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Abstract— Iontronic tactile sensors are promising to measure 
spatial-temporal contact information with high performance. 
However, no suitable measuring method has been presented, 
due to issues with crosstalk and non-negligible equivalent 
resistance. Hence, this study presents an impedance-separating 
method, which does not require complex analog components. A 
general Quadri-Terminal Impedance Network (QTIN) model is 
introduced to reduce crosstalk, which has specific compatibility 
with the impedance-separating method. The precise ranges are 
measured, showing non-rectangle shapes suitable for the 
response of iontronic tactile sensors. A simple denoising method 
is provided to reduce initial array noise obviously. This work 
could benefit various scenarios, such as human-robot 
interaction and physiological information monitoring. 

I. INTRODUCTION 

Tactile sensors are essential for robots to understand and 
interact with the physical world. As large-area flexible 
sensitive arrays, tactile sensors can acquire spatial-temporal 
contact information. They have enabled various robotic 
applications including collision detection[1], material 
recognition [2], and human-robot interaction [3]. The 
characteristics of a tactile sensor have two key factors: the 
wiring manner and the electrical principle.  

Regarding the first factor (wiring manner), the individual 
unit approach is an intuitive design and ideal for signal quality 
[4]. In this approach, each sensing unit independently connects 
with the readout circuit, theoretically eliminating crosstalk 
among adjacent units. However, the sensing area and the 
spatial resolution are limited due to the large number of ports 
and the occupied area for wires. Another promising method is 
electrical impedance tomography (EIT), which distributes 
electrodes around the tactile sensor’s edge. With a few 
electrodes, EIT can obtain global tactile information without 
any wire in the sensing area. However, EIT had severe 
intrinsic interference, making it difficult to quantitatively 
correlate the output response with applied pressure [5].  

Currently, the crossing-electrode form is the most popular 
scheme due to its simple structure, cost-efficient fabrication, 
and programmable sensing geometry [6], [7]. However, 
crosstalk is a major issue of this scheme since adjacent units 
share row and column electrodes. When acquiring information 
arrays, this interference is often overlooked, hinting that 
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simply dividing the middle layer into individual units is 
insufficient for noise cancellation [8]. The zero potential 
method (ZPM) has proven effective in reducing crosstalk and 
is now widely used for measuring piezoresistive tactile sensors. 
However, the working principle of ZPM is based on 
theoretical calculations without physical interpretation [9]. 
This lack of guidance limits applying ZPM to other electrical 
principles like capacitive and iontronic. This study shows the 
limitations of concurrent measuring methods with ZPM.  

Regarding the second factor (electrical principle), the 
piezoresistive principle is the most common solution, due to 
the real-time direct current (DC) measurement and convenient 
resistance transduction [10]. However, piezoresistive output 
couples pressure and temperature effects [11]. In contrast, the 
temperature-insensitive capacitive principle is more stable in 
measuring pressure [12]. However, the capacitance response 
of conventional capacitive sensors is too weak for precise 
measurement. Then, iontronic supercapacitive tactile sensors 
have been developed with hundreds of times greater 
sensitivity than conventional capacitive sensors [13]. 

However, an essential feature of iontronic supercapacitors 
is equivalent serial resistance [14], although the capacitance is 
preferred for the linear response to pressure [6]. Hence, a 
necessary process is to measure capacitance and resistance 
separately. When measuring an iontronic unit, using LCR 
meters is a typical impedance-separating manner. Additionally, 
combined with analog computational components and low 
pass filters (LPFs), various impedance-separating circuits 
were designed for lossy capacitors) [15]-[17]. However, those 
methods cannot directly measure sensitive arrays, so they 
require an additional switcher (multiplexer) for multichannel 
capability [18]. The spliced system has a substantial size, a 
low scanning frequency, and limited crosstalk handling. These 
constraints restrict applications of iontronic tactile sensors. 
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Fig. 1. Crosstalk-free iontronic tactile sensing. (a)-(b) Iontronic sensing 
array with crosstalk. (c)-(d) Impedance separation without crosstalk. 
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As alternative methods, condensance (capacitive reactance) 
voltage dividing [19] and charge-discharge [20] are the 
currently embedded methods to measure the capacitance array 
of iontronic tactile sensors. In these methods, resistance was 
ignored during measuring, based on the assumption that the 
resistance decreases sharply with increasing applied pressure. 
However, by measuring the phases of alternative current (AC) 
impedance, this study finds that the resistance cannot be 
ignored and shows the inadequacy of using these methods to 
measure iontronic tactile sensors.  

To address the challenges of measuring crosstalk-free 
impedance-separated arrays for crossing-electrode iontronic 
tactile sensors, this study presents a novel approach as shown 
in Fig. 1. The key contributions are: 

 Demonstrating the non-negligible influence of resistance 
when measuring iontronic tactile sensors. Then, an 
impedance-separating method is proposed, using samples 
at two specific moments, without complex analog 
calculating components.  

 Introducing a general Quadri-Terminal Impedance 
Network (QTIN) model to interpret ZPM, which reveals 
the specific compatibility between this 
impedance-separating principle and ZPM. 

 Presenting a simple impedance array denoising method for 
measuring iontronic tactile sensors, which could obviously 
remove the initial noise. 

Compared with concurrent measuring methods for 
iontronic tactile sensors [18]-[20], this work realizes 
crosstalk-free impedance separation, which improves the 
precision and the reliability of using iontronic tactile sensors 
for various scenarios such as human-robot interaction and 
physiological information monitoring.  

II. IONTRONIC FEATURE 

A. Iontronic Equivalent Model 

As shown in Fig. 2(a), the structure of an iontronic 
sensitive unit is sandwiched with two electrodes and an ionic 
film, which can form a pair of electrical double-layer 
capacitors (EDLCs). The applied pressure p causes an increase 
in internal area A, which changes the impedance Zx. As shown 
in Fig. 2(b), Zx can be serially equivalent to a capacitance Cx 
and a resistance Rx. The detailed fabrication and the 
fundamental sensing principle were in our previous work [6]. 

B. Response with Pressure and Frequency 

As shown in Fig. 2(c), the width of each electrode was set 
to 5 mm. The ionic film was composed of polyvinylidene 
fluoride, trifluoromethyl sulfonyl imide, and 
dimethylacetamide in a mass ratio of 13: 4: 68. Response tests 
were performed using a material test system (MTS, ZQ-990B) 
and an LCR meter (IM3536). The measuring sinusoid voltage 
amplitude of the LCR meter was set to 1.74V, which matched 
the amplitude of the homemade signal generator in Fig. 3(a). 

As plotted in Fig. 2(d)-(e), both the capacitance CLCR and 
the resistance RLCR decreased with increasing measuring 
frequency fLCR. However, increasing applied pressure p caused 
CLCR to increase while RLCR to decrease. While measuring 
iontronic tactile sensors, researchers tend to ignore the 

resistive response due to the sharp decrease in resistance with 
increasing pressure. Hence, an intuitive assumption was that 
the precise capacitive value could be obtained using 
pure-capacitor measuring methods (such as charge-discharge), 
regardless of the resistance. 

However, as shown in Fig. 2(f), within the entire 
measuring range of the pressure (50 to 250 kPa) and the 
frequency (1 to 100 kHz), the phase θLCR remained above -45°, 
which indicates the resistance is consistently greater than the 
condensance, that is the influence of resistance to measuring 
current is more than capacitance. Hence, the resistance cannot 
be ignored when measuring iontronic tactile sensors. 

Additionally, Fig. 2(f) shows that at fLCR = 30 kHz, θLCR 
were relatively stable over varying measuring frequencies 
(insensitive to frequency disturbance). Therefore, this study 
chose 30 kHz as the measuring frequency. 

III. IMPEDANCE SEPARATION 

Due to the non-negligible resistance, we require an 
impedance-separating method to measure iontronic tactile 
sensors precisely. Rather than relying on complex analog 
calculating components or analyzing the entire signal, this 
study presents a simple measuring principle, which is feasible 
for performance-limited chips, low-power-consuming devices, 
or cost-efficient applications. 

A. Measuring Principle 

As shown in Fig. 3(b), u0 is a sinusoid source (with a 
period Ts and an amplitude u0m) applied to Zx, and ix is the 
current of Zx. Then, the currents at two moments (tx1 = 0 and tx2 

 
Fig. 2. Iontronic response with applied pressure and measuring frequency. 
(a) The sensitive unit impedance Zx changes with the internal contacting 
area A, due to the pressure p. (b) Equivalent model of a sensitive unit. (c) 
Experimental setup. (d)-(f) Response of capacitance, resistance, and phase. 
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= Ts/4) are detected, denoted as ix1 and ix2, which allow to 
calculate Cx and Rx as follows: 

The ix can be expressed as 

  x 0 x 0 x x/ / ji u Z u R X    (1) 

where Xx is the condensance of Cx. 

According to (1), the phase θx and the current amplitude 
ixm can be obtained as 

 2 2
x x x xm 0m x xtan / ; /X R i u R X      (2) 

The two sampled currents were 

    x1 xm x2 xmsin 0 ; sin π/2i i i i      (3) 

According to (3), θx and ixm can also be expressed as 

 x1 x2 xm x1tan / ; / sini i i i      (4) 

Then, Rx and Cx can be obtained as 
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B. Hardware Realization 

The specific requirement of the proposed method is the 
precise temporal alignment between the sampled ix and u0. 
However, commercial signal generators find it difficult to 
track u0 along with time. Hence, as shown in Fig. 3(a), this 
study designed a sinusoidal signal generator (SSG) for 
converting the DC square signal up to the AC sinusoidal signal 
u0. In SSG, Cb of 2.2 nF was served to block the DC 
component of up. Then, two LPFs filtered up to generate u0 (the 
detailed filtering principle was presented in our previous work 
[19]). The component parameters of LPFs require manual 
tuning for precise output. 

As shown in  Fig. 3(c), up was generated by a 
microcontroller (MCU; STM32H7VI here) timer comparator 
output. Then, this study uses the standard deviation σ to 
quantitatively evaluate the generated sinusoidal signals. The σ 
of our previous work is 0.46 V[19], and the σ of a commercial 
signal generator (AFG1062) is 0.02 V. Although higher than 
the commercial signal generator, the σ of this study was 
confined to 0.04 V. Additionally, the generated u0 is 
temporally aligned with up, enabling the timer to provide a 
time standard to track u0.  

Then, as shown in Fig. 3(a), ix was converted to voltage ux 
by a trans-impedance amplifier (TIA) with a sampling 
resistance R0. R0 was the minimum Zx that the circuit could 
measure, because a less Zx would cause ux to exceed the MCU 
analog-to-digital converter (ADC) range. The ux sampling 
moments could be conveniently fixed by setting the timer.  

IV. CROSSTALK-FREE MEASUREMENT 

Crosstalk is a common issue for crossing-electrode tactile 
sensors. However, currently, there is no suitable solution for 
iontronic tactile sensors, because the crosstalk requires to be 
reduced while separately measuring impedance. 

A. Visualizing Crosstalk 

Fig. 4(a)-(b) shows a 2 × 2 instance, where Zx is the target 
measuring unit, but the measuring current can bypass Zx along 
the shunting branch. This crosstalk mechanism is well-known 
for piezoresistive tactile sensors. However, there has not been 
an intuitive phenomenon to verify this mechanism or assess 
crosstalk-reducing methods. Hence, this study visualized 
crosstalk using a 5 × 5 array with halogen bulbs (Philips, 12 V) 
shown in Fig. 4(d). A black heat-shrink tube was wrapped 
around each bulb to isolate light among individual bulbs.  

Fig. 4(e) is the general current branch topology when 
measuring Zi, j. The labels (Zx, Z2, Z3, and Z4) were equivalent 
to the primary circuit in Fig. 4(b). The units with the same row 
(Zi, :) or column (Z:, j) were on higher-current main circuits, 
while other units were on the lower-current branch circuits. 
This causes the cross pattern in Fig. 4(d).  

To reduce crosstalk, as shown in Fig. 4(f)-(g), this study 
presented QTIN to interpret ZPM. The core thought of ZPM is 
to connect unworking electrodes to the same potential (r: to rp 
and c: to cp), which typically is the ground. Hence, QTIN had 
four terminals (rx, cx, rp, and cp) to connect the readout circuit. 

B. Limitations of Concurrent Methods 

1) Voltage Dividing Method  
Utilizing a sampling impedance Z0 is a simple measuring 

principle to measure the divided voltage [19]. Theoretically, 
the impedance separation could be completed by detecting the 
entire output signal [21] (but these works did not realize this 
function, which just measured capacitance by ignoring 
resistance for fast measuring), and various pressure 
representations could be obtained using this method [7], [22], 
[23]. However, as shown in Fig. 5(a)-(b), Z3 would bypass Z0 

and affect the sampling signal ux. Additionally, as a 
combination of sensing units, Z3 was unstable while the tactile 
sensor was working, resulting in an unpredictable ux error. 

2) Charge-Discharge Method 
As shown in Fig. 5(c), the crosstalk-free charge-discharge 

method for tactile sensors [20] could also be analyzed using 
the QTIN, which could obtain Zx by thrice measurements, 

 
Fig. 3. Impedance-separating method. (a) Signal converting principle. (b) 
Fundamental measuring principle. (c) Signal output and evaluation. 
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denoted as Zi, Zii, Ziii: 

 i x 2 ii 2 3 iii x 3/ / ; / / ; / /Z Z Z Z Z Z Z Z Z    (6) 

However, as shown in Fig. 5(d), this study used the 
PCap01 chip (from the same series as [20]) to measure Zx, 
where Cx was set to 100 pF. Fig. 5(e) shows that this method is 
only capable of measuring capacitance, and the readout CPCAP 
would sharply decrease with increasing Rx. Additionally, 
while measuring several columns in parallel, this method was 
supposed to use the strategy in Fig. 5(f) (with two target units, 
Zx1 and Zx2, as an example). Then, the relationships were  

 i x1 21 x2 22 ii 21 31 22 32

iii 1 x1 31 iii 2 x2 32

/ / / / / / ; / / / / / / ;

(c ) / / ; (c ) / /

Z Z Z Z Z Z Z Z Z Z

Z Z Z Z Z Z

 
 

 (7) 

However, Zx1 and Zx2 could not be determined by (7), 
which implied that the charge-discharge method had 
limitations in measuring units simultaneously, resulting in a 
low frequency for scanning tactile sensors. 

C. Scanning Parrallely Without Crosstalk 

As shown in Fig. 6(a)-(b), the virtual ground of the TIA 
shorted Z3 and Z4. Hence, no current influenced the measuring 
ix. That is, the impedance-separating could measure tactile 
sensors without crosstalk.  

As shown in Fig. 6(c), amplifiers were used to isolate the 
on-resistor of the row (Rr) and the column (Rc) multiplexers 
(ADI, ADG706), and the output voltages ux: were detected by 
ADCs. Fig. 6(d) shows that the parallel multi-column 
measurement could be achieved due to no current interference 
among adjacent units (four parallel groups in the actual 
circuit). This specific compatibility between the 
impedance-separating method and ZMP endowed the tactile 
sensors with a high scanning frequency.  

Additionally, as shown in Fig. 6(d), since there is no 
current in rp, rp did not need to be connected to the readout 
circuit, which could simplify the readout circuit design. 

V. MEASURING EXPERIMENTS 

A. Measurement for Standard Components 

As shown in Fig. 8(d), this study utilized an iontronic 
tactile sensor with 32 × 32 units. Then, the minimum Zx of the 
iontronic tactile sensor was limited to 2 kΩ, so the maximum 
current of a row for 32 columns was 27.8 mA, which was 

 
Fig. 5. Measurement of concurrent methods. (a)-(b) In voltage dividing 
method, Z3 would affect sampling. (c) Thrice switches were required for the 
charge-discharge method. (d)-(e) Rx would affect the readout of Cx. (f) 
Multi-column measurement using the method in (c). 

 
Fig. 4. Crosstalk mechanism. (a)-(b) The measuring current can bypass the 
target unit Zx along the shunting branch. (c)-(e) Crosstalk of a 5 × 5 array. 
(f)-(g) Quadri-Terminal Impedance Network (QTIN) to address crosstalk. 
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slightly less than the maximum output current (30 mA) of an 
ADG706 channel. Hence, R0 was set to 2 kΩ.  

Table. I-II present the measuring errors e of Cx and Rx 
using standard components by 

  0 0/e x x x   (8) 

where x is the average of continuous 50 readouts; x0 is the 
nominal value. 

As shown in Fig. 7(a), different from other works testing 
readout circuits by directly connecting with tactile sensors 
(thousands of sensitive units were inconsistent and without 
quantitative calibration for each sensitive unit), this study 
designed a letter icon with standard components to test the 
performance of scanning impedance array. Fig. 7(b) shows the 
readout of our previous work [19], which could not get Rx, all 
the letters were coupled with each other, and the readout Cx 
was far less than the nominal value. Fig. 7(c) shows that, with 
the method in Fig. 4(c) (measuring point by point), the letters 
were obscured by crosstalk. Fig. 7(d) is the result using the 
crosstalk-free impedance-separating method, where the 

measuring error was consistent with Table. I-II. Then, the 
letters were displayed clearly. 

B. Measurement for Iontronic Tactile Sensors 

As shown in Fig. 8(a), according to Table. I-II, contrasting 
with other impedance-separating methods [15]-[17], the 
precise area of either capacitance (C area) or resistance (R area) 
of this work was not rectangular. Additionally, the precision 
features of C and R areas differed, where the range of the 

 
Fig. 6. Scanning principle. (a)-(b) Measuring without crosstalk. (c)-(d) 
Measuring parallelly. 

TABLE I.    CAPACITANCE MEASURING PRECISION 
Capacitance 

e 
Standard Capacitance, Cx (nF) 

0.01 0.1 0.22 0.47 0.68 1.0 2.2 3.3 4.7 

S
ta

n
d

ar
d

 R
es

is
ta

n
ce

, R
x 

(k
Ω

) 

2 -0.40 0.08 0.09 0.15 0.03 0.08 0.05 -0.08 -0.05 
5 66.34 0.06 0.07 0.12 0.00 0.06 0.02 -0.12 -0.05 
10 0.82 0.03 0.04 0.09 -0.05 0.01 -0.02 -0.16 -0.11 
15 148.7 0.04 0.01 0.06 -0.06 -0.03 -0.05 -0.09 -0.12 
20 0.99 0.01 0.01 -0.01 -0.10 -0.07 -0.11 -0.25 -0.23 
25 86.47 -0.03 0.00 0.03 -0.11 -0.08 -0.16 -0.11 0.47 
30 1.37 -0.03 -0.03 -0.05 -0.19 -0.16 0.04 0.14 0.66 
40 1.25 -0.03 -0.12 -0.11 -0.26 -0.20 0.58 250.1 271.9 
50 34.15 -0.02 -0.12 -0.18 -0.23 0.16 347.0 812.7 695.6 
60 5.48 -0.08 -0.14 0.01 0.08 0.75 152.4 397.9 282.6 
70 1.68 -0.07 -0.10 0.19 0.27 417.3 660.7 342.1 454.8 
80 49.59 -0.07 -0.10 250.0 431.1 738.6 546.0 804.0 757.6 
90 646.6 -0.08 -0.06 237.9 481.0 732.1 800.1 621.0 364.8 
100 279.5 -0.04 -0.15 292.0 727.6 -0.52 142.8 36.12 41.11 

Error of blue marks < ±20% 
TABLE II.    RESISTANCE MEASURING PRECISION 

Resistance 
e 

Standard Capacitance ± 5%, Cx (nF) 
0.01 0.1 0.22 0.47 0.68 1.0 2.2 3.3 4.7 

S
ta

n
d

ar
d

 R
es

is
ta

n
ce

 ±
 1

%
, R

x 
(k
Ω

) 

2 62.29 -0.99 -0.64 -0.17 -0.13 -0.09 -0.04 -0.04 -0.03 
5 56.00 -1.00 -0.22 -0.08 -0.06 -0.04 -0.03 -0.03 -0.03 
10 16.63 -0.51 -0.08 -0.04 -0.04 -0.04 -0.02 -0.02 -0.02 
15 7.51 -0.08 0.00 -0.03 -0.03 -0.02 -0.02 -0.02 -0.02 
20 5.40 0.01 -0.02 -0.02 -0.03 -0.03 -0.02 -0.02 -0.02 
25 6.24 0.01 -0.03 -0.01 -0.03 0.01 -0.02 -0.01 -0.01 
30 3.45 -0.02 0.00 -0.03 0.00 -0.02 -0.02 -0.01 -0.02 
40 2.07 -0.04 -0.02 0.01 0.00 0.00 -0.01 -0.01 -0.01 
50 1.49 0.03 -0.01 -0.02 -0.01 0.00 -0.01 -0.02 -0.02 
60 3.28 0.00 0.00 0.03 0.03 0.03 0.02 0.01 0.01 
70 1005 0.03 -0.02 0.02 0.01 0.01 0.00 -0.01 -0.01 
80 2.45 0.05 0.02 0.01 0.02 0.00 -0.02 -0.03 -0.04 
90 888.4 0.06 0.01 0.03 0.02 -0.01 -0.02 -0.02 -0.04 
100 0.74 0.06 -0.09 -0.04 -0.04 -0.08 -0.05 -0.04 -0.03 

Error of red marks < ±10% 

 
Fig. 7. Measuring impedance icon. (a) A 32 × 32 impedance array with 
standard components. (b)-(d) Comparing with other methods, the presented 
method could separately measure impedance without crosstalk. 
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precise R area was wider than the precise C area, but C was 
more precise than R, while both Rx and Cx were small. Notably, 
the pressure response of the iontronic tactile sensor was in 
both the precise areas, which shows special-shape precise 
areas could also be suitable for measuring tactile sensors.  

As shown in Fig. 8(b)-(c), for the same test specimen with 
the structure in Fig. 2(c), the measured pressure response of 
this work was closely similar to that of the commercial LCR 
meter. Here, e was the average error of the seven pressures 
with this work, where LCR results were the ground truth.  

As shown in Fig. 8(d), a subject pressed the iontronic 
tactile sensor thrice at varying speeds and pressures. Fig. 8(e) 
shows the average response of all the sensing units, where 
severe array noise was observed.  

C. Denoising Impedance Array 

The reason for the noise was that when no pressure was 
applied to a specific sensitive unit (in its initial state), its Rx 
was large (370 kΩ), and Cx was small (9 pF). The circuit could 
not measure precisely, as shown in Table I-II. Hence, as 
shown in Fig. 8(a), this study defined a measuring area as 

 x x x x
ˆ ˆˆ ˆˆ100k ; 10pF; 40μsR C R C       (9) 

Any result beyond this measuring area was considered as 
Overload (displaying Rx = 100 kΩ and Cx = 0 pF). As shown 
in Fig. 8(f), after setting the measuring area, the noise was 
reduced obviously. 

However, as shown in Fig. 8(a), the measuring area 
included imprecise areas and excluded a large precise area. In 
the future, the measuring error principle will be investigated, 
and then a more reasonable denoising method will be designed 

with analyzing the working effect, such as minimum 
detectable pressure, range, and real-time performance.  

Table III shows that, although the measuring frequency of 
this work (requiring waiting for signals to get stable) was 
lower than the voltage dividing method, the crosstalk-free 
impedance separation was achieved. 

VI. CONCLUSIONS 

This study presented a crosstalk-free impedance separating 
method for iontronic tactile sensors. Using a two-sample 
measuring-separating principle, we obtained precise 
resistance and capacitance results. The crosstalk-free 
performance of measuring impedance arrays was verified 
using an icon with standard components. Additionally, by 
setting a simple measuring area, the initial noise of measuring 
the iontronic tactile sensor was reduced obviously. 

In the future, additional performances of combining the 
tactile sensor with the readout circuit will be tested, such as 
hysteresis and stability. The generalization of the readout 
circuit will be tested on tactile sensors with various ionic 
concentrations. A more suitable array denoising method will 
be designed to enhance comprehensive performance. 

TABLE III.    COMPARISON WITH CONCURRENT WORKS  
FOR IONTRONIC TACTILE SENSORS 

Measuring 
Performance 

Rx Cx 
Cross- 
talk- 
free 

Parallelly 
Measure 

Hardware 
Complexity 

Frequency 
(Units per 
Second) 

LCR Meter [18] √ √ - - Commercial 0.5 
Divide Voltage 

[19]  
- √ - √ Simple 100 k 

Charge- 
Discharge [20] 

- √ √ - Complex 2 k 

This Work √ √ √ √ Simple 25 k 

 
Fig. 8. Measuring iontronic tactile sensors. (a) Pressure response was in the precise area. (b)-(c) The measuring results of this work are similar to the 
commercial LCR meter. (d)-(e) The noise of the area without pressure was severe. (f) Denoising effect by setting measuring area. 
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