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Intelligent soft robotic fingers
with multi-modality perception ability

Tongjing Wu,1,2 Haitao Deng,1 Zhongda Sun,2 Xinran Zhang,1 Chengkuo Lee,2,* and Xiaosheng Zhang1,3,*

SUMMARY

In the context of industry 4.0, automatic sorting is becoming prevalent in produc-
tion lines. Herein,wedeveloped a bionic sensing system to achieve real-timeobject
recognition. The system consists of 9 single-layer triboelectric nanogenerators (SL-
TENGs) as touch sensors and 3 comb-shaped TENGs (CS-TENGs) as bending sen-
sors, with a sensitivity of 110 V/kPa and stable output after 20,000 press cycles.
These sensors were attached to a manipulator composed of three soft actuators,
serving as soft robotic fingers. An enhanced electrical output of these sensors
was achieved successfully, demonstrating their feasibility in detecting grasping
location, contactpressure, andbendingcurvature.Aone-dimensional convolutional
neural network (1D-CNN) with 98.96% accuracy extracted information from the
sensors, enabling the manipulator to serve as an intelligent sensing system with
multi-modality perception ability. This robotic manipulator successfully integrated
TENG-based self-powered sensors, soft actuators, and artificial intelligence,
demonstrating thepotential for futuredigital twinapplications, particularly in auto-
matic component sorting.

INTRODUCTION

With the development of 5G technology, the cost of large-scale data transmission has dropped sharply;

thus smart houses and smart manufacturing based on the internet of things (IoT) framework where a large

number of sensors are used for real-time signal transmission and analysis have been developed rapidly.1–5

Based on artificial intelligence (AI) and IoT, the concept of digital twin is proposed, which is of great sig-

nificance in the field of intelligent manufacturing.6–9 A major application of digital twin is components sort-

ing in unmanned factories, where robotic manipulators are widely used. In the past few years, soft robotics

has become an emerging research topic, providing new possibilities for addressing these tasks.10–14

Compared with conventional rigid robotics, soft robots offer enhanced elasticity, adaptability, and rein-

forcement in accomplishing tasks.15–17

Traditional components sorting is based on visual sensors, which has many shortcomings. For example,

the extracted information dimension is limited, and it is unable to make accurate recognition when two

objects are similar in appearance. Besides, in a dim environment, the recognition performance of the vi-

sual sensors is greatly reduced.18 Thus, finding another type of sensor to compensate for the shortcom-

ings of visual sensors has become an urgent issue in this field. Since the manipulator is composed of soft

actuators for high compliance and dexterity, the high nonlinear deformation and no-joint structure make

it difficult to use traditional sensors, like encoder, potentiometer, etc. Till now, the feasible solutions are

sensors based on piezoelectricity,19–24 electromagnetic effect25–28 and conductive nanocomposites,29

optical fiber,30 and triboelectricity.31 However, different kinds of mechanisms have unique working con-

ditions and output properties. For example, Hall sensor is necessary when using electromagnetic effect,

which makes the fabrication of soft robot and the signal processing more complex. Among them, the

self-powered sensor based on TENG is a good choice, which has many advantages over other kinds

of sensors, like high output amplitude and wide material choices.32–38 In fact, TENG-based sensors

have been widely used in wearable devices.39–48 In the field of soft robots, they are attracting more

and more attention and many structures have been proposed in recent years.49–51 By integrating a

TENG on different parts of the soft robot, e.g., front,52 bottom,53 or even the chamber,13 electrical out-

puts can be generated from a single stimulus input, thus realizing the function of detecting obstacle,52

location,54,55 curvature,49 or even humidity.56
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In this work, we propose a robotic manipulator with three soft actuators. Owing to the high flexibility of

thermoplastic polyurethane (TPU) and the hollow structure, the manipulator can grasp various kinds of ob-

jects easily and the force can be adjusted by the air pressure precisely. In addition, we develop two kinds of

TENG-based sensors (named single-layer TENG [SL-TENG] and comb-shaped TENG [CS-TENG]), which

can serve as the tactile sensor and bending sensor, respectively. For SL-TENG, we propose two structures,

i.e., pyramid microstructure and hemispherical microstructure. Due to the different electronegativity of

components, contact pressure, and area, the outputs of the sensor will be different. For CS-TENG, we pro-

pose a slide rail structure with the comb-shaped electrode, which is working in a contact-separation mode.

With this structure, by counting the number of peaks in the output signal, the curvature of the actuator can

be deduced. The tri-actuator soft gripper is then integrated with TENG sensors. Finally, by leveraging the

convolutional neural network for data analysis, the gripper is successfully demonstrated to realize object

identification.

RESULTS AND DISCUSSION

Characterization of the developed sensing system

Figure 1A illustrates an exploded view of the manipulator, which consists of SL-TENG, CS-TENG, soft ac-

tuators, etc. There are three slide rails fixed on the lower plate, where an integrated electrode and polyi-

mide (PI) film form the CS-TENG. Figure 1B shows the structure and workingmechanism of CS-TENG. Once

the polytetrafluoroethylene (PTFE) film rubs with the electrode, there will be a peak in the output, which

realizes the function of curvature detecting. The structure of SL-TENG is shown in Figure 1C. There are

Figure 1. Physical characteristics of the developed sensing system

(A) Explosion view of the manipulator, consisting of three CS-TENGs, nine SL-TENGs, and three soft actuators.

(B) The as-fabricated CS-TENG sensor and the basic structure. (i) The model of CS-TENG. (ii) The sketch of CS-TENG.

(C) The as-fabricated SL-TENG sensor and the basic structure. (i) The sketch of SL-TENG. (ii) The SEM image of the silicone

rubber.

(D) Schematic diagram of potential applications that can be enabled by the developed sensing system.
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three SL-TENGs on each soft actuator, which can detect contact position, area, etc. Therefore, both the

motion caused by self-actuation and external stimuli can be sensed. The proposed system can realize

the function of digital twins. Hence, relevant applications related to digital twins can be realized, like com-

ponents sorting, garbage sorting, unmanned shop, etc.

Fabrication of the SL-TENG

Pyramid microstructure in a big size

Figure 2A schematically illustrates the fabrication process flow of the SL-TENG with the pyramid micro-

structure in a big size. The bottom side length of each pyramid is 1.5 mm, and the height is 2.5 mm. The

interval distance of each pyramid is 1 mm. To make this structure of tribo-skin, a polylactic acid (PLA)

mold modeled in SolidWorks and printed by a 3D printer was needed first. In the next step, Eco-flex

00–30 silicone solutions were used (part A and part B were mixed at a ratio of 1:1 first) and poured into

Figure 2. Fabrication of the SL-TENG

(A) Schematic illustration of the fabrication process flow chart of the developed SL-TENGwith Pyramid Microstructure in a

big size.

(B) Images of SL-TENGwith PyramidMicrostructure in a big size. (i) Photograph of themold. (ii) Optical microscope image

of the mold. (iii) Photograph of the silicone rubber with Pyramid Microstructure in a big size. (iv) SEM image.

(C) Images of SL-TENG with Hemispherical Microstructure. (i) Photograph of the mold. (ii) Optical microscope image of

the mold. (iii) Photograph of the silicone rubber with Hemispherical Microstructure. (iv) SEM image.

(D) Images of SL-TENG with Pyramid Microstructure in a small size. (i) Photograph of the mold. (ii) Optical microscope

image of the mold. (iii) Photograph of the silicone rubber with Pyramid Microstructure in a small size. (iv) SEM image.
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themold. After being evacuated to eliminate bubbles by a vacuumpump, themold was put in the oven with

the temperature at 40�C for 60 min. Finally, the molded silicone rubber was peeled off from the mold and

stuck with the Ni-fabric tape. The TENG’s length, width, and thickness are 25 mm, 22 mm, and 1.5 mm

respectively. The images of the mold and sample are shown in Figure 2B.

Hemispherical microstructure

In this structure, the microstructure is changed into hemisphere. The radius is 250 mm, and the interval dis-

tance of each hemisphere is 300 mm. Since the minimum size in this structure reaches 250 mm, which has

been far below the resolution of the 3D printer, computer numerical control (CNC) technique was used

and the material of the mold was changed into aluminum this time. The pictures of the mold and the sili-

cone rubber are shown in Figure 2C. The following step was the same as the counterparts in pyramidmicro-

structure. The only difference is that since the mold is made of aluminum rather than PLA, the temperature

of oven can be set to 70�C this time. And the waiting time was reduced to 15 min, which improved the ef-

ficiency of making SL-TENG.

Pyramid microstructure in a small size

In this structure, the bottom side length of each pyramid, the height, and the interval distance are reduced

to 500 mm, 250 mm, and 300 mm, respectively. Therefore, CNC technique was necessary too. The steps are

the same as those of hemispherical microstructure. The pictures of the mold and the silicone rubber are

shown in Figure 2D.

Fabrication of the soft gripper

The soft gripper with a bellows-structured actuator was designed by software (Solidworks 2021). To ensure

elastic property and output force, TPU filament with a hardness of shore 85 A was used to fabricate the soft

actuator. The filament was extruded by Titan Extruder, and the printing temperature is 240�C with a corre-

sponding low printing speed of 20 mm/s. The layer thickness was changed to 0.1 mm to guarantee the

printing precision.

Configuration and working mechanism of the SL-TENG and CS-TENG sensors

Working mechanism and characterization of SL-TENG

Figure 3A schematically illustrates the working mechanism of SL-TENG, which is based on the triboelectrifica-

tion and electrostatic induction effect. Since the soft manipulator keepsmoving when working, TENGworking

in single-electrode mode is more suitable for the tactile sensor. As is shown in Figure 3A, SL-TENG is

composed of silicone rubber and Ni-fabric tape. When an object comes in contact with the silicone rubber,

electrons shift from the object’s surface to rubber’s surface due to the difference in electronegativity. As

the object is leaving away, the two oppositely charged surfaces become separated and create a potential dif-

ference. The unscreened negative charges on the rubber surface drive free electrons flowing from theNi-fabric

tape to the ground and induce the accumulation of positive charges in the electrode, thus generating a current

and voltage output. When the object is far away, an electrostatic equilibrium is attained and electrons stop

moving. As the object approaches again, the separated distance between the silicone rubber and the object

as well as their potential difference decrease. This process leads to a reverse electron flow from the ground to

the embedded electrode and generates a voltage in the opposite direction.

Based on this basic structure, to increase the sensitivity of SL-TENG, we propose three new structures—pyr-

amid microstructure in two sizes and hemispherical microstructure, which has been shown in the fabrication

of the SL-TENG part. For pyramid microstructure in big size, there are 56 micro pyramids on the substrate.

When the object contacts with the tribo-skin under different external forces, the variance of the contact

area is much larger with the pyramid microstructure than that without microstructure. For pyramid microstruc-

ture in small size and hemispherical microstructure, thanks to the CNC technique, there are 810 microstruc-

tures on the substrate in total, whichmeans that therewill be a larger contact areawhen theobject just contacts

with the tribo-skin than the last structure, and thus the output amplitude will be increased dramatically. At the

same time, the variance of the contact area is still large when the object touches the tribo-skin with different

forces.

In order to investigate the performance of SL-TENG with the three structures and find which one is better,

relevant tests had been taken. Figures 3B and Figure 3C show the test results. A vibration exciter, powered
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by a function generator, was used. A sine wave was set to be the excitation. The electrical characteristic

curves of SL-TENG with the hemispherical microstructure are shown in Figure 3B. Those of other structures

are shown in Figure S1. During the test, the frequency of the excitation was set to 2 Hz and the amplitude

was set to 1 Voltage peak-peak (Vpp). According to the test results, the outputs of TENGs with smaller mi-

crostructures are much larger. Then, to test the sensitivity of the SL-TENG with the pyramid microstructure

in small size and hemispherical microstructure, the whole TENG was covered by the platform at the end of

the ejector pin so that the contact area was the same in every contact. The frequency was set to 2 Hz, and

the amplitude was changed to represent different magnitudes of force. Then a force gauge was used to test

Figure 3. Working mechanism and characterization of SL-TENG

(A) The structure and working mechanism of SL-TENG.

(B) The electrical characteristic curves of SL-TENGwith Hemispherical Microstructure. (i) Output voltage. (ii) Output current. (iii) The output power density on

the loading resistors at various values from 1–500 MU connected to the triboelectric nanogenerator in parallel.

(C) Sensitivity to the pressure. (i) Hemispherical Structure. (ii) Pyramid Microstructure in a small size.
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the corresponding force. Owing to the linear fitting done on the data point in Figure 3C, the hemispherical

structure is more sensitive to pressure than the pyramid microstructure in small size, though the output of

the latter one is larger. Since the area of SL-TENG is 0.055 m2, the sensitivity of SL-TENG with the hemi-

spherical microstructure is 110 V/kPa while the sensitivity of SL-TENG with the pyramid microstructure in

small size is 103 V/kPa. Therefore, compared with pyramid microstructure in small size, the sensitivity of

SL-TENG with the hemispherical microstructure has increased by 7%. This is because the contact area vari-

ation is larger for hemispherical structure, which is consistent with the experimental results of other

groups.57 The comparison of each structure has been listed in Table S1. Since high sensitivity is more

important than high output for object recognition, SL-TENG with hemispherical microstructure is used

in the soft robot. The other properties of SL-TENG were also tested, including thermal stability and humid-

ity stability. The results are shown in Figure S2, which shows that SL-TENG can work normally in high-tem-

perature and high-humidity environment. The robustness of SL-TENG with the hemispherical microstruc-

ture was also tested. The force gauge was used to press SL-TENG 20,000 times. The outputs of SL-TENG

during the first few presses and after 20,000 presses are shown in Figure S2. The outputs are almost the

same, which demonstrates good robustness of SL-TENG. Besides, the comparison of the proposed SL-

TENG against other solutions has been listed in Table S2.

Working mechanism and characterization of CS-TENG

Inspired by the moving mode of the soft manipulator, a sliding TENG with combed electrodes in single-

electrode mode is proposed. Figure 4A shows the basic structure and the working mechanism. The

Teflon tube is connected with the end of the soft manipulator. When the manipulator bends, the Teflon

tube will be pulled down, and thus the PLA base, which is fixed in a slide rail, will go down too. A kind of

tribo-material is fixed on the PLA base, which will rub with the combed electrode during the process of

bending. Due to the triboelectric effect, once the tribo-material rubs with the electrode, there will be a

peak in the output. By counting the number of peaks, the number of electrodes that rub with the tribo-

skin can be found. Since the distance between the electrodes is known, the moving distance of the base

can be calculated, which is equal to the moving distance of the end of soft manipulator. In this way, the

curvature of soft manipulator can be deduced. Since it is very difficult to guarantee the same output of

TENG when the bending degree is unchanged due to environmental interferences, the design will be

complex if a strain sensor is used, by which the curvature is calculated by the amplitude. Nevertheless,

by using the comb-structural TENG sensor, there must be peaks in the output regardless of the ampli-

tude. Therefore, by counting the number of peaks, the curvature can be stably calculated. Several struc-

tures have been designed based on the basic one, which are shown in Figure S3. Among them, the best

model is the fifth one.

The tribo-material is PTFE film, which has a very high electronegativity. A PI film is attached to the top of the

base. To guarantee the friction and smoothness, 75 mmPI film is chosen and then covered with PTFE film. At

the bottom of the base, there is a circular hole to fix the Teflon tube. On the top of the base, there is a hook

to be connected with a spring. The other end of the spring is connected with the top component. There is

also a slide rail to fix the moving direction of the base. Finally, to make the electrode more stable, which is

conducive to reducing the clutter, the comb-shaped model is integrated with the slide rail. Ni-fabric tape is

stuck on the protruding part of the printed model to serve as the electrode.

In the initial test, the Teflon tube was pulled down and the tribo-material rubbed with six electrodes. Only in

the fifth model, all six peaks can be clearly found and there is almost no clutter, which is shown in Figure S4.

Importantly, the waveform was very stable in this model. Regardless of the speed of pulling down, the clear

peaks could always be seen. In the following test, the peak numbers of CS-TENG corresponding to

different bending angles were tested, which are shown in Figure 4B.When the PTFE film rubs with two elec-

trodes, the bending angle of the actuator is about 10�. At the same time, there will be two peaks in the

output signal. From the following graphs, it can be found that when the PTFE film rubbed with one

more electrode, the bending angle of the actuator increased by 5�, and there would be one more peak

in the output signal. The bending angle of the actuator is linear with the number of electrodes rubbed

by the PTFE film. Therefore, this CS-TENG sensor can detect the bending angle with the minimum resolu-

tion of 5�. In addition, the resolution can still be further improved by decreasing the distance of each comb-

shaped electrode. The comparison of the proposed CS-TENG against other solutions has been listed in

Table S2. Compared with the gear-structural bending sensor developed by Sun et al. [26], this CS-TENG

is much easier to be fabricated and still has a high angular resolution.
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Soft robot

There are various drivingmethods for soft robots; we choose the pneumatic way since it is the simplest one.

There are two common materials to make soft robots, silicone rubber and TPUs. We choose TPU, a kind of

flexible 3D printing material, to fabricate the soft robot, which is composed of three soft actuators. The

cutaway view of the soft actuator with a hollow-bellows structure is shown in Figure S5. The upper surface

of the actuator is designed as a corrugated structure with lower stiffness and higher stretchability.

Figure 4. Working mechanism and characterization of CS-TENG

(A) The mechanism and basic structure of CS-TENG.

(B) The peak numbers of CS-TENG corresponding to different bending angles.

ll
OPEN ACCESS

iScience 26, 107249, August 18, 2023 7

iScience
Article



ll
OPEN ACCESS

8 iScience 26, 107249, August 18, 2023

iScience
Article



Meanwhile, the lower surface is made of the same material without the corrugated structure, which is rela-

tively harder to deform. Therefore, when the soft actuator is inflated, there will be a larger deformation on

the upper surface, making the soft actuator bend down. Besides, the increasing air pressure enlarges the

bulge of the soft material and results in the larger curvature and output force of the soft actuator. When a

certain amount of air pressure is applied, the three actuators of the soft manipulator will bend simulta-

neously, thereby exerting a three-sided balanced contact force on the object and realizing the function

of grasping. The whole soft actuator is directly printed by the 3D printer; the model and the printing pa-

rameters are shown in Figure S5. To drive the soft actuator, a set of the pneumatic system is necessary,

which is shown in Figure S6. The base of the manipulator was designed and printed out. After assembling

all the components referred to earlier, the manipulator was fixed in an acrylic box, which is shown in

Figure 5A.

Data processing via one-dimensional convolutional neural network (1D-CNN)

After connecting the soft robot with the pneumatic system and data transmitting system, the whole sensing

system is developed, which is shown in Figure S7. Since there are 9 SL-TENGs and 3 CS-TENGs on the

manipulator, there will be 12 channels of signal, which contains much hidden information, like position,

contact area, bending degree, etc. Moreover, machine learning has been proved to be a good tool to

extract features from such data sequences and address classification tasks. Herein, we apply a 1D-CNN

to process the data. The dataset contains six objects—bottle, ping pong, tennis ball, mint, box, and

doll. To guarantee the amount of training data, each object was grasped for 100 times. The data length

for each object is 150, so there were 12 channels3150 = 1,800 features in total for each sample. The 3D

plots of the sensor output corresponding to the six objects are shown in Figure 5B. The 100 samples of

each object are randomly divided into the training, validation, and testing set at a ratio of 6:2:2. The struc-

ture of the developed 1D-CNN is shown in Figure 5C, and the related parameters are shown in Table S3.

After sending the data into the model for training, the learning curve for both the training and validation

dataset is shown in Figure 5D. It can be found that the training was stopped at the twelfth epoch, where the

accuracy of training data reached 90.89%. Then the trainedmodel was checked against test data, which had

not been seen by the model yet. The accuracy of the test data was 98.96%. The confusion matrix is shown in

Figure 5E, which means the model generalized well for these objects and shows the power of 1D-CNN. The

model was then used to do the real-time object recognition, and the result is shown in Video S1 and

Table S4. We tested this sensing system 100 times, and the results of the one-hundredth test were almost

the same as those of the first one, which verifies the stability of this sensing system. The recognition results

of box, doll, mint, and ping pong are perfect. However, the accuracy of the bottle is lower than other ob-

jects. There are two reasons for this phenomenon. The first one is that the TENG signal is vulnerable to envi-

ronmental interference. There may be some subtle differences between the signal generated during the

real-time testing and the original one. The second reason is that the contact area between the bottle

and the actuators was very small since the bottle was vertical when it was gripped, which will lead to less

effective signals generated by SL-TENG than other objects. Nevertheless, this result still shows the fact

that TENG can detect the contact area, pressure, etc. and generate different waveforms. And 1D-CNN

can derive the features from the waveform and be used for real-time object recognition. We also tested

another four objects to validate the accuracy of this model. The 3D plots of the robotic sensor outputs re-

sponding to these four objects are shown in Figure S8. At this time, the accuracy of object recognition

is 98%.

Conclusions

In summary, a bionic sensing system, composed of TENG-based intelligent soft robotic fingers was devel-

oped. Two new structures of SL-TENG were proposed and tested. Compared with pyramid microstructure

in small size, the sensitivity of SL-TENGwith the hemispherical microstructure has increased by 7%. And the

output of SL-TENG can remain stable after 20,000 times press. Several structures of CS-TENG as the

Figure 5. Data collecting and processing of the sensing system

(A) The image of soft robot. (i) The un-inflated status of soft robot. (ii) The inflated status of soft robot.

(B) 3D plots of the robotic sensor outputs responding to different objects (bottle, ping pong, tennis ball, mint, box, and doll).

(C) The structure of the 1D-CNN.

(D) The learning curve.

(E) The confusion matrix.
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curvature sensor are proposed, and the model with integrated electrode has the best performance, which

has stable signal to represent the curvature by the number of peaks. Three soft actuators were printed out

with TPU and assembled with other components to serve as a sensing system, which is demonstrated to be

controlled precisely by air pressure. The data generated by the sensors are sent to the computer and saved

as a dataset. A 1D-CNN model is constructed and trained (98.96% accuracy). Finally, real-time object

recognition is done, and the performance of this sensing system is good, which shows the potential for dig-

ital twin applications.

Limitation of the study

Although the recognition results of box, doll, mint, and ping pong are perfect, the accuracy of the bottle is

lower than that of other objects because of small contact area. In future work, a better algorithm is neces-

sary to be developed to achieve the recognition of objects with small contact area.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Xiaosheng Zhang (zhangxs@uestc.edu.cn).

Materials availability

This study did not generate new materials. Materials used in the study are commercially available.

Data and code availability

All data reported in this paper will be shared by the lead contact upon reasonable request.

No new code was generated during the course of this study.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

This study does not use experimental methods typical in the life sciences.

METHOD DETAILS

Fabrication of SL-TENG

All experimental materials such as silicone andNi-fabric tape were purchased from a local market (as shown

in key resources table) and used without further treatment. The bottom side length of each micro-structure

is 1.5mm and the height is 2.5 mm. The interval distance of them is 1 mm. To make this structure of tribo-

skin, a mold was needed first (polylactic acid (PLA) mold for Pyramid microstructure in a big size and

aluminum mold for Pyramid and hemispherical microstructure in a small size). In the next step, Eco-flex

00–30 silicone solutions were used (part A and part B were mixed at a ratio of 1:1 first) and poured into

the mold. After being evacuated to eliminate bubbles by a vacuum pump, the mold was put in the oven

(40�C and 60min for PLAmold and 70�C and 15min for aluminummold). Finally, themolded silicone rubber

was peeled off from the mold and stuck with the Ni-fabric tape. The TENG’s length, width and thickness are

25 mm, 22 mm and 1.5 mm respectively.

Fabrication of CS-TENG

All experimental materials such as PTFE, PLA, PI and Ni-fabric tape were purchased from a local market (as

shown in key resources table) and used without further treatment. Teflon tube is connected with the end of

the soft manipulator. PTFE film is fixed on the PLA base, which will rub with the combed electrode during

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

PI Runhai office flagship store (Taobao, China) N/A

PTFE Ouwen flagship store (Taobao, China) N/A

Eco-flex 00–30 silicone Dongzhixuan store (Taobao, China) N/A

Software and algorithms

PyCharm IntelliJ Software s.r.o. N/A

Arduino IDE Arduino LCC N/A

SOLIDWORKS Dassault Systèmes SOLIDWORKS Corp N/A

ideaMaker Raise 3D Technologies, Inc N/A
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the process of bending. A 75 mmPI film is attached to the top of the base. At the bottom of the base, there is

a circular hole to fix the Teflon tube. On the top of the base, there is a hook to be connected with a spring.

The other end of the spring is connected with the top component. There is also a slide rail to fix the moving

direction of the base. Finally, Ni-fabric tape is stuck on the protruding part of the printed model to serve as

the electrode.

Fabrication of soft gripper

The soft gripper with a bellows-structured actuator was designed by software (Solidworks 2021, as shown in

key resources table). To ensure elastic property and output force, TPU filament with a hardness of shore 85

A was used to fabricate the soft actuator. The filament was extruded by Titan Extruder and the printing tem-

perature is 240�C with a corresponding low printing speed of 20 mm/s. The layer thickness was changed to

0.1 mm to guarantee the printing precision.

Test and measurement

The surface morphologies of the silicone rubber with the hemispherical structure were characterized using

scanning electron microscopy (SEM, JSM-6490LV, JEOL Ltd.). A vibration platform consisting of a signal

generating system (33250A, Agilent), an amplifier and a shaker was used to provide a stable and control-

lable force with designable frequency to the device. The triboelectric voltage outputs weremeasured using

a digital oscilloscope (DS2302A, RIOGL) with a 100 MU probe, and the triboelectric current outputs were

measured by a low-noise current preamplifier (SR570, Stanford Research Systems) and a digital oscillo-

scope (DS2302A, RIOGL) with a 100 MU probe.

QUANTIFICATION AND STATISTICAL ANALYSIS

The data wasmeasured by a digital oscilloscope (DS2302A, RIOGL) with a 100MU probe, and the triboelec-

tric current outputs were measured by a low-noise current preamplifier (SR570, Stanford Research Systems)

and a digital oscilloscope (DS2302A, RIOGL) with a 100 MU probe. Figures were produced by Origin from

the raw data.

ADDITIONAL RESOURCES

This study has not generated or contributed to a new website/forum.
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