a. In this condition, 
the sensor is soft enough to fit the epidermis tightly, and the epidermis 
could work both as a supporting substrate and an electrode for the 
capacitive part to monitor the finger bending and holding. Five steps of 
bending action and corresponding capacitance stages are recorded in 
Fig. 5b. When the finger releases, the capacitance could recover to the 
initial level. On the other hand, the attached device is directly used to 
recognize contact sliding. Different friction layers are used to 

Fig. 4. Sensing the sliding displacement and velocity of the contact object with the corresponding output signals. (a) and (b) The open-circuit voltage (a) and the 
amount of transferred charge (b) were tested in the experiment at a fixed speed of 0.1 ms� 1 for different displacements. (c) The test for a 30 mm displacement sliding, 
with velocity increasing from 0.05 to 0.3 ms� 1, to distinguish the effect of velocity from displacement. (d) The short-circuit current signal was tested from 0.05 to 0.3 
ms� 1 at a 30 mm displacement to show the influence of velocity on the current signal. (e) The working principle of the flexible sliding sensor in recognizing the 
sliding displacement and velocity of the contact object. 
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demonstrate that the sliding sensor works with contact objects. And the 
results in Fig. 5c and d are carried out to extend its application of 
handing driving Fig. 4d is a machine-driven result, and the velocity is 
controlled by a stable linear motor. And Fig. 5c and d are tested by 
sticking the sensor to a figure to fetch objects. Fig. 5c is a result of 
common contact-sliding TENG motion, which means the friction layer 
moves out of the device surface. In contrast, the result in Fig. 5d shows 
the non-separation process that the friction layer slides inside the area of 
the sensor. A stainless-steel ruler is used as a sample. There is a large and 
sharp current peak when the device first contacts the steel ruler. After 
that, the steel ruler slides back and forth by external force with long 
sides in parallel, and the corresponding signal is recorded in Fig. 5c for 
increasing velocity. The working mechanism of the flexible sliding 
sensor to detect the ruler motion in this condition is illustrated as 
contact-sliding mode TENG in Fig. S7. The current signal is also tested 

with a sheet of small PU film under increasing velocity. Compared to the 
large size of the steel ruler, the PU film is smaller than the area of the 
sliding sensor, so it follows the working mechanism shown in Fig. 4e. 
Overall, the current changes obviously to the velocity. 

When trying to grip with the flexible sliding sensor, the device needs 
to be attached to the index finger to sense the process of gripping a 200 
mL glass beaker, as shown in Fig. 6a. Firstly, we try to grip the beaker to 
test the capacitive part. When the hand seizes the beaker, the sensor 
closely contacts the outer wall of the beaker with triboelectric part 
outwards and capacitive part inside, and collects the information of 
finger bending and holding force to grip the beaker. So the effect on the 
capacitance is a combination of deformation and pressure. The results in 
Fig. 6b show three different gripping modes. Mode one is an attempt to 
seize the beaker in a short time, regardless of the gripping force. The 
capacitance remains high but drops suddenly when the force releases. In 

Fig. 5. The flexible sliding sensor is 
attached to the finger for bending and 
sliding sensing. (a) Photos of the device 
attached to the finger during the bending 
test. (b) The capacitance stages related to the 
five finger bending stages. (c) Current sig-
nals induced by the sliding of the steel ruler 
under increasing velocity. The ruler was 200 
mm long. (d) Current signals induced by the 
sliding of the PU film under an increasing 
velocity. The PU film was 27 mm wide and 
smaller than the size of the sensor.   
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mode two, the hand at first holds the beaker as in mode one, and then 
loses force while keeping bending. According to the results, capacitance 
drops by about half and recovers to the original level when finger un-
bent. Mode three reflects the different gripping force to hold. When the 
hand holds tightly and slightly, the capacitance changes with the grip-
ping force. 

The capacitive part senses the gripping and holding. However, while 
the robotic hand holds the object, it is often influenced by mechanical 
acceleration and vibration, which causes relative sliding. Compared to 
capacitive sensing, the sliding recognition based on the TENG sensor is a 
dynamic process [28]. We have studied that horizontal sliding from a 
small sheet of sample triggers regular signals of the flexible sliding 
sensor in Fig. 4. But the experiment for holding a larger beaker is in 
Fig. 6c and d. The triboelectric signals are induced by vertical and 
horizontal displacements, respectively. The vertical signals are larger 
than the horizontal ones due to the larger change of contact area in a 
short time. In addition, the forward and backward motions induce cor-
responding current peaks and the signals increase with sliding velocity 
while the object is gripped. 

4. Conclusion 

A multifunctional, thin and flexible sliding sensor that combines a 
capacitive sensor with a TENG based sensor to detect compressive 
pressure, deformation and displacement, the velocity of contact objects 
have been developed. This device is designed for flexible robotic ma-
nipulators to achieve high sensitivity and intelligent recognition of 
gripping force. The combination of the two sensing parts can realize the 
conversion of the physical signals to the electrical ones in the soft 
gripping process, and finally realize the functions of the sliding sensor. 

The whole device is based on a layer-by-layer structure that is 
convenient for packaging to work underwater. The introduction of the 
air gap as the dielectric layer in the device significantly increases the 
sensitivity to pressure, especially in the slight region. On the other hand, 
the TENG part can sense the sliding motion and achieves a linear rela-
tionship between the displacement of contact objects and detected 
transfer charges. Furthermore, the peaks of current signals can reflect 
the sliding velocity of the contact object. Above all, the flexible sliding 
sensor can collect the information of gripping an object, which is 

Fig. 6. Results of the hand-based sliding sensor to 
grip the beaker. (a) A schematic diagram of the test. 
The device was attached to the inside of the index 
finger to directly contact the beaker and to sense the 
sliding motion. (b) Gripping the beaker caused 
capacitive changes. Seizing and releasing the beaker 
(mode 1), holding the beaker and maintaining the 
gesture (mode 2), and the difference in the gripping 
force for holding (mode 3). (c) and (d) The tribo-
electric current signals induced by the vertical (c) and 
horizontal (d) sliding when gripping. The sliding ve-
locity and direction impacted the current peaks.   
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attributed to judging the conditions and adjusting the force for the ro-
botic arm. We could extend our approach to fingers and robotic arms to 
grip fragile and soft objects. The sliding sensor can be part of the tactile 
sensing system for robotic hands. 
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