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A B S T R A C T   

Human-machine interface plays an extremely important role in the diversified interactions between humans and 
machines especially in the era of the internet of things (IoT), by enabling information exchange between human 
and machine operations. Considering the high wearable compatibility and self-powered capability, triboelectric 
based interfaces have attracted increasing attention. However, most of them have the disadvantages of complex 
structures, large number of sensing elements/electrodes, and limited detection capability of the applied multi- 
parameter interaction. Herein, we present a minimalist and self-powered interacting patch based on the com-
plementary integration of the triboelectric and piezoelectric sensing mechanism, achieving the simultaneous 
detection of multi-parameter sensory information of finger operations, i.e., contact position, sliding trace, and 
applied pressure. The 2D position and trace information in the x–y plane is detected by the triboelectric unit with 
only four electrodes, while the contact force (z-direction information) is detected by the integrated piezoelectric 
unit. Benefited by this multi-parameter sensing capability, the interacting patch is successfully demonstrated as a 
writing pad, a 2D virtual car control, and a 3D virtual drone control interface, indicating its high adaptability in 
various human-machine interactions. Moreover, the proposed interacting patch is also verified with good per-
formance in scavenging energy from human tapping. These results imply that the minimalist and self-powered 
interacting patch possesses high applicability and immediate practicality in various human-machine in-
teractions, e.g., energy harvesting, writing pad, auto-control, robotics, virtual reality, augmented reality, and 
wearable electronics, etc.   

1. Introduction 

With the rapid technological advancement in the internet of things 
(IoT) and artificial intelligence (AI), various tactile human-machine 
interfaces (HMIs) have been widely developed as critical elements for 
providing information between humans and machines in broad appli-
cations [1–3]. Compared with traditional rigid sensors, flexible and 
wearable sensors that can be conveniently integrated into the HMI 
systems have received extensive development [4–7]. Recently, flexible 
wearable sensor based HMIs have been broadly investigated toward 
smart skins in the applications of physiological monitoring, motion 

detection, robotics, healthcare, and virtual reality/augmented reality 
(VR/AR) [8–15], etc. On the other hand, it is very important for the 
widely distributed and enormous types of HMIs to equip with 
self-powered functionality, in order to reduce the overall power con-
sumption of the entire system toward self-sustainable and battery-less 
applications. Amongst the general transducing mechanisms such as 
resistive [16,17], capacitive [18,19], piezoelectric [20,21] and tribo-
electric [22–25], resistive and capacitive sensors require an external 
power supply to drive their operations, which is an obstacle in realizing 
self-powered interfaces. Unlike resistive and capacitive sensors, piezo-
electric and triboelectric devices can produce self-generated electrical 
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signals in response to the external mechanical stimuli, indicating the 
ideal suitability for building self-powered interfaces [26–31]. 

In the past decades, piezoelectric devices based on the well-known 
piezoelectric effect have been widely developed by micromachining 
technology for the applications in vibration energy harvesting [32,33], 
ultrasound transducing [34–36], sensing and actuation [37–39], etc. 
Recently, to enable wearing comfort and more convenient interaction, 
flexible/stretchable piezoelectric devices have also been developed by 
using flexible functional materials such as polyvinylidene difluoride 
(PVDF), piezoelectric fibers and nanomaterials [40–45], or transferring 
rigid piezoelectric components to soft substrates [46–49]. Meanwhile, as 
an emerging technology since 2012, triboelectric nanogenerator (TENG) 
based on the coupling effect of contact electrification and electrostatic 
induction, has received tremendous research interest across the world 
[29,50–57], due to its high output performance, broad material avail-
ability, flexibility and/or stretchability, facile configuration, easy 
manufacturing, versatile operation modes, low cost, and high scalability 
[58–67]. Except for direct energy scavenging and generation, TENGs can 
also be used as various types of self-powered sensors, providing an ideal 
approach for realizing HMIs with both self-powered capability and 
wearable characteristics [68–73]. 

During the past few years, diverse wearable and self-powered HMIs 
operated by common finger touching and sliding have been investigated 
for a wide range of interacting applications [74–81]. In order to 
continuously obtain the information of contact positions and sliding 
traces in real-time, pixel array based detection approach has been 
widely used. Chen et al. reported a triboelectric sensor array with nine 
separated 5 × 5 mm2 sensing pixels for self-powered detection, which is 
very useful for touch screen display, handheld tracking device, and 
domestic security [82]. Yang et al. developed a 4 × 4 matrix of the TENG 
array for monitoring the applied pressure profiles and detecting the 
motion route of an object by real-time recording the output voltage 
signals of 16 individual sensors [83]. Han et al. proposed a self-powered 
velocity and trajectory tracking sensor array with 9 × 9 intersecting 
electrodes structure for the real-time tracking of position, moving tra-
jectory, and velocity for an active object [84]. However, for the sensing 
pixel array based interfaces, higher resolution usually means a signifi-
cant increase in the number of sensing pixels and electrodes, which will 
lead to higher costs and additional difficulties in layout design, fabri-
cation, data acquisition and signal processing. To address this issue, the 
concept of minimalist design is then proposed to achieve the same 
functionality by only using a minimal number of sensing pixels/electr-
odes. For instance, two-dimensional (2D) analog smart skins with only 
four edge electrodes have been proposed for detecting individual point 
contacts within the middle sensing area [85–87]. The detection is based 
on the voltage ratios of opposite electrodes, which is depended on the 
distance of the contact position to the respective electrodes. But it should 
be noting that for this design configuration, only the position of an in-
dividual touching can be detected, but not the trace of a continuous 
sliding, which is also another basic finger operation. Later, by assem-
bling a grid structure on top of the sensing area to convert the contin-
uous sliding into intermittent touching motions along its trajectory, the 
detection of the sliding trace can thus be realized [88]. In addition, other 
types of minimalist triboelectric interfaces by parallel-connected grating 
electrodes with encoded information have also been developed to detect 
different sliding directions in diverse human-machine interactions [89, 
90]. 

Although some of these developed minimalist triboelectric interfaces 
are able to detect both the contact positions and sliding traces of finger 
operations, another important sensory information, i.e., pressure, dur-
ing the interaction process is missing. This limitation hinders using the 
interfaces in more advanced interacting applications such as compli-
cated control, writing thickness monitoring, user identity authentica-
tion, and security, etc. Thus, minimalist interfaces with a simultaneous 
detection capability of both position sensing (touching, sliding, etc.) and 
pressure detection are highly desirable. Besides, to maintain the 

minimalist device concept, the integrated pressure monitoring compo-
nent should also be configured with minimalist design. Herein, a mini-
malist and self-powered flexible wearable patch with both position 
sensing and pressure/force detection capability is developed through 
the complementary integration of triboelectric and piezoelectric sensing 
mechanism for the applications in various human-machine interactions. 
To detect the position of an individual touching and trace of a contin-
uous sliding, four triboelectric sensing electrodes are designed at the 
edges of the middle sensing area, where it is divided into a virtual 5 × 5 
pixel array by a flexible grid structure. Thus, the detection of contact 
position and sliding trace within the 25 pixels can be realized by only the 
four electrodes according to their output ratios, offering a robust and 
reliable detection that is independent of ambient parameters (such as 
humidity). Meanwhile, the detection of finger contact force on the 
interacting patch is achieved by using a whole layer of piezoelectric 
PVDF film assembled beneath the triboelectric unit, with only one 
sensing electrode output. Besides, another flexible grid structure is 
further assembled under the PVDF film to more effectively transfer the 
applied pressure into the deformation of PVDF. In this way, the multi- 
parameter sensory information of finger operations, i.e., position and 
pressure, can be detected by the minimalist patch to enable more 
complicated monitoring and more advanced interactions. The devel-
oped interacting patch is then demonstrated in a variety of human- 
machine interacting applications including writing pad, 2D virtual car 
control, and three-dimensional (3D) virtual drone control, achieving the 
simultaneous detection of the contact position, sliding trace, and applied 
pressure. Therefore, the minimalist interacting patch shows promising 
potentials in various human-machine interactions, such as gaming, 
entertainment, smart home, robotics, auto-control, and VR/AR, etc. 

2. Minimalist design and operation mechanism 

The conceptual diagram of the interacting patch is illustrated in  
Fig. 1a, where it is attached on a human arm and can be adopted for a 
wide range of applications, such as informative writing with not only 
trace but also pressure information, 2D/3D control, VR/AR, energy 
harvesting, etc. Fig. 1b depicts the actual photograph of the device 
attached on a human arm, showing its good flexibility as wearable 
electronics. In terms of detailed structure, the device comprises of an 
upper nylon grid layer, four aluminum (Al) electrodes, a polytetra-
fluoroethylene (PTFE) friction layer, an polyethylene terephthalate 
(PET) insulation layer, an Al shielding layer, another PET insulation 
layer, a PVDF piezoelectric layer with two silver (Ag) electrodes, and a 
lower nylon grid supporting layer (Fig. 1c). To detect both the position 
information and pressure information of finger operations simulta-
neously, minimalist-design triboelectric location sensor and piezoelec-
tric pressure sensor are complementarily integrated. When the finger 
contacts with the triboelectric friction layer, the generated charges in 
situ are able to be detected by the four edge electrodes, achieving 5 × 5 
location detection by taking the output ratios. Meanwhile, the finger 
contact deforms the suspended PVDF layer, inducing an output that can 
be used as the pressure indicator. Therefore, with the complementary 
integration of the triboelectric and piezoelectric sensing mechanism, 
both the contact location and contact pressure can be detected. 

Fig. 1d shows the photograph of the fabricated device on a table 
surface, with a total size of 9.2 cm × 9.2 cm. To detect the triboelectric 
charges on the PTFE layer, four sensing electrodes (1 cm × 7.2 cm) are 
distributed on the edges of the PTTE friction layer. The upper and lower 
nylon grids with a size of 7.2 cm × 7.2 cm are fabricated by 3D printing, 
which are aligned with each other and fixed on both sides of the device. 
The upper grid structure enables the detection of not only intermittent 
finger contacts, but also continuous finger sliding by converting it into 
periodic contacts and separations along the sliding trace. On the other 
hand, the lower grid structure is adopted to suspend the PVDF layer and 
realize a more effective deformation when finger presses/slides on the 
device. 
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The basic operation mechanism of the interacting patch with 
detailed charge transfer processes is illustrated in Fig. 1e, based on the 
combination of triboelectric effect and piezoelectric effect. All the four 
triboelectric electrodes are connected in the single-electrode mode as 
the location sensing electrodes, while the top and bottom PVDF elec-
trodes are connected as the pressure sensing electrode. The Al shielding 
layer is directly connected to the ground in order to eliminate the 
electrical interference between the triboelectric and piezoelectric units. 
After the finger (bare or wearing a nitrile glove) contacts with the PTFE 
friction layer, it becomes positively charged, leaving the PTFE surface 
negatively charged. In the initial condition, the finger is away from the 
PTFE surface and the whole system is in electrostatic equilibrium. Upon 
operation, the finger moves to the right and first contacts with the PTFE 
surface (Fig. 1e-I), the positive charges on the finger balance the nega-
tive charges on the PTFE surface. Hence electrons will flow from the 
ground to the four triboelectric electrodes in response to the electrical 
potential difference. Normally, different amount of electrons will flow to 
the four electrodes depending on the contact location, i.e., a larger 
amount of electrons will flow to the left electrode since it is closer to the 
contact location. Through the output ratio of the four electrodes, the 
contact location can then be detected. Meanwhile, the compressive force 
is also applied to the PVDF layer by finger (Fig. 1e-II), leading to the 
deformation of the piezoelectric unit. Due to the change in inner electric 
dipole moments, charges are driven to flow from the bottom electrode to 

the top electrode of PVDF. Next, when the finger is about to leave the 
PTFE surface and the pressure is released (Fig. 1e-III), PVDF recovers to 
its original state and the piezoelectric charges flow in the opposite di-
rection. Subsequently, when the finger leaves the PTFE surface and 
continues to slide the right (Fig. 1e-IV), the electrons are driven to flow 
back to the ground from each of the triboelectric electrodes. Then as the 
finger slides across the top of the grid and contacts with the PTFE surface 
on another location (Fig. 1e-V), different amount of electrons will be 
driven to flow from the ground to the respective electrodes again (a 
larger amount on the right electrode). Similarly, the above charge 
transfer processes are repeated in the following operations (i.e., Fig. 1e- 
VI–e-VIII). Therefore, through detecting the different generated outputs 
in the four triboelectric electrodes as well as the piezoelectric electrode, 
full sensory information of the contact position and pressure can be 
obtained for both the single point contact and continuous sliding 
operations. 

3. Simultaneous detection of multi-parameter sensory 
information 

As defined by the upper grid, the PTFE surface of the interacting 
patch is divided into 5 × 5 virtual pixels (Nos. 1–25, each with a 
dimension of 1.2 cm × 1.2 cm) for position and force sensing, as shown 
in Fig. 2a. Although 5 × 5 virtual pixel array is designed in the current 

Fig. 1. Device configuration and operation mechanism of the wearable interacting patch. (a) The schematic diagram of the device and its potential applications in 
diversified areas. (b) The photograph of the flexible device attached on a human arm. (c) The 3D exploded view of the device showing the detailed layer-by-layer 
structure. (d) The photograph of the device placed on a table. (e) The operation mechanism of the device for position and force sensing. 

G. Tang et al.                                                                                                                                                                                                                                    



Nano Energy 81 (2021) 105582

4

Fig. 2. Device characteristics for simultaneous detection of finger contact position and force. (a) The schematic diagram of the device showing the 5 × 5 virtual 
pixels as well as the triboelectric and piezoelectric electrodes. (b) The voltage ratios V1/V2 and V3/V4 from the triboelectric electrodes in the order of touching point 
numbers. (c) The voltage ratios V1/V2 and V3/V4 of the touching points in the x–y plane. (d) The relationship between the piezoelectric output and the applied force 
at Point 5, Point 9, Point 13, Point 17, and Point 21. (e) Two sets of finger touch tests on the 25 points with the small and large force level. 
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application, the lateral resolution of the device is also investigated for 
the potential application that requires a higher resolution. Finger tap-
ping tests on a series of points (at the middle row of the device) with 
different separation distances are conducted, as indicated in the sche-
matic of Fig. S1a in the Supporting Information. The sensing output 
voltages are measured by an oscilloscope with high impedance probes 
(100 MΩ) and recorded as V1–V4 for triboelectric outputs and V5 for 
piezoelectric output. When testing the points from left to right, V1/V2 
maintains relatively constant (~1), while V3/V4 gradually decreases, 
which is depicted in Fig. S1b–f. To distinguish two adjacent points, their 
average voltage ratios with error bars should not be overlapped with 
each other. It can be observed that with the distance reduced from the 
original 14 mm down to 6 mm, the output separation between two 
adjacent points becomes smaller and smaller, yet still can be distin-
guished. With further reducing the distance, the average voltage ratios 
with error bars start to overlap with each other in this finger tapping 
test. Thus it can be concluded that the lateral resolution of the device in 
finger tapping is 6 mm. For future interactions that may use a smaller 
contact object such as a writing pen, a grid layer with a smaller square 
size can be used and the spatial mapping image with higher resolution is 
possible. Then to demonstrate the recognition capability of the contact 
position and force, repeated finger touches on each pixel are conducted. 
The respective output voltages (V1–V5) from the triboelectric and 
piezoelectric electrodes are recorded and analyzed. The five output 
voltages are all 0 when the finger is not in contact with the PTFE surface. 
Once contact occurs, output voltages start to appear and can be detected 
as sensory signals. It is well known that the output signals of the con-
ventional triboelectric devices are easy to be affected by ambient con-
ditions such as humidity. Thus to improve the robustness and reliability 
of the device, a signal analysis approach based on the voltage ratios from 
the two pairs of opposition electrodes (i.e., V1/V2 and V3/V4) is 
adopted to define the position of the touch points, rather than using only 
the absolute magnitudes. In this way, the influence from humidity is 
minimized since it affects all the four triboelectric outputs simulta-
neously, and taking voltage ratios can neutralize that. In order to 
investigate the reliability of the device under various humidity condi-
tions, finger tapping tests on Point 13 and Point 19 are conducted, as 
shown in Fig. S2 in the Supporting Information. It can be observed that 
under varied relative humidity (RH) conditions, although the absolute 
output voltages decrease, their ratios (V1/V2 and V3/V4) maintain 
almost constant (Fig. S2g and h). The constant voltage ratios indicate the 
robust performance of the device that is minimally affected by the 
ambient humidity. As illustrated in Fig. 2b, the average values and 
corresponding standard deviation of V1/V2 and V3/V4 with 60 touches 
on each of the 25 virtual pixels are plotted, with the detailed values 
listed in  Tables 1 and 2. Besides, 3D plots of V1/V2 and V3/V4 are also 
shown in Fig. 2c for better visualization, where the x–y plane coordinate 
denotes the center position of the 25 points from (0.8, 0.8) to (6.4, 6.4). 
The detailed relationship of each virtual pixel point and its respective 
coordinate is illustrated in the Supporting Information Fig. S3. For the 
touch points along the same row (or column), the ratio of V1/V2 (or V3/ 
V4) remains relatively the same due to the constant distances from the 
touch points to both electrodes. In terms of position detection, different 
rows and columns can be clearly separated by the voltage ratio values in 
the range of >5.5, ~1.8–2.8, ~0.8–1.1, ~0.3–0.5, and <0.22. Through 
the voltage ratio combination in rows and columns, each of the 25 

virtual pixels can be uniquely defined, providing a reliable approach to 
identify the position of contact points by simultaneously monitoring the 
voltage ratios V1/V2 and V3/V4. To demonstrate the accuracy of the 
position sensing as a representative of common situations, the detected 
point distribution graph of 100 tapping tests on the pixel no. 10 is shown 
in Fig. S4, i.e., point (6.4, 5.0). Because of the restriction of the grid, the 
contact area of fingertip and the PTFE surface is mainly concentrated in 
the center of each pixel. Due to the distinct difference of voltage ratios 
for the rows and columns, all the tapping tests can be correctly recog-
nized corresponding to the 25 pixels. 

As mentioned above, the piezoelectric unit is used to detect the 
contact force of the finger touches. To determine the corresponding 
relationship between the output voltage and the applied force, a force 
gauge testing system (Mecmesin, MultiTest 2.5-i) is adopted to charac-
terize the performance. For each of the 25 testing points, measurements 
under the same exerting force are repeated 10 times and the average and 
standard variation values of the 10 consequential output voltages are 
calculated. Basically, the output voltages exhibit similar increment 
trends with applied forces for all the testing points, and the output 
voltage curves of Point 5, Point 9, Point 13, Point 17, and Point 21 are 
shown in Fig. 2d as representations. It can be observed that the output 
voltage shows good linearity with the applied force in the range of less 
than 35 N, which is the common range of finger operations. Therefore, 
the applied force can be determined by the output voltage of the 
piezoelectric sensing unit. The small variations in the voltage-force 
curves at different testing points can be attributed to the device fabri-
cation and assembly. Based on the measurement results, the average 
force sensitivity of the piezoelectric sensing unit is characterized to be 
~30 mV N− 1, which is equivalent to a pressure sensitivity of 
~4.3 mV kPa− 1. Since the goal here is to develop a minimalist inter-
acting patch, a relatively large PVDF sheet is used to achieve single- 
electrode force sensing. In this regard, each touch on the device 
(1.2 cm × 1.2 cm) only activates a small part of the PVDF layer for 
charge generation. After divided by the large capacitance of the whole 
PVDF layer, a relatively small piezoelectric voltage is generated. But 
even so, compared with the recently reported pressure sensors, our 
PVDF sensing unit is still able to produce a comparable or even higher 
sensitivity, as illustrated in the Supporting Information Table S1. This 
indicates that the piezoelectric unit is able to provide good performance 
in the application of minimalist sensing and interaction. Meanwhile, the 
response time of the piezoelectric sensing signals is also investigated 
since it is an important parameter in the sensing application. As shown 
in the Supporting Information Fig. S5a, the response time under an 
applied force of 14.1 N is about 165 ms. Then with the increment in the 
applied force, the response time also increases (Fig. S5b), due to the 
limited force applying speed and non-ideal force increment step. But 
within the common force range of human operations (<35 N), the cor-
responding response time does not exceed 200 ms, which is sufficient for 
the application of low-frequency human operations. In order to mini-
mize this effect and determine the contact force more accurately, the 
following force detection strategy can be adopted: 1) first determine the 
touch position by using the method of the voltage ratios from the four 
triboelectric outputs; 2) then determine the contact force based on the 
instant piezoelectric output and the voltage-force characteristics at that 
specific point. In the actual finger contact situations with small force 
(<3 N) and large force (>10 N), the typical output voltage signals with 

Table 1 
The average values of V1/V2 (defining rows) of the 25 virtual pixels.  

V1/V2 Column 1, x = 0.8 cm Column 2, x = 2.2 cm Column 3, x = 3.6 cm Column 4, x = 5.0 cm Column 5, x = 6.4 cm 

Row 5, y = 6.4 cm  6.6132  7.5482  7.9447  7.3639  7.0718 
Row 4, y = 5.0 cm  2.3340  2.4205  2.5868  2.5815  2.2918 
Row 3, y = 3.6 cm  0.8770  0.9012  0.8789  0.8894  0.9742 
Row 2, y = 2.2 cm  0.3991  0.3781  0.3763  0.3815  0.3920 
Row 1, y = 0.8 cm  0.1508  0.1409  0.1502  0.1397  0.1502  
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two repeated touches on all the 25 virtual pixels are shown in Fig. 2e. It 
is obvious that the piezoelectric outputs can be separated by the range of 
<0.2 and >0.35 V for all the testing points, between the small and large 
contact forces in common human-machine interactions. 

Aiming to demonstrate its ability to identify the contact position and 
force of the finger on the PTFE surface, detailed analysis of the Point 13 
at (3.6, 3.6) is denoted in Fig. 2e as the representative of common sce-
narios. Under small force, the output peak voltages of V1–V4 range from 
1.451 to 2.173 V and 2.494 to 3.211 V for two consecutive touches, 
where the obtained V1/V2 and V3/V4 are 0.8858 and 0.8661 (first 
touch), and 0.8507 and 0.8480 (second touch), respectively. Since both 
V1/V2 and V3/V4 in the two touches fall into the range of ~0.8–1.1, 
thus by the definition stated above, it can be determined that the contact 
positions of the two touches are at Row 3 and Column 3, i.e., Point 13. 
Meanwhile, the output peak voltages of V5 from the piezoelectric unit 
for the two touches are 0.0933 V and 0.162 V, within the range of 

<0.2 V, which indicates that the contact forces in both touches are less 
than 3 N. Similarly, the same contact position (Point 13) and large 
contact force (>10 N) can also be resolved for the two large-force 
touches, based on the generated triboelectric and piezoelectric outputs 
(first touch: V1/V2 = 0.8575, V3/V4 = 0.8595, and V5 = 0.4145 V; 
second touch: V1/V2 = 0.8910, V3/V4 = 0.8680, and V5 = 0.5156 V). 
Although the absolute magnitudes of outputs are different for small and 
large forces, the output voltage ratios (i.e. V1/V2 and V3/V4) are almost 
the same in these tests, indicating the device’s high robustness and 
reliability in position sensing. Therefore, through the complementary 
integration of triboelectric and piezoelectric sensing, the interacting 
patch is able to determine both the contact position and the applied 
force of finger touches. 

Table 2 
The average values of V3/V4 (defining columns) of the 25 virtual pixels.  

V3/V4 Column 1, x = 0.8 cm Column 2, x = 2.2 cm Column 3, x = 3.6 cm Column 4, x = 5.0 cm Column 5, x = 6.4 cm 

Row 5, y = 6.4 cm  5.8327  1.9446  0.8756  0.4240  0.1694 
Row 4, y = 5.0 cm  6.3933  2.0259  0.9908  0.4420  0.2056 
Row 3, y = 3.6 cm  6.6641  2.0155  0.8591  0.3920  0.1826 
Row 2, y = 2.2 cm  6.5900  1.9177  0.9867  0.4310  0.2013 
Row 1, y = 0.8 cm  6.7207  2.2582  0.9751  0.4215  0.1849  

Fig. 3. Energy harvesting performance of the device under hand tapping. (a) The output voltage and power on external loads, (b) the output voltage on a 100 MΩ 
load, and (c) the short-circuit current from the four parallel-connected triboelectric electrodes. (d) The output voltage and power on external loads, (e) the output 
voltage on a 100 MΩ load, and (f) the short-circuit current from the Al shielding electrode. (g) The output voltage and power on external loads, (h) the output voltage 
on a 100 MΩ load, and (i) the short-circuit current from the piezoelectric unit. 
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4. Energy harvesting performance 

Benefited by the triboelectric and piezoelectric transducing mecha-
nisms, the interacting patch can also be used for harvesting energy from 
common interactions, with the detailed investigations shown in Fig. 3. 
To maximize the energy harvesting performance, the four triboelectric 
sensing electrodes, the Al shielding electrode, and the piezoelectric unit 
of the device are all adopted to harvest energy from human hand tapping 
(at a frequency of ~2 Hz). The four triboelectric electrodes are con-
nected in parallel as energy harvesting output 1. The Al shielding elec-
trode is connected as energy harvesting output 2, while the piezoelectric 
electrodes are connected as energy harvesting output 3. The output 
voltage and power of energy harvesting output 1 at different external 
loads are depicted in Fig. 3a. It can be observed that the output voltage 
gradually increases with the increment of the external loads, while the 
corresponding output power first increases until reaching a maximum 
value of 0.625 mW at an external load of 20 MΩ and then decreases. The 
output voltage measured at 100 MΩ and the short-circuit current are 
illustrated in Fig. 3b and c, respectively. An output voltage of ~185 V 
and a short-circuit current of ~15.2 μA can be achieved through the 
hand tapping. Compared to the sensing outputs, the output from hand 
tapping is significantly improved due to the large contact area and the 
direct coupling of triboelectric charges generated on top of the sensor 
electrodes by hand tapping. 

Fig. 3d–f present the performance of the energy harvesting output 2 
under the same hand tapping motions. Similar to the parallel-connected 
triboelectric electrodes, the Al shielding electrode also operates in 
single-electrode mode, with the output voltage, short-circuit current, 
and power exhibiting similar characteristics. The results show that a 
maximum instantaneous power of 1.079 mW at an external load of 
3 MΩ. The output voltage on a 100 MΩ load and the short-circuit cur-
rent are ~125 V and ~27.5 μA, respectively. The increased output 
power and reduced matched resistance can be attributed to the capaci-
tive nature of triboelectric nanogenerators and the larger area of the Al 
shielding electrode. 

As for the energy harvesting output 3 by the piezoelectric unit, the 
output voltage and power at different loads are shown in Fig. 3g. The 
maximum instantaneous power of the piezoelectric unit can reach 
0.595 mW when the external load is 0.3 MΩ. The output voltage on a 
100 MΩ load and the short-circuit current are depicted in Fig. 3h and 3i, 
where the maximum values are ~34.5 V and ~112 μA. In contrast with 
the triboelectric outputs, the piezoelectric output shows relatively lower 
voltage but higher current, thus producing a comparable output power. 
The output performance of the device is also compared with some 
recently reported wearable devices in the Supporting Information 
Table S2, which shows a reasonable performance in harvesting energy 
from human motions. 

5. Pressure-sensitive writing pad interface 

A good functional writing pad should possess the ability to recognize 
the multi-parameter sensory information contained in the writing, 
including both the trace (finger/pen position) and the pressure of the 
writing. The former information can be used to reconstruct the writing 
characters, while the latter can be used to represent the thickness of each 
stroke with great potential in writing habit related user authentication 
and security applications. Benefited by its excellent position and force 
detection capabilities, the designed interacting patch can be used for 
handwriting recognition with both trace and thickness information 
through only five output signals. Fig. 4 shows the potential finger 
writing and character recognition process using the device as a writing 
pad interface. The recorded output voltages V1–V4 from the four 
triboelectric electrodes are used to detect the writing position of the 
finger on the PTFE surface, and thus determine the writing trace. On the 
other hand, the thickness of each writing stroke can be defined by the 
contact force level. Here two types of writing thickness are 

demonstrated, i.e., thick writing by large contact force (>10 N), and thin 
writing by small contact force (<3 N). As discussed above, the contact 
force level can be derived from the output voltage V5 by the piezo-
electric unit. Corresponding to the two defined writing thicknesses, the 
generated output voltage is therefore in the range of >0.35 V (thick 
writing) and <0.20 V (thin writing). 

For writing the character “N” as shown in Fig. 4a, the finger first 
contacts with Point 1, the position of which can be confirmed by 
analyzing the voltage ratios of the four triboelectric outputs. Then, the 
finger slides from Point 1 to Point 21 with large contact force, following 
the route of “1-6-11-16-21′′. Through detecting the generated output 
voltages V1–V5 of each point operation in the time domain, the point 
position as well as the contact force can be obtained by real-time signal 
analysis. After obtaining the point position and contact force of the 
subsequent points, a connecting line with specified thickness can be 
drawn with the former adjacent point through programming. In the 
scenarios of the writing route of “1-6-11-16-21′′ with large force, Point 1 
and 6, 6 and 11, 11 and 16, and 16 and 21 will be all connected with 
thick lines. Next, the finger leaves the device from Point 21 and starts 
another writing stroke from Point 1 again (following the route of “1-7- 
13-19-25′′) with small contact force. Thus the corresponding output 
voltages are generated on V1–V5 and thus thin lines can be constructed 
in sequence between detected adjacent Point 1 and 7, 7 and 13, 13 and 
19, and 19 and 25. Then, the finger continues sliding from Point 25 to 
Point 5 with large contact force, following the route of “25-20-15-10-5′′. 
The corresponding lines are also constructed between detected adjacent 
Point 25 and 20, 20 and 15, 15 and 10, and 10 and 5. Therefore, the 
character “N” with varying trace thickness can be obtained. In addition, 
the triboelectric output voltage ratios V1/V2 and V3/V4 as well as the 
piezoelectric output voltage V5 during the writing process of “N” are 
listed in the Supporting Information Table S3. By analyzing the values of 
V1/V2, V3/V4 and V5, the results of the position and the contact force 
for the detected points match well with the actual writing scenarios. 

Then the writing of character “U” is depicted in Fig. 4b, with three 
successive strokes in the writing. For the first stroke, the finger first 
contacts with Point 1 and then slides from Point 1 to Point 22 with large 
force in the “1-6-11-16-22′′ route. Next, the second stroke is performed 
with small force from Point 22 to Point 23 and further to Point 24. 
Finally, the finger continues to slide from Point 24 to Point 5 with large 
force following the route of “24-20-15-10-5′′. During the writing pro-
cess, the position and contact force information of the corresponding 
points are detected in real-time based on the recorded output voltages 
V1–V5. The calculated output voltage ratios V1/V2 and V3/V4 and 
output voltage V5 are listed in the Supporting Information Table S4. 
According to these values, the detected adjacent points are sequentially 
connected in thick or thin lines, thereby forming a complete character 
“U”. Similarly, to write the character “S” (Fig. 4c), the finger first con-
tacts with Point 5, then slides from Point 5 to Point 2 with small contact 
force along the route of “5–4–3–2′′. Thereafter, the finger slides 
sequentially on Point 6 and Point 12 with large contact force. Then, the 
finger slides from Point 12 to Point 14 with small contact force along the 
“12–13–14′′ route. Following that, the finger continues to slide on Point 
20 and Point 24 with large contact force. Last, the finger slides 
sequentially on Point 23, Point 22 and Point 21 from Point 24. 
Accordingly, the obtained output voltage results are listed in the Sup-
porting Information Table S5. The detected information including both 
the position and the contact force can also match well with the actual 
writing of “S”. Therefore, the interacting patch demonstrates a great 
capability as a writing pad in detecting the multi-parameter sensory 
information contained in writing, showing great applications in educa-
tion, entertainment, user authentication, and security, etc. A video demo 
of writing “N”, “U”, and “S” can be found in the Supporting Information 
Video S1. 

Supplementary material related to this article can be found online at . 
doi:10.1016/j.nanoen.2020.105582. 
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Fig. 4. The writing trace and the corresponding five output voltage signals (V1–V5) when using the device as a writing pad interface for character writing of (a) “N”, 
(b) “U”, and (c) “S”. Hard and soft sliding in the figure means the sliding with large and small contact force, respectively. 
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6. Real-time 2D/3D control interface 

With the excellent detection capability of contact position and force, 
the device can potentially function as an HMI for robotics, gaming, 
automatic control, VR/AR, and electronic skin, etc. Here, as a proof of 
concept, the device is demonstrated as an interface for controlling the 
2D/3D movements of a virtual car/drone by different finger operation 
schemes. As illustrated in Fig. 5a, the control system consists of the 
interacting patch for five-channel control signal generation, a frontend 
circuit for signal acquisition and processing, a microcontroller unit 
(MCU) for signal analysis and corresponding control command genera-
tion, and a computer for the display of the virtual car/drone in the cyber 
space. Although the interacting patch interface is considered to be self- 
powered with direct electrical signal generation under mechanical 
actuation, the rest parts of the control system such as the frontend circuit 
and MCU still require external power supplies for operation. 

Fig. 5b–e indicates the as-defined operations for different movement 
control (i.e., moving forward, backward, left-front, and right-front), as 
well as the corresponding five-channel output signals. The position in-
formation obtained from the four triboelectric outputs V1–V4 can be 
used to control the direction of car movement by detecting the finger 
sliding trace. Meanwhile, the force information obtained from the 
piezoelectric output V5 can be adopted to control the speed of car 
movement through identifying the contact force level. For example, 
moving forward is defined with a sliding trace of “13-8-3′′, backward 
with “13-18-23′′, left-front with “13-12-11′′, and right-front with “13- 
14-15′′. On top of it, when the finger is sliding with small/large contact 
force, the virtual car can be controlled to move at a relatively slow/fast 

speed. The corresponding output signal waveforms (V1–V5) from the 
triboelectric and piezoelectric units are plotted in Fig. 5b–e, while the 
calculated voltage ratios (V1/V2, V3/V4) and the output magnitude 
(V5) are listed in the Supporting Information Table S6. Obviously, the 
calculated position and the contact force results of the detected points 
match well with the actual finger motions, showing its ability in 2D 
multi-parameter control. 

Except for the 2D manipulation, more complex control functions can 
also be defined with other finger operations, such as ascending, 
descending and rotation in 3D control. Although there are several 3D 
drone control demonstrations in previous studies [89,90], these re-
ported control interfaces can only provide simple control on directions, 
but not on the level of speed. Here, with the help of the integrated 
triboelectric and piezoelectric units, eight directions (i.e., forward, 
backward, left, right, ascending, descending, left-rotation, and 
right-rotation) with two speed levels can be defined so as to control the 
movements of the drone in 3D virtual space. As indicated in Fig. 6, 
different movements can be defined according to specific finger opera-
tions, i.e., forward (by pressing Point 3), backward (by pressing Point 
23), left (by pressing Point 11), right (by pressing Point 15), ascending 
(by sliding along Point 13-8-3), descending (by sliding along Point 
13-18-23), left-rotation (by sliding along Point 13-7-1) and 
right-rotation (by sliding along Point 13-9-5). Similarly, the contact 
force level of the finger on the device can be used to control the speed 
level (i.e., slow and fast) of the movements. From top to bottom, 
Fig. 6a–h depicts the finger operations, the generated five-channel 
output signals, and the defined drone movements, respectively. Based 
on the generated five-channel output signals, the calculated voltage 

Fig. 5. Demonstration using the interacting patch as a multi-parameter control interface. (a) The block diagram of the virtual car/drone control system. The finger 
operations on the surface of the device for 2D car control and the corresponding output voltage signals for controlling (b) forward, (c) backward, (e) left-front, and (e) 
right-front movements with a slow and fast speed. 
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Fig. 6. Demonstration for virtual drone control in the 3D cyber space. The finger operations on the device surface, the generated output voltage signals, and the 
corresponding drone movements of (a) forward, (b) backward, (c) left, (d) right, (e) ascending, (f) descending, (g) left-rotation, and (h) right-rotation motions with a 
relatively slow and fast speed. 
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ratios and voltage magnitudes to determine the operation points and 
forces are summarized in the Supporting Information Table S7. The 
measured results are consistent with the actual finger operations, indi-
cating once again the excellent multi-parameter sensing capability of the 
device. A video demo of controlling a virtual drone in the cyber space 
can be found in the Supporting Information Video S2. 

Supplementary material related to this article can be found online at . 
doi:10.1016/j.nanoen.2020.105582. 

7. Conclusions 

In summary, a minimalist and self-powered interacting interface is 
developed for multi-parameter sensing and interactions, through the 
succinct design and the complementary integration of the triboelectric 
and piezoelectric mechanism. On the one hand, with the assembly of the 
top flexible grid structure, continuous finger sliding can be converted 
into intermittent touching motions and thus can be detected by the 
output ratios of the four triboelectric electrodes in a robust and reliable 
manner. On the other hand, with the assembly of the bottom grid 
structure, the applied pressure can be more effectively transferred into 
PVDF deformation, enabling higher sensitivity by the piezoelectric 
output in force detection. Thus, the detection of multi-parameter sen-
sory information (e.g., contact position, sliding trace, applied pressure, 
etc.) of finger operations can be achieved by the minimalist interacting 
patch with only five sensing electrodes in form of the defined 5 × 5 pixel 
array. In theory, a higher resolution can be further achieved with the 
same sensing electrodes by defining a finer pixel array. Besides, 
benefited by the self-generated triboelectric and piezoelectric mecha-
nism, the interacting patch can also be adopted for power generation, 
showing a good performance in energy harvesting from hand tapping. 
To demonstrate the versatile applicability of the device, it is first 
investigated as a writing pad interface, where three characters “N”, “U”, 
and “S” with varying trace thickness can be realized according to the 
finger writing styles. Then the interacting patch is explored as a 2D/3D 
control interface for virtual car and drone control (including movement 
direction and speed control) by the corresponding defined finger oper-
ations. These results indicate that the interacting patch with minimalist 
design and low-cost materials has great potentials to be applied in 
diverse human-machine interactions such as writing pad, 2D/3D con-
trol, VR/AR, robotics, and wearable electronics, etc. 
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