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Abstract 

Self-powered pressure sensors are gaining popularity in human-machine interaction and 

mobile systems for their energy efficiency. Among the many types of self-powered sensors, 

triboelectric sensors have numerous advantages, including diversity of materials, ease of 

fabrication, and high voltage output. However, their signal is prone to be affected by both 

intrinsic and extrinsic factors including environmental change and discharging, which can 

significantly deteriorate the accuracy of measurement. To address this, we propose a simple 

yet effective solution: a mechanically induced spike-based self-calibration method for a 

triboelectric pressure sensor. Our sensor generates two signals: an open-circuit voltage and a 

spiking calibration voltage, enabling real-time calculation of current surface charge density. 

The calibration signal generates a spike at each predetermined discrete pressure change, 

whether positive or negative direction, denoting the corresponding direction of the pressure 

variation. Our system successfully calibrates signals from various effects, including humidity 

change (20% to 80%), discharging (over 10 days), and charge accumulation. This sensor has 

potential applications in precision agriculture for efficient crop harvesting and packaging in 

diverse environmental conditions. 

 

 

1. Introduction 
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When 5G technology is commercialized in the near future, the amount of data transfer 

will increase tremendously and so will the amount of energy consumed.[1, 2] Related 

applications such as smart farms and smart factories necessitate a large number of reliable and 

accurate sensors in operation all the time. For mobile systems, sensors based on passive 

mechanisms such as piezo-resistive or piezo-capacitive types require power from energy 

storage devices such as batteries. However, since they require replacing and recharging due to 

restricted lifetime, there are growing research interests on self-powered sensors to realize 

sustainable mobile systems. 

Among many types of self-powered sensors, triboelectric sensors have numerous 

advantages including diversity of materials, ease of fabrication, simple structure, and high 

voltage output. With the combination of contact electrification and electrostatic induction, 

triboelectric devices can generate electrical power and signal without requiring an external 

power source.[3] Owing to its self-powering characteristics and other merits, they are widely 

researched for a variety of applications such as ocean monitoring,[4-6] robotics,[7-12] smart 

healthcare,[13-18] human-machine interaction.[19-24] Also, researchers are continuously working 

towards enhancing the energy density of triboelectric devices by innovating in materials, 

structures, and system compositions.[25-30] 

However, a major drawback of triboelectric sensors is their low reliability due to the 

vulnerability to change in environment, especially humidity, and user effect such as speed of 

motion (Figure 1a). Triboelectric devices generally have two types of measurement methods: 

open-circuit voltage (VOC) and short-circuit current (ISC). Theoretically, VOC is proportional 

not only to the separation length between two triboelectric surfaces but also to the surface 

charge density (σ) of the triboelectric surfaces.[31] Surface charge density can change when the 

triboelectric device is under different environmental conditions, especially humidity (Figure 

1b(i)),[32-34] and when it is pressed with successively higher pressure (Figure 1b(ii)).[3, 30] 

Intrinsically, surface charge density even decays with time though the decay rate may vary 

among materials (hours to days) (Figure 1b(iii)).[3, 25, 26, 28] It was reported that the surface 

charge density can vary as large as a factor of 15 for the same triboelectric device.[30] This 

means that the sensor signal can be different by a factor of 15 for the same applied stimulus. 

In case of ISC, it is proportional to both σ and speed of motion.[31] This limited its usage in 

high frequency dynamic motion monitoring.[15, 22, 35] Hence, a calibration method to 

compensate for the variability of sensor output is essential for accurate measurements by 

triboelectric sensors. 
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Previously, there have been a few attempts to resolve this issue.[36-38] First, Jao et al. 

fabricated a triboelectric device with hydrogel to naturally remove the humidity effect on the 

output signal.[36] While σ decreases with increasing humidity, the conductivity of hydrogel 

increases due to water absorption. These effects counteract each other, resulting in an output 

signal that is not significantly affected by changes in humidity. However, the swelling 

characteristics of hydrogel are highly dependent on temperature, which poses a limitation to 

this approach. Secondly, Lee et al. fully packaged a triboelectric pressure sensor to eliminate 

the humidity effect.[37] Although the sensor successfully blocked the humidity effect, σ may 

still fluctuate due to other factors including time decay and accumulation of charges upon 

repeated contact electrification until saturation point. Lastly, Liu et al. developed an ingenious 

switchable operation method to circumvent the issue of changing σ.[38] This method involves 

subjecting a triboelectric device to alternating open-circuit and short-circuit conditions, which 

results in the production of current spikes.[39] The pressure can be calculated by measuring the 

decay time constant of the generated spike, which is independent of σ. However, as the 

switching frequency is fixed, the motion of interest has to be comparable to that frequency. 

Moreover, the sensor has limited pressure resolution, and requires a high sampling rate and an 

externally powered transistor as a switch. To the best of our knowledge, there has been no 

prior research that has been able to simultaneously compensate for the variability of σ from all 

factors and achieve high-resolution signal. 

Herein, we propose a spike-based self-calibration for a triboelectric self-powered 

pressure sensor that enables real-time calculation and compensation of surface charge density 

for accurate and reliable measurements (Figure 1c). Our sensor produces two voltage signals: 

VOC and spiking calibration voltage (Vspike). Just as other conventional triboelectric devices, 

VOC responds not only to the change in pressure but also to the change in surface charge 

density. However, Vspike produces pressure-encoded spike signal that is independent of σ, 

based on geometrically switchable operation. We developed a calibration algorithm with 

inputs of VOC and Vspike to calculate σ in real-time and calibrate sensor signal to be 

independent of all factors influencing σ including discharging, accumulation of charges before 

saturation and humidity change (Figure 1d). Thus, the sensor can self-calibrate in response to 

the change in σ: it does not require external calibration instruments and manual calibration 

procedure by the user. Owing to its insensitivity to the change in σ, the pressure sensor was 

further applied to a smart farm scenario, where the environment including humidity is 

controlled distinctively for every crop type. A robotic arm with our triboelectric sensor could 

safely harvest crops in diverse environmental conditions based on the pressure measurement, 
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and the weight of crops in a box could be calculated for a packaging process. This work 

would pave the way towards sustainable and self-powered sensing technology with robust 

measurements, regardless of extrinsic and intrinsic effects that influence σ. 

 

2. Results and Discussions 

 

2.1. Design of self-powered pressure sensor with self-calibration capability 

Our self-powered pressure sensor consists of two parts: the triboelectric part and the 

electrical switch part (Figure 1c, Figure S1, Figure S2, Supporting Information). As 

triboelectric materials, porous polyurethane foams (PU) and porous ethylene-vinyl acetate 

foams (EVA) are utilized owing to their high triboelectric performance (Figure 1c(iii)).[40] 

Porous materials are used, because the performance of triboelectric devices increase with the 

increase in porosity of triboelectric materials.[41] This is a synergetic effect of increase in 

triboelectric charge density and increase in dielectric constant upon closure of pores. As the 

porous triboelectric material is compressed, charge is not only transferred at the contact 

surface but also induced at the surfaces of pores away from the contact surface due to 

electrostatic induction.[41] Moreover, as dielectric constants of PU and EVA are higher than 

that of air, the closure of air pores upon compression leads to increase in dielectric constant 

and corresponding capacitance between electrodes. As porous structure ensures large elastic 

compressive strain,[42] the sensor does not require spacers to separate the triboelectric 

materials, which simplifies the overall sensor design and fabrication process. The electrical 

switch part is composed of an electrically conductive mechanical beam and a plate with an 

alternating parallel-line-pattern of insulator and conductor, as illustrated in Figure 1c(iv). The 

switch is connected at certain geometrical conditions only to achieve geometrically switchable 

operation that will be discussed in more detail in the next section. 

 

2.2. Self-calibration spike generation based on geometrically switchable operation 

The basic principle of triboelectric pressure sensor is illustrated Figure S3 (Supporting 

Information). When a PU layer and an EVA layer are in contact, charge transfer occurs. Even 

when they are separated, the charge remains on the transferred surfaces. By attaching 

electrodes, electrical signals corresponding to the separating and approaching motions are 

generated without external power. There are two major methods to measure the electrical 

signal: open-circuit voltage (VOC) and short-circuit current (ISC). If the two electrodes are 
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disconnected, the voltage between the electrodes changes with the relative displacement of 

two layers. The VOC is proportional to both the separation length and surface charge density: 

𝑽𝑽𝐎𝐎𝐎𝐎 =
𝝈𝝈(𝒕𝒕) 𝒙𝒙(𝒕𝒕)

𝜺𝜺
                     (𝟏𝟏) 

where x(t) is the separation length, and ε is the electric permittivity between the electrodes.[31] 

Also note that the surface charge density (σ) is a variable that can change in time due to 

various factors, which will be further discussed later. If the two electrodes are connected, 

infinitesimal motion creates small voltage; charge is redistributed to equalize the electric 

potentials of the electrodes, which creates an abrupt current flow. The ISC is proportional to 

the speed of motion and surface charge density.[31] 

Figure 2a shows the mechanism of the self-powered spike generation by utilizing a 

geometrically activated electrical switch and a triboelectric sensor. When the triboelectric 

sensor is in switchable operation, which is alternating condition between open-circuit and 

short-circuit, VOC is generated with its motion during open-circuit condition, and 

corresponding abrupt current spike is generated when the condition changes to a short-

circuit.[38, 39]  The current spike decays exponentially to zero, as in a circuit with a resistor and 

a charged capacitor in parallel connection. Connecting the electrodes of a triboelectric sensor 

to the geometrical switch, geometrically switchable operation is realized. With sufficient 

amount of VOC accumulated between consecutive short-circuit conditions, an observable 

current spike is generated at every strain increment or decrement, defined by the geometrical 

switch. Additionally, as VOC is generated in opposite directions upon compressing and 

releasing motions, current spikes are also generated in opposite directions depending on the 

direction of motion. 

As highlighted by red in Figure 2a, geometrically switchable operation requires an 

electrical switch that is activated only on the particular geometrical conditions of the sensor. 

For example, the switch is connected and disconnected every 10% strain increment. Figure 2b 

provides an illustration of such switch composed of a conductive beam sliding on a parallel-

line patterned plate. As the plate moves down, the beam slides on the bottom surface of the 

plate (Figure 2c and Movie S1, Supporting Information). As the beam is conductive, the beam 

and plate alternates between electrically connected and disconnected states. Therefore, they 

work as an electrical switch that is connected at certain geometrical conditions only. The 

mechanical beams were produced by pressing aluminium (Al) foil and half-cured carbon fiber 

reinforced polymer (Al/CFRP), laser-cutting it to the desired 2D shape, and co-curing it in the 

3D printed mold (Figure S4, Supporting Information). CFRP was utilized as a substrate 
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material because of its high modulus, wide elastic range and excellent fatigue resistance.[43] 

The top plate with a parallel-line-pattern was fabricated by laser ablation of an anodized Al 

plate (Figure S5, Supporting Information). Detailed description about the switch dimension, 

fabrication process and fabricated result is presented in Figure S6, Figure S7 and Movie S2 

(Supporting Information). The fabricated electrical switch could alternatively connect and 

disconnect 10 times per a compression cycle with a maximum strain of 35% (Figure S8).  

To demonstrate the spike generation, the stack of triboelectric materials with 

corresponding electrodes and the measuring circuit were set up as illustrated in Figure 2d. The 

resistor and the capacitor were connected in order to match the time scale of each spike to the 

sampling frequency for stable measurement (Figure S9 and Figure S10, Supporting 

Information). The stack was compressed and released at three different compressive strains 

(Figure 2e). Each spike indicates certain increment or decrement in the compressive strain. 

Larger motion produced a larger number of spikes since the electrical switch was activated 

more. The spikes were generated in a positive and negative direction upon compression and 

releasing, respectively. Counting the number of spikes up and down enables the 

approximation of pressure. Figure 2f shows the result of spike generation for the same 

compression cycles with various speeds of motion. Unlike the speed proportionality of ISC, the 

magnitudes of spikes in Vspike were not significantly affected by the speed variation by a 

factor of 50, from 0.1 mm/s to 5 mm/s. However, slight variation in magnitudes of spikes can 

be observed within a cycle and between cycles. The difference within a cycle is due to the 

nonlinearity in both VOC and switch activation with respect to the compressive strain. The 

magnitude difference between cycles is due to the randomness of the contact resistance at the 

initial contact between the beam and the conductive pattern. However, any differences in the 

size of the spikes are not important, as long as they exceed a particular threshold, since it is 

the timing of the spike's activation that carries the calibration information, rather than its 

magnitude. 

 

2.3. Calculation of surface charge density 

Figure 3a shows that σ of triboelectric sensor can change in time due to various 

factors. Humidity is one major factor (Figure 3a(i)). When humidity is high, the adsorption of 

water molecules on the surfaces of triboelectric layers leads to a decrease in σ.[32, 44] Another 

major factor is charging by contact electrification (Figure 3a(ii)). Triboelectric signal is 

generated by the relative displacement of charged layers, where the charge is accumulated 

resulting from contact electrification. However, the charge transfer is usually not completed 
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after a single contact. The quantity of charge transferred rises as the number of contacts 

increases or the contact force intensifies until reaching the saturated state.[30] The maximum 

charge density is limited by air breakdown, when air begins to conduct electricity due to the 

applied electric field exceeding the dielectric strength of air.[27] Another major effect is the 

discharge of the material over time, as shown in Figure 3a(iii). Once the material has become 

charged, it will gradually discharge in the absence of any additional contact electrification. 

The rate of decay can differ widely depending on the material, ranging from hours to days.[26, 

28] 

When the σ of a triboelectric sensor changes, the magnitude of the corresponding 

signal also changes proportionally, as shown in Equation 1. Thus, the low reliability of 

triboelectric signal is due to the change in σ. As humidity is one of the primary factors that 

affects σ and is relatively easy to control, we placed our sensor in a humidity chamber to 

investigate the effect of σ on the sensor's signal (Figure S11, Supporting Information). The 

relative humidity (RH) of the chamber was controlled from 20% to 80% at 22 °C with a 

humidifier, and the corresponding sensor response to compression cycles was measured as 

displayed in Figure 3b. Although the overall magnitudes of VOC decreased significantly with 

the increase in humidity, the timing-pattern of the spikes in Vspike remained the same in all 

humidity conditions. If σ is known, the susceptibility of triboelectric signal to the humidity 

can be compensated and eliminated. 

Figure 3c outlines the method for calculating σ using the reference data set and the 

change in VOC between two consecutive spikes in Vspike. Notably, the timing pattern of spikes 

in Vspike is independent of σ. However, the magnitude of VOC can vary due to changes in σ. 

Although the variability of σ that leads to variability of VOC is unavoidable, Vspike provides 

useful information to calculate σ. It is because the geometrical condition of the sensor is 

known at the exact moment when a spike is generated in Vspike. By assigning a transition 

number, i, to each spike and calculating the change in VOC between the two consecutive 

spikes, the ratio of σ relative to the reference σ can be determined. For instance, the ΔVOC of 

the current sensor at a given RH level is divided by the ΔVOC of the reference data at the same 

transition number to obtain σRH/σref. Detailed explanation about surface charge density 

calculation is given in text S1. 

Figure 3d depicts the relationship between |ΔVOC| and the transition number, i, for 

different humidity conditions. Throughout all levels of humidity, a consistent trend is 

observed, albeit with fluctuations in the values depicted on the y-axis. If there is no change in 

σ, the (ΔVOC)i should be invariant, because VOC is directly related to the deformation of the 
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sensor (Equation 1) and each transition number corresponds to specific geometrical change of 

the sensor. However, since VOC is also related to σ, the variation of (ΔVOC)i is due to the 

variation in σ. The reference data is obtained by averaging the |ΔVOC| values at all humidity 

conditions for each transition number and is differentiated from other data by a dashed line in 

the Figure. Also note that for i = 1, the ΔVOC is defined as the change in VOC from the zero-

value (i.e. rest position). The calculated σ for each humidity condition, based on the 

mechanism explained in Figure 3c, is presented as a box plot in Figure 3e. As expected, σ/σref 

decreases from 1.326 to 0.702 as RH increases from 20% to 80%. It is important to note that 

the humidity data itself is not used as an input to calculate the surface charge density. 

Moreover, the σ/σref calculation algorithm is applicable in humidity conditions other than RH 

20%, 40%, 60% and 80% or σ-varying situations caused by other factors, such as discharging 

and contact electrification, as demonstrated in the subsequent section. 

 

2.4. Real-time self-calibration of surface charge density  

Based on the calculated σ/σref, VOC can be calibrated, and pressure can be inferred 

from this calibrated voltage (Vcal) regardless of the change in σ. As VOC is proportional to σ 

(Equation 1), Vcal can be obtained by dividing VOC by σ/σref. Figure 4a plots the VOC with 

respect to pressure at four distinct humidity conditions. The VOC at 11.5kPa are 5.98V and 

3.01V under RH 20% and RH 80%, respectively. They differ by a factor of almost two, which 

means that the inference of pressure from VOC alone is inaccurate. On the other hand, Figure 

4b plots Vcal with respect to pressure at four humidity conditions. The calibration was 

successful as the graphs from different RH’s overlapped well. Essentially, as shown in 

Equation 2, the calibration process replaces the variable σ(t) in Equation 1 to a constant, σref. 

The Vcal can be further converted to pressure based on curve fitting (Figure S12, Supporting 

Information). 

𝑽𝑽𝐜𝐜𝐜𝐜𝐜𝐜 = 𝑽𝑽𝐎𝐎𝐎𝐎 ×
𝝈𝝈𝐫𝐫𝐫𝐫𝐫𝐫
𝝈𝝈(𝒕𝒕)

=
𝝈𝝈𝐫𝐫𝐫𝐫𝐫𝐫 𝒙𝒙(𝒕𝒕)

𝜺𝜺
               (𝟐𝟐) 

This self-calibration process is performed in real-time. As σ/σref is calculated for each 

spike, this approach enables the sensor system to dynamically calibrate the sensor signal to 

account for changes in σ. To reduce the fluctuation of Vcal, the moving average of the latest 

five calculated σ/σref values was utilized to calculate Vcal, and the divided result was filtered 

by a low-pass filter. The flowchart of the calibration algorithm is provided in Figure S13 

(Supporting Information). As shown in Figure 4c, the sensor could successfully calibrate and 

convert the sensor signal to pressure. Without calibration, the inference of the pressure 
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significantly over- or under-estimated due to the change in σ from the variation in humidity 

(Table S1, Supporting Information). 

By directly computing the ratio of current σ to the reference value, our self-calibration 

method is capable of calibrating the sensor output from factors beyond humidity. To 

deliberately reduce σ, we discharged our sensor for a period of ten days, following which we 

recorded the sensor response to compression cycles with a maximum pressure of 3.8 kPa 

before and after intentionally charging the sensor by applying high pressure of 13 kPa (as 

depicted in Figure 4d). The compression cycles with a low maximum pressure of 3.8 kPa 

were performed to demonstrate that such dramatic change in σ is possible depending on 

charging and discharging. If the sensor was tested with high maximum pressure, it would 

have been charged when performing the test. The difference in magnitudes of VOC before and 

after charging process is as significant as the difference due to humidity variation (VOC,before = 

2.8 V and VOC,after = 4.5 V at 3.6 kPa). Nevertheless, the Vspike provided same timing patterns 

of spikes for both cases. Thus, utilizing our calibration algorithm, the pressure could be 

accurately estimated from Vcal, while relying solely on VOC resulted in significant 

underestimation or overestimation of pressure (as shown in Figure 4e). Additionally, the 

sensor was left to discharging for another ten days. Then, the sensor was repeatedly pressed 

with the same compression cycles. Although the magnitudes of VOC increased every cycle 

until saturation, the deviation in Vcal was largely suppressed by self-calibration (Figure S14, 

Supporting Information). Therefore, our sensor system can provide accurate pressure value 

regardless of the change in σ from various factors. The sensor characterization results 

including dynamic charge output, fast response time and long-term stability are provided in 

Figure S15, Figure S16 and Figure S17 (Supporting Information).  

 

2.5. Demonstration for smart farm sensor applications 

As illustrated in Figure 5a(i), a smart farm is the farming system combined with 

modern Information and Communication Technologies (ICT), Internet of Things (IoT), big 

data analysis and robotics. One of the essential technologies of smart farms is the 

environmental control, because each crop type has specific environmental conditions for 

optimal growth, including the optimal RH ranging from 50% to 90%.[45-47] Based on sensor 

technology, big data analysis and actuation system, many have succeeded to grow crops in a 

compact area with optimal output. However, current smart farm still requires human labor, 

and unmanned smart farms filled with farming robots and drones are desirable for their 

prolonged operation time and efficient usage of space.[48] Such robots should be able to 
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accomplish various tasks such as seeding, harvesting and packaging (Figure 5a(i, ii)). Among 

them, harvesting crops requires delicate control of the robotic gripper to maintain certain level 

of pressure to avoid dropping or damaging the crops. 

Our self-powered triboelectric pressure sensor can be applied to farming robots to 

harvest various crops regardless of the changing humidity conditions (Figure 5b). To 

demonstrate this, a cherry tomato and lettuce were grabbed, transported and released by a 

robotic arm based on our calibrated sensor signal. If conventional triboelectric pressure 

sensors were utilized, the crop would have been damaged by dropping or squeezing too hard 

due to the over- or under-estimation of the pressure, respectively. At an optimal RH of 75% 

for lettuce, conventional triboelectric sensors would underestimate the pressure, potentially 

causing excessive grasping force. Conversely, in the case of cherry tomatoes, which require 

an optimal RH of 55%, the sensor may overestimate the pressure, resulting in a loose grip and 

dropping of the crop. However, our sensor system can calibrate the triboelectric signals at 

various σ caused by the RH change. For the demonstration, the sensor was further packaged 

with shielding and protective layers to avoid unwanted excessive moisture intrusion into the 

sensor that can deteriorate the sensor output (Figure S18, Supporting Information). The target 

holding pressure was set to 1.6 kPa for both crops, which ensures a firm grip without damage. 

However, as cherry tomatoes have lower optimal RH than lettuce, the triboelectric signal at 

the target pressure was higher for cherry tomatoes. As shown in Figure 5C and Movie S3 

(Supporting Information), our system could successfully compensate for variability in σ. 

While crops were held with same target pressure, the holding VOC for cherry tomatoes, 1.9 V, 

was much higher than that for lettuce, 0.85V. Without the calibration, it is impossible to know 

that these two signals indicate the same pressure value. 

Furthermore, the sensor can be utilized as a self-powered weighing sensor. After 

harvesting crops, they need to be packaged into a box with a fixed amount. Our sensor was 

placed under the packaging box on top of a commercial load cell (Figure 5d). While cherry 

tomatoes are poured into the box, the sensor performs calibration at each spike and accurately 

calculates the weight. In the demonstration (Movie S4, Supporting Information), cherry 

tomatoes were poured into the packaging box by three times. While one spike was observed 

for the first and third pouring each, the second one did not add sufficient weight to activate 

the spike (Figure 5e). The weight measurement from our calibrated sensor matched well with 

the measurement from the reference load cell. If the raw VOC was utilized for weight 

measurement, the weight would have been underestimated. Otherwise, if the VOC were higher 

by 30%, which is within the practical variation range due to humidity and 
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charging/discharging, the pressure would have been significantly overestimated without 

calibration (Figure 5e). This would have led to excessive or insufficient amount of tomatoes 

in the box. As the sensor is lightweight (<5 grams), this sensor can be directly mounted on 

mobile robots so that they can perform harvesting and packaging at the same time. Such 

incorporation of self-powered sensors will increase the sustainability of smart farms. 

 

3. Conclusion 

Our study identifies three key considerations. First, design diversity for the 

geometrical switch is possible depending on the target application. We achieved 

geometrically switchable operation by combining an electrically conductive beam with a plate 

featuring a conductive parallel-lines pattern. During compression, the beam slides along the 

patterned plate, alternating between short-circuit and open-circuit conditions. Different 

designs for geometrical switches, beyond sliding beams on a patterned plate, could lead to 

triboelectric systems with distinct forms and purposes that still produce spike signals, 

indicating the current state of the system independently of σ. Second, the maximum detectable 

speed of motion is an important factor to consider. Since discrete counting of spike signals in 

Vspike is required, the sampling rate of Vspike determines the maximum operation speed. In our 

study, the sampling rate was set to 100Hz, meaning that two spikes generated within 0.02 

seconds would be counted as a single spike. Thus, the sampling rate of Vspike should be 

selected with the maximum speed of input motion in mind. Lastly, while porous foams were 

used in this study, the geometrically switchable operation is feasible with other triboelectric 

materials. The only requirement is that sufficient VOC must accumulate between two 

consecutive short-circuit conditions to produce an observable spike signal. We believe that 

this mechanism could be applied to various other situations and applications. 

In summary, we have developed a self-powered pressure sensor with a self-calibration 

feature to compensate for changes in surface charge density. By generating a series of spikes 

that encode pressure information through geometrically switchable operation, our sensor can 

calculate and calibrate changes in surface charge density in real-time, even in conditions of 

varying relative humidity, time decay, and charge accumulation from repeated or strong 

contact electrification. Additionally, we demonstrated the use of our sensor in smart farming 

scenarios, including crop harvesting and packaging. To further enhance the technology, 

potential areas for improvement include optimizing the triboelectric material and electrode 

patterns for spike signals, studying the variability of triboelectric simulations, and 

implementing additional functionalities such as circuits and packaging systems. We believe 
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that our approach can be extended to various self-powered sensing applications, leading to the 

development of more sustainable and robust sensor systems. 

 

4. Experimental Section 

Fabrication of the geometrically activated electric switch: The electrical switch was 

composed of two parts: an electrically conductive mechanical beam and a parallel-lines 

patterned plate. First, an Al foil was placed on top of half-cured unidirectional carbon fiber 

reinforced polymer (CFRP) (USN150A, SK Chemicals, Korea), and it was pressed with a 

pressure of 1 MPa for 1 minute by a pneumatic press machine. The CFRP/Al composite was 

cut to a desired shape using a laser machine. The long direction of the beam was parallel to 

the direction of carbon fiber. The male and female molds of the desired beam shape were 

produced by a Digital Light Processing (DLP) 3D printer (Phrozen Technology, Taiwan). The 

shape of the beam curve was set to be parabolic. The cut CFRP/Al composite was placed on 

the female mold and pressed by the male mold with Al side facing upwards. The entire molds 

with CFRP/Al composite was placed inside a convection oven at 120 °C for 1 hour. After 

curing, the beam was removed from the molds. Second, an Al plate with an anodized surface 

was engraved by the laser machine. The anodized surface was removed by laser ablation 

leaving a parallel-lines pattern. The width of line was set as 150 μm, and the spacing between 

lines was 550 μm. The depth of the ablated region was measured as 10 μm by a Vernier 

calipers. 

Fabrication and integration of the sensor: Porous polyurethane (PU) foam and 

ethylene-vinyl acetate (EVA) foam with a thickness of 2 mm were cut into 35 mm x 53 mm 

with a 10 mm x 35 mm hole at the center. A 100 μm thick double-sided Al conductive tape 

was cut into identical sizes, but with a 1 mm offset towards the inner part. Each layer was 

made up of either PU or EVA material and adhered to both sides of the tape. The layers were 

arranged in an alternating pattern, consisting of three layers of each material (PU and EVA). 

An anodized Al plate was cut into 35 mm x 53 mm, and the conductive beam was adhered to 

a designated position. At the bottom of triboelectric stack, the plate with the beam was 

adhered, and the parallel line patterned anodized Al plate was adhered to the top. The 

conductive beam was electrically connected to one of the electrodes of EVA layers. 

Electric measurement and characterization of the sensor: The open-circuit voltage 

(VOC) was measured using an electrometer (Keithley 6514, Tektronix, USA). The calibration 

spike voltage (Vcal) was measured using a data acquisition system (DAQ) (USB-6211, 

National Instruments, USA). The calibration spike voltage signal line was parallelly 
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connected to 1) an analog input port of the DAQ, 2) a resistor (10MΩ) and a capacitor 

(500pF), which were connected to ground in parallel. All measurements (VOC and Vspike) were 

monitored and recorded by LABVIEW software (National Instruments, USA) in a PC, which 

was connected to the electrometer and DAQ.  Mechanical properties of the sensor were 

measured using a universal testing machine (AGS-X, Shimadzu, Japan). To obtain the sensor 

response to various pressures and speeds of motion, the universal testing machine was utilized 

to apply desired strain or pressure with desired speed. The experiments were conducted with 

strain rate of 0.029s-1 and speed of 0.5mm/s except for those with other specified strain rates. 

Movie S5 provides a video of applying cyclic loading on the sensor and measuring the VOC 

and Vspike with a PC. 

Humidity control: An acrylic chamber was built to fit the universal testing machine. 

The humidity inside the chamber was controlled by connecting a hose from a humidifier to 

the chamber. The relative humidity of the chamber was measured by a humidity sensor 

(Sensirion AG, Switzerland). 

Real-time surface charge density calibration: For the real-time calculation and 

calibration of σ, the algorithm was run by LabVIEW while simultaneously receiving the VOC 

and Vspike from the electrometer and DAQ. A spike was detected when the absolute value of 

Vspike exceeded a threshold voltage, which was set by multiplying a safety factor (2.5 in this 

study) to the maximum noise level at rest. The pressure level is determined by the direction of 

the spike, with each upward spike increasing the pressure level by one, and each downward 

spike decreasing the pressure level by one. The change in VOC between current and previous 

spiked moments are calculated and divided by the corresponding reference data based on the 

transition number. To determine Vcal, the σ/σref was obtained using a five-value moving 

average calculation, and then VOC was divided by the resulting σ/σref. Then, Vcal is converted 

into pressure based on a predefined nonlinear fitting curve. The flowchart for the algorithm is 

given in Figure S13 (Supporting Information). 

Finite element simulation: Finite element analysis (FEA) was conducted to estimate 

the kinematics of the beam when a flat tope plane moves down with frictionless contact. 

Abaqus software (Dassault Systemes Simulia Corporation, Johnston, RI) was utilized for this 

simulation. The purpose of this simulation was to obtain the trajectories of contact point 

between the beam and the top plate during the downward motion from different beam shapes. 

Smart farm application setup: A robotic gripper with a high torque servo motor was 

mounted on a robotic arm (Elephant Robotics, China). A custom-designed sensor mounter is 

printed by a Fused Deposition Modelling 3D printer (Ultimaker, Netherlands). Our pressure 
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sensor was adhered to the mounter. The robotic arm and gripper were controlled by a 

M5Stack that received control command from LabVIEW via serial communication. The 

sensor signals were received and processed in LabVIEW as was done in sensor 

characterization. The robot was placed inside a box, where the humidity was regulated using a 

humidifier. Note that due to larger noise in this setup, Vspike was filtered by a moving average 

filter. In the weight measurement experiment, our sensor was placed on top of a commercial 

load cell for comparison. The triboelectric sensor signals were received and processed using 

LabVIEW. The load cell was connected to an Arduino Mega, and the weight data was 

received via serial communication. 

 

Supporting Information  

Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. Concept of the self-calibration and the overview of our sensor design. a) 

Unreliable signals from conventional TENG sensors due to changes in surface charge density 

(σ). b) Various factors influencing triboelectric signal (i.e. σ): (i) changing environment, (ii) 

contact electrification and (iii) discharging. c) Design of our self-powered triboelectric 

pressure sensor with self-calibration capability. (i) A schematic illustration and (ii) 

photographs of the fabricated sensor (top) and the sensor with the top electrode open 

(bottom). The sensor is composed of (iii) a stack of porous triboelectric layers and (iv) a 

geometrical switch. As the sensor is compressed, the beam slides on the electrode pattern, 

generating spike signals. This spike signal is utilized for our calibration process. d) Self-

calibration of σ through simultaneous analysis of two signals, VOC and Vspike, produced by the 

sensor in response to applied pressure Our calibration algorithm, removes the variability of σ, 

enabling accurate pressure measurements. Photo Credit: Chankyu Han and Jungrak Choi, 

KAIST. 
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Figure 2. Geometrically switchable operation for generation of calibration spike signal. 

a) A working principle of geometrically switchable operation: (i) A schematic illustration of 

compression cycles with a geometrical switch connected to the electrodes of a TENG device. 

The red-highlights indicate short-circuit condition of the geometrical switch (i, ii). (ii) 

Corresponding voltage and current signals for a compression cycle. b) A conceptual 

illustration of the geometrical switch. As the top plate with alternating pattern of conductor 

(aluminum) and insulator (anodized aluminum) moves down, the conductive beam bends and 

 

(i) (ii) (iii)
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slides on the patterned plate. It results in alternation between short-circuit and open-circuit 

that depends only on the geometrical state of the sensor. c) Camera images of the conductive 

beam sliding on the patterned plate under compression. The inset in (i) shows the magnified 

view of the patterned electrode in contact with the beam. d) The circuit design for 

measurement of the calibration spike signal (Vspike) and the open-circuit voltage (VOC). e) 

Spike generation for five cycles with varying maximum compressive strain. As the sensor is 

pressed and released with more strain (i.e. higher pressure), the number of spikes both upward 

and downward increases. f) Speed independence of Vspike. The sensor was compressed up to 

same maximum pressure. The insets show the magnified plots of Vspike at (i) 0.1mm/s, (ii) 

0.5mm/s, and (iii) 5mm/s. The magnitudes of spikes are independent of speed. Photo Credit: 

Chankyu Han and Jungrak Choi, KAIST. 
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Figure 3. Calculation of surface charge density (σ/σref) base on calibration spike signal 

(Vspike) and open-circuit voltage (VOC). a) Three major factors that influence σ: (i) humidity, 

(ii) charging by contact electrification, and (iii) discharging. b) Raw sensor signals (VOC and 

Vspike) for compression tests at four different humidity conditions with the same maximum 

pressure. While VOC decreased with increasing relative humidity (RH) (i.e. decreasing σ), the 

timing-patterns of spikes in Vspike were independent of RH. c) Main principle of σ/σref 

calculation. The comparison of the change in VOC with the reference data of the same 

transition number, i, enables calculation of σ/σref. d) Change in open-circuit voltage at specific 

transition number, i. Reference data is obtained by averaging the values from four humidity 

conditions at each i. e) Calculated surface charge densities at four humidity conditions. The 

calculated surface charge density decreased with increasing RH and can be used for self-

calibration process. IQR denotes an interquartile range. 
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Figure 4. Pressure sensing performance based on self-calibration method. a) Dependence 

of open-circuit voltage (VOC) on humidity at various pressures, indicating that VOC decreases 

as humidity increases. b) Independence of calibration spike signal (Vspike) on humidity at 

various pressure. With the σ/σref calculated from our calibration algorithm, Vcal is obtained by 

dividing VOC by σ/σref. c) Calibrated sensor signals on different humidity conditions. Real-

time calibration is possible. Although pressure inferred from VOC only significantly 

overestimates pressure at low relative humidity (RH) and understates at high RH, pressure 

calculated from Vcal matches well with the true pressure. d) Raw sensor signals (VOC and 

Vspike) for compression cycles with same maximum pressure before and after deliberate 

charging with strong compression of 13 kPa. The magnitude of VOC increased by a factor of 

a b

c

d e

13 kPa
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two after the charging process, highlighting the need for calibration. e) Calibrated sensor 

signals based on the self-calibration method that effectively corrects the sensor signals and 

resolves the under- and over-estimation of pressure caused by deliberate charging. 
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Figure 5. Self-calibration of pressure sensors in smart farm scenarios. a) Schematic 

illustration of a smart farm. (i) Conceptual overview of mobile robots in smart farms. (ii) 

Mobile robots harvest crops based on pressure sensor data, (iii) with subsequent weight 

measurement for on-board packaging. b) The experimental setup for crop harvesting. 
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Humidity sensor is present only to notify the current humidity to viewers; the humidity data 

was not used for the calibration procedure. c) Successful crop harvesting using a self-

calibrated sensor signal to control a robotic gripper. The holding pressure was set to the target 

pressure of 1.6 kPa for both crops. The calibration algorithm successfully calculated the 

pressure to grab the lettuce with the desired pressure, despite the open-circuit voltage (VOC) 

dropping due to the lettuce's high optimal relative humidity (RH). d) Usage of the calibrated 

sensor response to weigh products for packaging. Cherry tomatoes were poured into a plastic 

packaging box. e) Sensor signals of pouring a chunk of cherry tomatoes three times, with two 

spikes observed. Calibration enabled accurate weight estimation, which could have been 

under- or over-estimated without calibration. Photo Credit: Chankyu Han and Jungrak Choi, 

KAIST. 
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Text S1: Theoretical principle of the self-calibration  

 As explained in the main text, the open-circuit voltage of a TENG device is derived as 

follows: 

𝑉𝑉OC =
𝜎𝜎(𝑡𝑡) 𝑥𝑥(𝑡𝑡)

𝜀𝜀
                                                                        (S1) 

where σ(t) is the variable surface charge density, x(t) is the separation length, and ε is the 

electric permittivity between the electrodes. Based on S1, the change in open-circuit voltage 

of a TENG device with a arbitrary surface charge density, σA, for ∆x can be written as: 

∆𝑉𝑉OC,A  =
𝜎𝜎𝐴𝐴 ∆𝑥𝑥
𝜀𝜀

                                                                         (S2) 

 Although the porous nature of PU and EVA leads to the change in dielectric constant 

with respect to compression, we may assume that the compression of our TENG sensor, ∆x, 

between two consecutive spiked moments in Vspike is sufficiently small to assume negligible 

change in ε.  

 For each spike signal, the change in open-circuit voltage between current and previous 

spiked moments can be written as follows: 

(∆𝑉𝑉OC,A)𝑖𝑖  =
𝜎𝜎𝐴𝐴 (∆𝑥𝑥)𝑖𝑖

𝜀𝜀𝑖𝑖
                                                                  (S3) 

where i denotes the transition number in Fig. 3c. If the pressure were to be predicted only 

from the Vspike, each spike can be considered as a transition from one pressure level to another. 

For example, the first transition from the rest position to the first upward spike is defined to 

be i = 1. The next upward spike is i = 2, and so on. In this case, the direction of the transition 

also matters, so the transition number of pressure level 0 to level 1 is different from that of 

level 1 to level 0. As shown in Fig. 3e in the main text, (∆𝑉𝑉OC,A)𝑖𝑖 is distinct for each i, 

because of the difference in dielectric constant between levels and the nonlinearity of the 

lateral motion of the sliding beam with respect to the compression strain, as shown from fig 

S6. 

 If we divide S3 with the reference data of same transition number, the ratio of the 

current surface charge density to the reference surface charge density can be obtained: 

(∆𝑉𝑉OC,A)𝑖𝑖
(∆𝑉𝑉OC,Ref)𝑖𝑖

 =
𝜎𝜎𝐴𝐴 (∆𝑥𝑥)𝑖𝑖

𝜀𝜀𝑖𝑖
𝜀𝜀𝑖𝑖

𝜎𝜎𝑅𝑅𝑅𝑅𝑅𝑅 (∆𝑥𝑥)𝑖𝑖
=

𝜎𝜎𝐴𝐴
𝜎𝜎𝑅𝑅𝑅𝑅𝑅𝑅

                                              (S4) 

In the process, the terms containing transition number, i, are all cancelled out to only remain 

the ratio of surface charge densities. Simply dividing above result to VOC removes the 

variability of surface charge density from the sensor signal as follows: 
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𝑉𝑉cal = 𝑉𝑉OC,A
𝜎𝜎𝑅𝑅𝑅𝑅𝑅𝑅
𝜎𝜎𝐴𝐴

=
𝜎𝜎𝑅𝑅𝑅𝑅𝑅𝑅 𝑥𝑥(𝑡𝑡)

𝜀𝜀
                                                        (S5) 

 It was shown that the self-calibration method replaces the variable, σ(t), to a constant, 

σRef, as can be seen in S1 and S5. Thus, Vcal is not affected by the change in surface charge 

density from any factors including humidity, charging and discharging. 
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Figure S1. Photos of the fabricated sensor. a) The entire sensor without the top electrode 

open. b) Side view of the sensor showing the stack of PU and EVA layers. c) The mechanical 

beam with a conductive surface. 

 
 

 
Figure S2. Mechanical properties of triboelectric layers and the sensor. a) PU and EVA. 

b) The fabricated sensor 
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Figure S3. Two methods to measure triboelectric signals. Measurement of a) open-circuit 

voltage and b) Short-circuit current. (i) Schematic illustration of the triboelectric cycle. (ii) 

corresponding motion and signal. 

 
 

 
Figure S4. Fabrication process of the sliding beam. a) Schematic illustrations. b) Photos of 

each step: (i) pressing aluminum and CFRP, (ii) laser cutting, (iii) co-curing in a mold and 

(iv) fabricated beam 
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Figure S5. Fabrication of the parallel-line patterned electrode plate. a) An illustration 

showing the laser ablation. b) A photograph of the fabricated pattern. 

 
 

 
Figure S6. Simulation of the beam motion upon compression. a) The beam slides on the 

bottom of the plate under compression. b) The trajectory of contact point between the beam 

and the top plate depending on the shape of the beam. Three shapes of beams with different 

exponents were compared. 

 
 

 
Figure S7. Dimensions of the beam and parallel-line pattern. a) The parabolic beam. b) 

The parallel-line pattern. 
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Figure S8. Characterization of the fabricated geometrical switch. The switch is connected 

five times for each compression and releasing motion with 35% maximum compression 

strain. 

 

 
Figure S9. Stable measurement of Vspike by proper selection of decay time constant. 

Variation in capacitance with resistance of a) 100 kΩ and b) 10 MΩ. For low resistance, the 

decay time of the spike is too short (< 10ms) for stable detection at sampling frequency of 

100Hz. Moreover, although high capacitance increases the decay time, the signal to noise 

ratio of the spike signal becomes low. Proper capacitance should be connected in parallel with 

high resistance for high signal to noise ratio. In this study, 10 MΩ and 500 pC were selected. 
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Figure S10. Enlarged view of Figure S9. Variation in capacitance with resistance of a) 100 

kΩ and b) 10 MΩ. For a robust detection of the spike, the decay time should be comparable to 

the sampling rate of Vspike. 

 
 

 
Figure S11. Experimental setup for humidity dependence tests. 
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Figure S12. Curve fitting result to convert Vcal to pressure. The coefficients of 

determination that measure the goodness of the fitting result are 0.99 and 0.97 for loading and 

unloading. 
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Figure S13. The algorithm for real-time self-calibration. The ΔVOC_ref is obtained from 

Figure 3d, prior to using the sensor. Spike is detected when Vspike is above a threshold voltage. 

At each detected spike, the system updates its pressure level. Then, the transition number, i, is 

calculated with the input of previous level and current level. Surface charge density can be 

calculated by comparing the change in VOC with the reference value of same transition 

number. Then, the calculated surface charge density is low-pass-filtered by a moving average 

filter. Then, Vcal is calculated by dividing VOC with the filtered σ/σref. Then, Vcal is further 

coverted to pressure based on the curve fitting result in Figure S12. 
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Figure S14. Real-time self-calibration result for continuously charging state. 
 
 

 
Figure S15. Charge measurement of the triboelectric sensor for a compression cycle with 
maximum pressure of 5.5 kPa. 
  



  

37 
 

 
Figure S16. Step response of the sensor. A step increment and decrement inputs were 
applied to the sensor with maximum pressure of 1.4kPa. Due to the limited speed and 
acceleration of the experimental equipment, ideal step inputs could not be applied; the 
response time includes both the response time of the equipment and the sensor. The response 
and recovery time to reach 90% of the steady state, t90, was 0.12 s and 0.16 s, respectively. 
  



  

38 
 

 
Figure S17. Long-term stability test for 1000 cycles for maximum pressure of 4.7 kPa. 
 
 

 
Figure S18. Further packaging of the sensor for application in smart farm scenarios. a) 
The schematic illustration and b) the photo of the packaged sensor. 
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Table S1. Error analysis of pressure inference from Vcal and VOC only at different 
humidity conditions. Pressure error is calculated by averaging the absolute error of pressure 
data in Figure 4c: Pressure error = 𝑃𝑃sensor − 𝑃𝑃load cell����������������������. From the error values, it is clear that 
Psensor from VOC overestimates pressure at low RH and underestimates at high RH, while the 
errors from calibrated value remains low at all RH. 

 
 
 


