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Tactile perception systems as the medium between the ambient environment and robotics lie in the heart of
modern artificial intelligence. By providing different electronic readouts under various circumstances, they can
give easily captured information for post-processing. However, for applications of most reported tactile
perception systems, external location assistances are still needed. Here, as inspired by the platypus’ sixth sense,
we developed a new kind of tactile perception system based on triboelectric sensors with the additional function
from quantum rods. This terminal can be used as a single-electrode mode triboelectric nanogenerator for both
location detection and vertical force sensing with high sensitivity and fast response. Moreover, by adding CdSe/
CdS quantum rods into an imprinted polydimethylsiloxane film, different lateral stretching levels can be
perceived by a modified luminescence. Supported by the machine learning technology, the as-fabricated tactile
perception system finally obtains an excellent recognition accuracy among 18 different objects of 98.5% on a
micro-controller unit platform, which provides an easy pathway in smart home robotics for intelligent sorting.

1. Introduction

As the largest organ of the human body, skin offers us one of the most
important perceptive modes, namely, tactile perception, to sense,
interact, extract information, and learn about the surroundings [1,2]. It
plays a key role in tasks ranging from object manipulation to social
communication. Modeling human skin for tactile perception is
becoming one of the hottest research topics in both, material science and
robotics [3-14]. Since the birth of skin-like tactile perception systems, a
number of devices have been fabricated for various sensing applications

via different working mechanisms, such as pressure [15-20], humidity
[21,22], temperature [23,24], and magnetic field [25,26]. The current
research status in the field of skin-like tactile perception systems is
marked by interdisciplinary efforts to improve the durability, sensitivity,
and bio-compatibility, which provides tremendous promise for a wide
range of applications, including health monitoring, robotics,
human-machine interfaces, etc. [14,27]. Today, for most reported tactile
perception systems, the signals can only be produced when they are
under physical contact conditions. Therefore, external location assis-
tances based on visual images [28], ultrasound transducers [29,30], or
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electromagnetic technologies [31], are indispensable in their applica-
tions. Interestingly, a nocturnal animal in nature named platypus
already solved this problem 25 million years ago. During hunting time in
the water, a platypus uses its ‘duck-billed detector’ as the sixth sense
instead of eyes, nose and ears to detect the subtle mechanical move-
ments and electric fields produced by its prey (Fig. 1la and b) [32].
Taking the initial inspiration from the platypus’ sixth sense, combining
location detection and more sensing capabilities into one tactile
perception system is highly in demand to mimic better or even surpass
human skin.

The newly arising technology called triboelectric nanogenerator
(TENG) has emerged since 2012 [33]. TENG is based on the coupling
effect of triboelectrification and electrostatic induction, which can
directly convert mechanical energy/triggering from the ambient envi-
ronment into electrical signals [34,35]. In the past decade, owing to the
advantages of lightweight, low cost, a diverse choice of materials, and
easy fabrication, TENGs as self-powered systems have been widely uti-
lized in giving us a simple solution to obtain the vertical force sensing
ability without additional power supplies [6,36-42].

Core/shell quantum rods (QRs) with tunable emission wavelengths
and long lifetimes are considered promising materials for light emitters.
Recently, many kinds of QRs have been synthesized through different
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methods for lasing [43,44], photodetector [45], and light-emitting diode
(LED) display applications [46,47]. When QRs are under excitation, they
can provide condition-dependent visualized light signals. Therefore,
adding QRs into a TENG configuration is a promising way to get
multi-dimensional sensing capabilities in one tactile perception system.

In this work, we developed a triboelectric sensor based on the single-
electrode mode TENG combined with a QRs function added luminescent
layer. The non-contact location detection and self-powered vertical force
sensing are carried out by the electrical outputs of polydimethylsiloxane
(PDMS) based TENG. While the condition-dependent luminescent effect
is realized by the functional addition of cadmium selenide/cadmium
sulfide (CdSe/CdS) QRs, which can be excited under both, ultraviolet
and visible light. Besides, a wavy structure is applied onto the surface of
the PDMS composite film for having a higher sensitivity. Additionally,
the force-sensing capability remains stable at different stretching levels,
demonstrating the independent sensing property of the triboelectric
sensor. Finally, the eight triboelectric sensors-based tactile perception
system is achieved by the integration of a soft gripper with a computer-
controlled robotic arm for intelligent sorting application. Enabled by the
electrostatic induction effect of the TENG and our customized data
acquisition circuit, the gripper can automatically detect the location of
target objects. Then, based on machine learning (ML) technology, the
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Fig. 1. Quantum rods (QRs) function added triboelectric sensor. (a) Schematic illustration of the platypus using the sixth sense for hunting in the water. (b)
Integrative process of the platypus’ mechanoreceptive and electroreceptive information. (c) Schematic illustration of the triboelectric sensor with QRs functional
addition. (d-e) Typical force and light signals collected by micro-controller unit (MCU) via our custom-made circuit. (f) Circuit diagram showing the signal flow in the
real-time perception system, from the collected analog electric signals to the digital signals for the location detection and grasp recognition.
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recognition and delivery process is realized by grasp triggers obtained
from the triboelectrification effect of the TENG in combination with the
luminescent effect of the QRs. As a result, our work realizes a ‘without
seeing’ intelligent sorting through a tactile perception system combining
location detection and smart grasp with good robustness and high ac-
curacy on a micro-controller unit (MCU) platform.

2. Experimental section
2.1. Chemicals and materials

Hydroxypropyl acrylate (HPA, 97%), trioctylphosphine (TOP, 97%),
tetradecylphosphonic acid (TDPA, 97%), trioctylphosphine oxide
(TOPO, 99%) were purchased from Strem Chemicals. Chloroform
(99%), ethanol (99.8%), octane (99%), silver nanowires (Ag NWs, iso-
propyl alcohol suspension) were purchased from Sigma-Aldrich. Poly-
dimethylsiloxane (PDMS, sylgard@184) was purchased from Dow.
Cadmium oxide (CdO, 99.99%) was purchased from Aladdin.

2.2. Fabrication of the tactile perception system

The fabrication process of the tactile perception system began with
the synthesis and purification of CdSe/CdS QRs, detailed in Note S1.
Those QRs were first dispersed in an octane (10 mg mL’l) solution.
Later, this suspension was carefully mixed with PDMS in a volume ratio
of 1:10. After stirring until they were well dispersed, the mixed sus-
pension was drop cast onto the DVD mask, followed by a 24-hour drying
process at room temperature. After the drying stage, Ag NWs suspension
was spin-coated onto the QRs function added PDMS composite film to
form a matrix serving as the electrode for the TENG on the surface. Once
the Ag NWs electrode was in place, the whole film (size: 20 mm x
20 mm) was peeled off from the DVD mask, and one piece of the
triboelectric sensor was successfully made. At last, an array consisting of
eight triboelectric sensors was attached to two sides of the Fin Ray soft
gripper (four sensors on each side) to form the tactile perception system
for further applications.

2.3. Characterization

The energy-dispersive X-ray spectrum (EDX) was measured by a
Zeiss EVO MA10 scanning electron microscope (SEM). The acceleration
voltage was set to 5 kV. A Bruker X Flash 6-30 detector was applied to
gain compositional information. Optical microscopy (OM) images were
performed on an Axio Lab microscope (Carl Zeiss) in 10- and 50-fold
magnification. The thicknesses of the prepared triboelectric layers
were measured using a Bruker DektakXT Surface Profiler (2.5 pm tip
radius). The transmittance spectra were obtained by a spectrophotom-
eter (Lambda 35, PerkinElmer) with a scanning speed of 480 nm/min.
Atomic force microscopy (AFM) images were acquired using an AFM
instrument (MFP-3D, Asylum Research) in tapping mode. The output
voltages and photocurrents of tactile sensors were measured by an
electrometer (Keithley 6514) using a high impedance probe of 100 MQ.
The photoluminescence (PL) and absorbance spectrum were character-
ized by a spectrometer (HORIBA iHR550). The emission spectra at
different stretching levels were obtained by a spectrometer (Ocean
Optics HR2). Analog voltage signals were collected by the multichannel
customized hardware circuit consisting of current amplifiers (LMC6001,
Texas Instruments) and a micro-controller unit (Arduino Nano).

3. Results and discussion
3.1. Configuration of the triboelectric sensor
In this study, the silver nanowires (Ag NWs) matrix serves as the

stretchable electrode for the single electrode-mode TENG-based tribo-
electric sensor. The dielectric layer of the TENG adopts a composite
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structure by adding CdSe/CdS QRs into a PDMS elastomer layer,
together with a topography technology applied onto its surface. The
successfully fabricated triboelectric sensor is schematically shown in
Fig. 1c. The detailed fabrication process is described in Fig. S2. Trans-
mittance characterization on the composite dielectric layer is shown in
Fig. S3, demonstrating that added QRs are successfully incorporated in
the film. Fig. S4 depicts the basic working mechanism of the single-
electrode mode TENG, which is utilized in this work. First, because of
the different capabilities of electron affinities, the equal density of
positive and negative charges is generated on the contact surfaces of
both PDMS composite film and the external object (i). Next, when the
external object is located further away from the PDMS composite film
(ii), the electrostatic induction effect causes electrons to flow from the
bottom Ag NWs matrix electrode to the ground, driving the current I
from the ground to the electrode, until getting the maximum distance
(iii). After that, under the external pressing, the closer position of the
external object to the PDMS composite film forces electrons to flow back
from the ground to the bottom electrode (iv), which produces the
reverse current —I. Finally, till the external object contacts the PDMS
composite film again (i), a full working cycle of the single-electrode
mode TENG to generate electrical signals is completed. In addition,
our triboelectric sensor can be directly attached to different grippers
attributed to its soft texture. With the ML technology, a triboelectric
sensors-based tactile perception system can be successfully demon-
strated to grasp and recognize different objects. Typical force and light
signals collected by an MCU compositing the signal datasets in the ML
algorithm are shown in Figs. 1d and 1e. The square-wave force signals
can be acquired by our custom-made circuit, while the light signals are
obtained from photoresistors integrated on both sides of the soft gripper.
All channels of the analog signals generated from non-contact location
detection and vertical contact force sensing first go through signal
processing to be converted into digital signals before being transmitted
to a terminal display, as shown in the diagram in Fig. 1f.

3.2. Output performance of TENG-based vertical force sensor

To verify the performance of TENG-based vertical force sensing
capability, the custom-made force sensing measurement setup is built as
shown in Fig. 2a, in which both pressing force and output voltage can be
read simultaneously. Two different triboelectric sensors with and
without imprinted structure (size: 20 mm x 20 mm) are fabricated for
measuring their electrical outputs. As shown in Fig. S5a, the thicknesses
of the prepared triboelectric layers are 647 pm. A DVD mask is used as
the substrate for gaining imprinted structure on the surface of the PDMS
composite film (Fig. S5b). The atomic force microscopy (AFM) image of
the PDMS composite film with imprinted structure is shown in Fig. S5c.
From its horizontal rectangle cut (Fig. S5d), the ca. 110 nm high wavy
structure is seen on its surface. A comparison of output voltages between
both structured triboelectric sensors is exemplified in Fig. S6. At the
fixed distance of 10 mm and a slight pressing force of 2 N, the output
voltages increase by 56.7% to 2.67 V. Figs. 2b and 2c display the output
voltages of both structured triboelectric sensors at different pressing
forces. Triboelectric sensors exhibit a two-stage sensing ability in
Fig. 2d, which is independent of the surface structure. When the pressing
force is lower than 4 N, the sensor reaches a very high resolution, while
in the second region (pressing force > 4 N), the sensitivity drops
dramatically. The reason for the different sensing regions originates
from the fact that the contact process between the external object and
the PDMS composite film can also be divided into two states with
increasing forces [48-50]. In the first state (red part), the increasing real
contact area of the triboelectric sensor is the major factor for the
increasing output voltages. The sensitivity enhancement of the imprin-
ted structured triboelectric sensor is 28.0% (from 6.56 VN~! to
8.40 VN1) in this stage, because the wavy structure on the surface
gives more microscale elastic deformations for enlarging the real contact
area between the external object and the PDMS composite film. In the
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Fig. 2. Characterization of TENG based vertical force sensor. (a) Schematic illustration of the measurement setup for triboelectric sensors. (b-c) Output voltages of
triboelectric sensors without and with imprinted structure at different pressing forces. (d) Output voltage peaks and related fits of two structural triboelectric sensors
with increasing pressing forces. (e,f) Output voltages of triboelectric sensors without and with imprinted structure at different pressing forces under 100% lateral
stretching levels. (g) Zoom-in signals of one-cycle outputs of two structural triboelectric sensors. (h) Diagram and output signals of imprinted triboelectric sensors

integrated on a robotic hand under different touching conditions.

second period (blue part), the increasing contact area is caused by the
elastic deformation of the PDMS composite film’s soft texture itself,
resulting in a slower enhancement of output voltages with increasing
pressing forces. In this part, the effect of the imprinted structure be-
comes much weaker, and the sensitivity is only increased by 0.04 V N~!
to 0.29 VN™! after applying topography technology on the surface.
Fig. S7 shows that the outputs of the imprinted triboelectric sensor are
stable and uniform under different pressing frequencies ranging from
0.32 Hz to 1.47 Hz. Moreover, to demonstrate the independence of
vertical force sensing and lateral stretching degrees of our fabricated
triboelectric sensors, we measure outputs of both structured triboelec-
tric sensors under 100% (Figs. 2e and 2f) and 50% (Fig. S8a and S8b)
stretching levels. Compared to the initial stretching levels, no obvious
changes in output voltages at every measured force after stretching can
be found, which shows that the triboelectric sensor exhibits almost
consistent characteristics of output voltages under different lateral
stretching levels. Typical one-cycle outputs of both structured tribo-
electric sensors are zoomed in Fig. 2g, from which response time (50 ms)
and recovery time (80 ms) can be observed, indicating a fast response on
vertical force sensing of our sensors. In addition, the output performance
of the imprinted triboelectric sensor remains stable after 2000 working
cycles (Fig. S9) and throughout 30 days of being exposed to ambient

room conditions (Fig. S10), confirming its stability for long-time usage.
Furthermore, as shown in Fig. 2h, vertical tactile sensing is also inde-
pendent for nine triboelectric sensors-based pixels on a robotic hand. We
can find corresponding responses from different pixels, which are
generated under different touching conditions.

3.3. Characterization of lateral tensile sensor

We build the setup to characterize the lateral tensile sensing capa-
bility of our triboelectric sensor as sketched in Fig. 3a. In this setup, the
triboelectric sensor is exposed to an ultraviolet light (365 nm) envi-
ronment and can be stretched at different tensile strain degrees by a
controlled linear motor. The lateral sensing ability of our triboelectric
sensor is realized by adding CdSe/CdS QRs into the PDMS composite
film. A photograph of the as-fabricated luminescent layer under ultra-
violet light is shown in Fig. 3b. As the result of energy-dispersive X-ray
(EDX) in Fig. 3c shows, added CdSe/CdS QRs are distributed in the
composite film homogenously. Here, to enhance the conductivity for
EDX measurements, gold (Au) is sputtered onto the surface of the
composite film as a coating material. In this work, CdSe/CdS core-shell
QRs are synthesized with a two-sequential seed-grown process, by which
the emission and aspect ratio of the core-shell QRs are well controlled.
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added luminescent layer with increasing stretching levels.

The synthesis process is detailed in Note S1, which follows the recipe of
our previous works [47,51]. Such fine-tuning could help attain high
emission efficiency and enhance the dispersibility of nanoparticles
within a PDMS matrix. The corresponding photoluminescence (PL) and
absorbance spectrum of CdSe/CdS QRs are displayed in Fig. 3d. The
emission intensities from the center part of the QRs function added
luminescent PDMS composite layer at different tensile strain levels are
shown in Fig. 3e. Fixed emission peaks at a wavelength of 635 nm are
observed, which are generally consistent with that of CdSe/CdS QRs.
Fig. 3f summarizes the intensity of the emission peak value, which

decreases linearly with the higher stretching level of the triboelectric
sensor with QRs functional addition. The linear fit result (R2 = 0.99)
shows that the device can reliably respond to stretching changes. Such a
phenomenon is caused by a decrease in the density of CdSe/CdS QRs in
the detection area with increasing stretching levels. To demonstrate the
lateral sensing capability in real applications, we put a triboelectric
sensor onto the inner-side joint of a robotic index finger with a photo-
resistor attached nearby. The photocurrent observed from the straight-
ening process of the robotic index finger becomes gradually smaller
(Fig. S11), which meets well the trend of the emission peak values at
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different tensile degrees. Furthermore, as shown the photocurrent re-
mains very stable during the lasting time of each state of the robotic
finger.

3.4. Smart grasp with the ML technology

Outputs from both vertical force sensing and lateral tensile sensing of
our triboelectric sensor show a good condition-dependent capability,
which provides us with a two-dimensional sensing terminal. Enabled by
its high sensitivity and stable output signals, we then utilize eight
triboelectric sensors to form an array, and integrate this array on a Fin
Ray soft gripper as the tactile perception system for smart grasp
(Fig. 4a). Eight triboelectric sensors (named ‘Force 1’ to ‘Force 8’) and
four photoresistors (named ‘Light 1° to ‘Light 4°) as 12 signal channels
are evenly distributed on both sides of the gripper, in which photo-
resistors are attached on the gripper for converting visualized light
signals to computer-recognized electrical signals. In our ML-based smart
grasp experiment, 18 objects with different materials and shapes are
selected and grasped (Fig. 4b). Each object is grasped 50 times to enrich
the signal datasets, and the collected 50 grasp samples are randomly
split into training and testing groups with a ratio of 7:3 (training group:
35 samples; and testing group: 15 samples). As the duration time of the
grasp process in a real application is also significant, we first design a
new data acquisition circuit on the MCU platform for collecting multi-
channel data generated by the TENGs (Fig. S12). As shown in Fig. 4c, in
stark contrast to other reported works based on TENG [18,52],
square-wave signals instead of pulse signals can be obtained on the MCU
platform, which endows another feature in the ML algorithm. Fig. S13a
shows the output signals of two force channels (‘Force 1’ and ‘Force 5’)
on each side of the gripper as an example in our real grasp process. The
robustness of our custom-made data acquisition circuit can be validated
through its performance across over 900 working cycles in the smart
grasp experiment. Notably, in a real grasp process, the grasp position has
a big impact on output signals. For instance, as shown in Fig. 4d, when
the gripper grasps a soft ball at the inner position, the outputs collected
at ‘Force 2’ and ‘Force 6’ channels are the highest. In contrast, if the soft
ball is grasped at the middle position, outputs from ‘Force 2’ and ‘Force
6’ channels become lower. When the grasp position moves outwards,
‘Force 4’ and ‘Force 8 channels get the biggest values. This complex
signal behavior for the same object in a random grasp process demon-
strates the necessity of the ML technology for enabling a smarter grasp.
In addition, the grasp orientation also influences the output signals
during a real grasp task. The output signals obtained from grasping a
soap at two different orientations are presented in Fig. S13b. However, it
is essential to note that, due to the dimensional constraints of the soft
gripper, there is a limit to the variation in the grasp orientations that can
be applied to some chosen objects. Consequently, objects are predomi-
nantly grasped in a relatively uniform manner in this work. The output
signals of all eight force channels generated from the grasp process of 18
objects are 3D-plotted in Fig. 4e. Schematic illustration of the ML
technology utilized in our work is shown in Fig. 4f, which includes
signals acquisition, datasets formation, training process by a neural
network, and object recognition. The optimization process of the ML
model is explained in Note S2. The Bidirectional Long Short-Term
Memory (BiLSTM) neural network is finally chosen in this study
owing to the advantages of handling learning tasks such as classification
and prediction based on a complete input sequence. The confusion maps
of prediction trained by only TENG based force signals on 18 objects are
visualized in Fig. S14. Compared with the outcome in Fig. S14a,
Fig. S14b shows that although the number of force channels is the same
(four signal channels), a more diverse setting of triboelectric sensors on
the gripper is beneficial for improving the test accuracy. According to
the confusion map in Fig. S14c, the accuracy of the prediction outcome
has the highest value of 96.3% among these confusion maps trained by
TENG based force signals. It can be clearly observed that more sensing
channels provide more useful data, and thus lead to a more effective
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training dataset to create a higher accuracy. However, it needs to be
emphasized that for a certain gripper, normally the amount of free space
limits the number of sensors. Thus, in addition to the reduction of the
sensor size, making our sensor multi-dimensional is another pathway for
a more desirable result. To achieve this, output signals in relation to
lateral stretching sensing capability are collected as another feature for
ML training. 3D plots of light signals from tactile perception systems
corresponding to 18 objects are drawn in Fig. S15a. Fig. S15b provides a
detailed mechanism diagram that shows the role of light signals that are
collected via the MCU platform during the object recognition process.
The diagram reveals that the light signal is a composite result of two
primary factors: emission intensity variations due to the triboelectric
sensor’s deformation from both stretching and compressing and the
extent of light occlusion, which is directly related to the shadow area
blocked by different objects when grasping. The confusion map of pre-
diction with four light signals on 18 objects shows the test accuracy of
94.1% (Fig. S16). By combining all signals from eight force and four
light channels, the best accuracy of 98.5% can be achieved (Fig. 4g),
demonstrating a high resolution of object recognition in our tactile
perception system based smart grasp process. Additionally, as illustrated
in Fig. 4h, after 40 times of training cycles, the training recognition
accuracy obtained by both two kinds of signal channels can gradually
reach 99.8%. This improvement demonstrates that light signals can be
incorporated well to assist the recognition for a better result. Moreover,
it needs to be noted that the ability to generalize and the accuracy of the
ML model could be further enhanced by a larger sample size of the
chosen objects for training.

3.5. Intelligent sorting without seeing

To show the practical application of our tactile perception system, an
intelligent sorting system is built with a robotic arm as sketched in
Fig. 5a. It is shown that the process flow for an intelligent sorting system
includes objects’ finding, grasp, recognition, and finally delivery. We
find that, when a charged object comes closer to our tactile perception
system before any physical contact, a clear wave signal which is
inversely proportional to the distance can be observed by our custom-
made circuit (Fig. S17). It can be interpreted by the electrostatic in-
duction effect, where the varying electric field introduced by the
external object causes the collected output signals. Note that, most ob-
jects in our daily life carry charges naturally owing to contact electrifi-
cation [53], which means that through our customized data acquisition
circuit, objects can be detected on the MCU platform even before grasp.
In this work, the bottom two triboelectric sensors on the gripper (‘Force
4’ and ‘Force 8) play the role of electroreceptors for object detection in
the intelligent sorting system, and the maximum distance between two
symmetrical electroreceptors is fixed at 10 cm. One electroreceptor on
each side of the gripper in this system is used to eliminate distractions
from the electric fields of other objects and confirm the object locating in
the middle of two sides of the gripper for further accurate grasp. When
the computer-controlled robotic arm drives the gripper to cruise on the
surface of a clean experimental table, the output signals of both de-
tectors remain very stable (Fig. S18a). After we put some objects on the
table, different signal peaks appear when the robotic arm scans through
them (Fig. S18b, S18c, and S18d), showing its ability to detect the ob-
ject’s location. Then, we arrange ‘Apple’, ‘Wafer’, and ‘Can’ in a row
(Fig. S19a) on the table for a robotic arm scan process, and the voltage
signals collected by two electroreceptors are shown in Fig. S19b.
Obvious signal peaks are generated, which refer to corresponding lo-
cations of the different objects (Movie S1). Finally, the whole system is
placed under ultraviolet light conditions for the ‘without seeing’ intel-
ligent sorting. We divide the whole experimental table into eight areas,
and the gripper scans through them to look for the objects. It means that
the object state is binary (presence or absence) in each area. The cate-
gories of ‘Food’, ‘Drink’, and ‘Others’ are labeled on boxes respectively
for the final delivery. In the scan process, if there are obvious signals on
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‘Disinfection’ and their recovery results in the virtual environment.

both electroreceptors, the computer will mark this position for later
grasp by the gripper, otherwise this position will be skipped automati-
cally. Moreover, in our controlling system, we set a high threshold of
induced signal for the object detection, which ensures that our system’s
response could be more definitive and precise. The location detection
and object recognition results for ‘Apple’ (Fig. 5b and Fig. $20), ‘Wafer’
(Fig. 5¢c and Fig. S21), ‘Bottle’ (Fig. 5d and Fig. S22), and ‘Disinfection’
(Fig. 5e and Fig. S23) are respectively illustrated. Within only
0.8 seconds, highly accurate object recognition can be achieved by every
moment of force and light signals from each channel (Fig. 5f). Every
object is successfully recovered in a virtual environment by its unique
characteristics. ‘Apple’, ‘Wafer’, ‘Bottle’, and ‘Disinfection’ are all
delivered into right boxes (Fig. 524 and Movie S2), which displays the
great potential applications of our triboelectric sensors-based tactile
perception system. Here, to further demonstrate the versatility of our
intelligent sorting system at room conditions, we also built another
scene with different objects and placements for testing, and the result is
shown in Movie S3. Additionally, further sterilization of objects is
possible through the use of ultraviolet light conditions, which is bene-
ficial to prevent the reproduction of bacteria. Finally, environmental
parameters such as temperature and humidity can indeed affect the

output performance or stability of triboelectric sensors, leading to
negative impacts on sensing accuracy [54,55]. Hence, encapsulation
techniques could be considered in severe environments to create a
barrier against ambient environmental changes, thereby stabilizing the
sensor’s performance in practical applications.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2024.109398.

4. Conclusions

In summary, we developed a multi-dimensional tactile perception
system for smart grasp with the ML technology. Besides the TENG based
vertical force sensing, the variable luminescent effect carried by the
functional addition of CdSe/CdS QRs is introduced in our triboelectric
sensor for lateral tensile sensing. After applying an artificial surface
structure, a 28.0% enhancement of the force-sensing resolution is ach-
ieved. In addition, the robustness and independent sensing capability of
the fabricated triboelectric sensor are demonstrated in our work. By
integrating eight triboelectric sensors-based arrays on a soft gripper, the
formed tactile perception system successfully grasps and recognizes
different 18 objects with an accuracy of 96.3% relying on force signals,
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which can be further enhanced to 98.5% with the aid of light signals.
Furthermore, we design a ‘without seeing’ intelligent sorting system
based on our tactile perception system. Compared to other state-of-the-
art reported counterparts, our intelligent sorting does not require any
external apparatus for location detection. With a further potential ster-
ilization originating from ultraviolet light, it meets the demands for
more intelligent and energy-saving sorting in both smart home and
smart factory applications.
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