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Introduction

As a rehabilitation technique for neurological 
injury diseases, electrical stimulation therapy 
has garnered extensive attention and research 
in recent years due to its ability to help patients 
rebuild or restore some motor functions [1, 2]. 
Currently, various forms of electrical stimula-

tion instruments are available on the market. 
Most of these devices adjust treatment inten-
sity based on subjective pain perception of 
patients, lacking capability to record the phys-
iological information, such as bioimpedance, 
surface electromyography [3]. This kind of phys-
iological information is essential for guiding role 
in the treatment of patients [4-7].
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Abstract

Objectives: To investigate how impedance values and sensory thresholds at various human upper limb sites af-
fect the parameter settings of electrical stimulation equipment in low and medium frequency envelope electrical 
stimulation therapy. Methods: The study involved testing different upper limb sites on 22 healthy subjects (ages 
21-25, 11 males and 11 females) by adjusting the modulation wave frequency, carrier frequency, and current in-
tensity of the output. Five types of electrodes of various sizes were used in the tests. Results: The impedance test 
results for the human upper limb showed a wide range of impedance values across electrodes of different sizes. 
A new impedance model of the human upper limb was proposed, which accurately fits the relationship between 
frequency and impedance values. In electrical stimulus sensory experiments, the voltage perception threshold 
(VPT) introduced in this study was identified as a novel metric for electrical stimulus sensation. Unlike the current 
perception threshold, VPT does not consider the effects of current magnitude and output frequency. The range of 
sensory thresholds was 6-8 V, while the suprathreshold was 9-11 V. Neither experiment showed gender differenc-
es. Conclusions: Determining the value of the power supply and the output intensity of device power amplification 
circuitry based on the VPT can provide a more precise therapeutic dose for electrical stimulation therapy.

Keywords: Electrical stimulation, human impedance, voltage perception threshold, envelope

Highlights
● This study introduces a novel impedance model for the human upper limb, providing a highly accurate fit be
   tween frequency and impedance values.
● The newly proposed Voltage Perception Threshold (VPT) method offers a more reliable measure of electrical 
   stimulus sensation, independent of current magnitude and output frequency, compared to the traditional Cur-    
   rent Perception Threshold (CPT).
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The electrical model of the human body is high-
ly complex, and the biological passive imped-
ance model contains complex domains, neces-
sitating the consideration of both direct current 
and alternating current in waveform selection 
[8-12]. YinQimin noted an issue when com-
paring square waves with differential waves in 
experiments: square waves induce the human 
body to produce differential waves, making it 
impossible to evaluate the effect of the two 
waveforms by comparing two different differen-
tial waves [13-15]. One key point we propose 
is that a patient’s sensation to a stimulus does 
not necessarily indicate that the waveform is 
undistorted. Many studies lack the measure-
ment of relevant physiological information be-
fore setting electrical stimulation parameters 
[15]. Zhou et al. did not account for measuring 
human body impedance before designing the 
boost voltage source [16]. Boosting the power 
supply to a certain value without determining 
the impedance value can lead to excessive 
circuit power consumption or cause output 
waveform distortion in electrical stimulation 
equipment.

Pain and tolerance threshold can also be con-
sidered as a form of physiological information, 
providing valuable clinical insights for evaluat-
ing neurological defects, selecting appropriate 
treatments, and monitoring sensory recovery 
after injury [17]. Electrical stimulation is a sim-
ple method for measuring pain sensation [17-
20]. Previous studies have predominantly used 
current perception threshold (CPT) as a criteri-
on [21-25]. Hiremath SV et al. showed that the 
receptive intensity increases with the higher 
pulse amplitude and frequency [26]. However, 
there is limited research on the reasons for the 
differences in CPT across different genders 
and ages. This is because the adjustment of 
electrical stimulation intensity is usually based 
on subjective verbal feedback, and information 
about the stimulation waveform, electrode size 
and other parameters is often incomplete or in-
consistent. Thus, relying on a patient’s subjec-

tive experience to determine stimulation dose 
is unreliable, highlighting the need for methods 
to objectively quantify pain. Seno SI et al. mea-
sured CPT with five electrode sizes, finding that 
the CPT values increased with electrode size 
[18]. After adjusting for body fat percentage or 
body water content, the logarithmic conversion 
values showed no gender differences between 
electrode pairs.

The impedance value of the human upper limb 
directly affects the supply voltage required 
by stimulation equipment, while the sensory 
threshold affects the parameter setting of the 
electrical stimulation and the therapeutic ef-
fect. This study was conducted to investigate 
the influence of human upper limb impedance 
and electrical stimulation sensory threshold on 
the parameter setting of electrical stimulation 
equipment using a controlled variable method 
to obtain relevant physiological information. The 
variables examined included five different sizes 
of hydrogel electrodes, modulating waveforms 
ranging from 2-150 Hz, carrier waveforms with 
output frequencies from 1-10 kHz, and output 
currents ranging from 0-20 mA.

Methods and materials

Theory background

Figure 1A illustrates a model of a constant cur-
rent source circuit used in electrical stimulation 
equipment. The current magnitude is given by 
(1):             

where Id represents the current flowing through 
the human body (with RLoad as the impedance 
of the human upper limb), Uin is the input volt-
age signal, and VDD (voltage drain drain) is 
the power supply for the power amplifier circuit 
in the device. Uref is referenced to ground, the 
output current is solely determined by the input 
voltage Uin, and is independent of the load im-

Figure 1. Electrical stimulation circuit block diagram. (A) Constant-current source model of the electrical 
stimulation device; (B) Functional block diagram of electrical stimulation module; (C) The relationship between the 
impedance of human body and the power supply of power amplifier circuit. VDD,voltage drain drain; VSS,voltage 
source and sink; DAC,digital-to-analog converter; MCU,microcontroller unit.
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pedance RLoad.

The relationship between the power supply of 
the power amplifier module and the impedance 
amplitude of the human body can be simplified 
to the model shown in Figure 1B. Previous stud-
ies have shown that the intensity of electrical 
stimulation is typically determined by the cur-
rent magnitude [27]. When the output current 
I is fixed, the power supply voltage U should be 
set according to the maximum impedance Z. If 
U < Z * I, the output waveform will be distorted; 
if U is too large, it will increase the power con-
sumption of the entire circuit. Therefore, before 
setting the power supply value, it is crucial to 
determine the range of the human impedance 
values. To prevent the output waveform dis-
tortion or excessive U values during the mea-
surement, this study first measured the human 
impedance using the circuit shown in Figure 
1B. A transformer was added between the con-
stant-current source power amplifier circuit and 
the human body load. The transformer isolates 
the human body from the circuit board and acts 
as an impedance transformer. By converting 
the high impedance on the load side to a lower 
impedance on the output side, a lower supply 
voltage can be utilized without increasing cir-
cuit power consumption. In this study, the pow-
er supply U1 was set to 15 V, and the number 
of turns on the transformer’s secondary coil 
was chosen to be 20, allowing for a maximum 
undistorted voltage of 300 V to be measured 
on the load side of the human body. The power 
supply voltage can be adjusted at a later stage 
according to the measured impedance values.

Instrument design 

This device utilizes a constant-current source 
for the electrical stimulation output, ensuring 
that the output current remains unaffected by 
changes in the impedance of the human upper 
limb. Figure 1C presents a functional block 
diagram of the electrical stimulation module, 
including MCU (microcontroller unit), modula-
tion module, constant-current source output 
and power amplification modules. The DAC1 
(digital-to-analog converter) output of the MCU 
provides the modulating waveform, which can 
be selected as either a sinusoidal waveform 
or square waveform. Given the complex im-
pedance characteristics of the human body, a 
square wave output will result in a differential 
wave, so DAC2 is configured to output only 
alternating current signals. The waveform fre-
quency can be modulated by adjusting the tim-
er settings. To enhance bandwidth capacity, the 
outputs from the MCU’s two DACs are followed 
by a voltage follower. It is necessary to convert 

the DAC1 output to 0-1 V and the DAC2 output 
to -1 -1 V. These outputs are then fed into the 
AD835 multiplier, where they are modulated 
to produce the two waveforms depicted in the 
modulation module. Finally, the electrical stim-
ulation is delivered to the human body through 
electrode pads via a constant current source 
and power amplification circuit.

Before conducting the experiment, it is essen-
tial to evaluate the output capability of the con-
stant current source. This evaluation was per-
formed using a 100 Hz sinusoidal modulating 
waveform and a 2 kHz sinusoidal carrier wave-
form while outputting a constant current. The 
voltage across the resistive loads, with varying 
resistance values, was measured. The output 
current strength was set in increments ranging 
from 5 to 25 mA, divided into 5 steps. The nom-
inal resistance value of the loads were between 
1 and 5 KΩ (with a power rating of 50W and an 
accuracy of 1%), and each load was measured 
individually. Table 1 presents the measurement 
results, including the average value and stan-
dard deviations. The maximum standard devi-
ation observed was 0.17 mA, which basically 
meets the requirements for a constant current 
source.

Results

The experiment used five hydrogel electrode 
pads in different sizes, as shown in Figure 2, 
to perform the following two tests: 1) A fixed 
current was output, while the modulating wave 
frequency and carrier frequency were adjusted. 
The impedance value of different upper limb 
sites was then determined using Ohm’s law by 
measuring the voltage at various points on the 
upper limb. 2) Currents of varying sizes and 
frequencies were output to quantify the pain 
perception threshold. The study involved 11 
healthy male subjects (age: 23±2 years, height: 
173.2±5.1 cm, weight: 70.8±13.2 Kg) and 
11 healthy female subjects (age: 22±2 years, 
height: 163±4.7 cm, weight: 52±8.6 Kg). All 
subjects participated voluntarily and were in-
formed of the purpose of the experiment. They 
were also made aware that they could withdraw 
from the experiment at any time.

Human Upper Limb Impedance Measurement

The measurement of human upper limb imped-
ance considered several factors: different parts 
of the human upper limb, modulating wave fre-
quency, carrier frequency and electrode size. As 
shown in Figure 3, the positive electrode of the 
differential electrode pair was fixed on the left 
brachioradialis muscle, and the negative elec-



136

Progress in Medical Devices 2024; 2 (4): 133-143. PMD24040283

Progress in Medical Devices

trode was placed on the following four different 
sites: (A) left brachioradialis muscle, (B) left 
biceps brachii muscle, (C) right brachioradialis 
muscle, and (D) right biceps brachii muscle. 
The electrodes used were Ag/AgCl disposable 
cardiac electrode sheets. The modulating wave-
form was a 10 Hz sine wave, and the carrier 
waveform was a 1000 Hz sine wave. During the 
experiment, the modulating wave frequency 
was varied in 1 Hz increments within the range 
of 2-150 Hz, with results consistently around 

19.2 V. This consistency indicates that varying 
the electrode position on the upper limb or 
changing the modulating wave frequency had 
negligible effects on the measured impedance 
values. Consequently, this experiment primarily 
focused on examining the relationship between 
carrier frequency, electrode size, and the im-
pedance of the upper limb.

Measurement result

Table 1. Output current corresponding to different resistance loads and their average value and SD
    Current intensity / mA
5 10 15 20 25

Load/Ω

1K 5.10 10.8 15.20 20.40 25.40
2K 5.15 10.2 15.00 20.20 25.20
3K 5.00 9.98 14.96 19.96 24.88
4K 4.10 10.10 15.10 20.10 25.12
5K 5.08 10.20 15.20 20.28 25.26

Statistics
mv 5.08 10.18 15.09 20.19 25.17
sd 0.05 0.14 0.10 0.15 0.17

Note: MV, mean value; SD, standard deviation.

Figure 3. Impedance measurements were performed on different positions of the upper limb. (A) left brachiora-
dialis-left brachioradialis; (B) left brachioradialis-left biceps brachii; (C) left brachioradialis-right brachioradialis; (D) 
left brachioradialis-right biceps brachii.

Figure 2. Hydrogel electrode size. The size of each electrode sheet: 3.53cm2 (a), 9.82cm2 (b), 16 cm2 (c), 25 cm2 

(d), 50 cm2 (e).
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The carrier frequency was adjusted in incre-
ments of 100 Hz within the 100-1000 Hz 
range, 500 Hz within 1-3 kHz range, and 1000 
Hz for adjustments within 3 -10 kHz range. 
Measurements were made sequentially using 
five electrode pads. Tests were conducted sep-
arately on 11 males and 11 female subjects. 
Figure 4A shows the test results for the male 
group, and Figure 4B shows the test results 
for the female group. The data indicate that 
the impedance values varied significantly with 
different electrode sizes, although the over-
all trend remained consistent. As the carrier 
frequency increased, the impedance initially 
peaked before decreasing as the frequency 
continued to rise. Additionally, larger electrode 
sizes corresponded to lower carrier frequencies 
at which peak impedance occurred. When the 
carrier frequency exceeded 5 kHz, the imped-
ance plateaued. No significant differences were 
observed between genders. Table 2 lists the 
three impedances for both test groups: the im-
pedance minima, maxima, and peak frequen-
cies corresponding to the impedance maxima 
measured for each electrode size. The peak 
frequencies were identical, and the impedance 
values did not differ significantly by gender.

Human Upper Limb Impedance Model

Analysis of the experimental data reveals a 
maximum impedance peak at a specific fre-

quency [28]. The three-element equivalent 
circuit model proposed by Cole is widely used 
in analyzing human impedance. In an RC (Re-
sistance-capacitance) circuit model, impedance 
peaks are not possible; therefore, the tradition-
al human impedance model is not suitable for 
electrical stimulation involving the envelope 
waveform formed by modulating and carrier 
waveforms. For low- and medium- frequency 
envelope waveform electric stimulation, a suit-
able passive circuit model can be used to fit the 
data, and the values of the parameters related 
to the impedance of the upper limb of the hu-
man body can be further analyzed. Based on 
the impedance variation pattern of the human 
upper limb shown in Figure 5, it is suggested 
that the upper limb exhibits not only capacitive 
characteristics but also possibly inductive char-
acteristics. The combination of inductance and 
capacitance may result in a resonance frequen-
cy where the impedance peaks. The expression 
for the impedance value Z is:

To achieve a peak frequency in this model, as-
suming , the expression of Z is:

Table 2. The impedance minima, maxima, and peak frequencies corresponding to the impedance maxima mea-

sured for the two test groups in the carrier frequency range of 100-10000 Hz (standard deviation in parentheses)
Electrode (cm2) Male (n=11) Female (n=11)

3.53 9.82 16 25 50 3.53 9.82 16 25 50
Min/KΩ 0.51

(0.05)
0.45

(0.04)
0.39

(0.04)
0.34

(0.05)
0.27

(0.02)
0.51

(0.04)
0.44

(0.03)
0.42

(0.03)
0.38

(0.04)
0.31

(0.02)
Max/KΩ 21.80

(3.52)
10.98
(3.53)

8.06
(0.89)

6.18
(0.56)

3.79
(0.32)

19.80
(3.18)

11.68
(2.82)

8.16
(0.79)

5.56
(0.57)

3.29
(0.29)

Peak frequency/
Hz

2000 1500 700 500 400 2000 1500 700 500 400

Figure 4. Carrier frequency (100-10000 Hz) corresponded impedance value of five electrode sizes. (A) Male sub-
jects; (B) Female subjects.Increments of 100 Hz within the 100-1000 Hz range, 500 Hz within 1-3 kHz range, and 
1000 Hz for adjustments within 3-10 kHz range.
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When , the impedance value Z reached 
its maximum, and the maximum value zm≈L/
(R2C). The corresponding peak frequency zm≈L/
(R2C) . Table 3 presents the relevant data mea-
sured in the experiment.

Figure 6 shows the fitting result of formula (3) 
to the impedance value and its corresponding 
frequency. Twenty-one discrete points were ob-
tained from each electrode, with the solid line 
representing the fitted curve. Table 4 shows the 
fitted values of the components in the circuit 
model and the theoretical peak frequencies 
and maxima impedance calculated from the 
fitted values. The analysis reveals that the in-
ductance L remains nearly constant, while the 
fitted capacitance C increases with electrode 
size, and the fitted resistance R2 decreases 
with electrode size. A linear relationship was 
observed between electrode area (Area), capac-
itance C, and resistance R2. The relationship 
between C and electrode size (Area) is defined 
by equation (4) and the relationship between 
R2 and C is defined by equation (5). Based on 
the fitted values, the peak frequency calculated 
by the formula fpeak=1/(2π√LC) closely matches 
the original measured peak frequency. Similar-
ly, the theoretical impedance value calculated 
by zm≈L/(R2C) is consistent with the measured 
value. In summary, the circuit model accurately 
fits to the measured impedance of the human 
upper limb, providing a robust model for obtain-
ing various physiological information in medical 
research involving low and medium frequency 
envelope electrical stimulation.

Pain perception threshold measurement

The relationship between pain perception, 
current intensity, and carrier frequency was in-
vestigated by adjusting these variables during 

experiments conducted with five electrodes of 
different sizes. Pain perception was assessed 
based on patient feedback, where the current 
intensity and carrier frequency were varied, and 
the patient’s reactions were observed. When 
electrical stimulation was present, adjustments 
were made until the sensation disappeared, 
though current output remained—this point 
was recorded as the subsensory threshold. The 
sensory threshold was recorded when electri-
cal stimulation was felt, and the supra-sensory 
threshold was recorded when there was notice-
able electrical stimulation and numbness [29].

According to these three sensory criteria, the 
carrier frequency was adjusted within the 6-10 
kHz, where the impedance changes slowly. The 
current intensity was varied from 0-20 mA, with 
a increment about 1 mA.

During measurement, as the carrier frequency 
increased, the voltage amplitude decreased, 
resulting in reduced electrical stimulation expe-
rienced by the subjects. Increasing the current 
at this point raised the voltage amplitude and 
enhanced the electrical stimulation. Table 5 
shows the test results for one subject. For each 
type of electrode, the standard deviation of the 
voltage measured at the three sensation levels 
was less than 1V across different frequencies. 
The results indicated consistent voltage thresh-
olds for electrical stimulation among subjects. 
In summary, the voltage at both ends of the 
stimulation site can replace CPT as a measure 
of pain perception, namely voltage perception 
threshold (VPT).

Figure 7 shows the VPT values obtained from 
each electrode, separated by sex. Figure 7a 
shows the perceptual threshold corresponding 
to the five electrodes. The measured sensory 
threshold values for males were 11.04, 9.20, 
6.97, 7.17 and 6.92 V, while the values for fe-
males were 12.75, 9.25, 6.68, 7.13 and 6.15 
V, respectively. There were significant differenc-
es between sexes when using 3.53 cm2 (P < 
0.001) and 50 cm2 (P < 0.01) electrodes, while 
the VPT values were similar for other three 
electrodes. Figure 7b shows the measurement 
results above the sensory threshold. The mea-
sured supra-sensory threshold values for males 
were 16.54, 11.36, 8.49, 8.89, and 8.51 V, 
whereas for females, the values were 18.58, 
12.74, 8.61, 9.12, and 8.17 V. Significant dif-
ferences between males and females were 
found when using the 3.53 cm2 (P < 0.001) 
and 9.82 cm2 (P < 0.001) electrodes, while VPT 
values remained consistent for the other three 
electrodes. For both sensory and supra-sensory 

1R
2R L

C

Figure 5. Passive circuit model of human imped-
ance.
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Table 3. Human body impedance obtained from five electrodes
Electrode Zmin/KΩ Zmax/KΩ fpeak/Hz

EL 1 0.51 20 2000

EL 2 0.45 11 1500

EL 3 0.4 8 700

EL 4 0.39 6 500

EL 5 0.29 3.5 400

Note: Zmax: the maximum impedance value measured for each electrode; fpeak: the peak frequency corresponding 
to Zmax.

Table 4. Fitted values for each electrode in the circuit model
Electrode/ cm2 L/H C/nF R2/Ω fpeak/Hz Zmax/KΩ

EL 1(3.53) 0.6817 10.41 3178 1890 20.60

EL 2(9.82) 0.6839 22.27 2238 1290 13.72

EL 3(16) 0.7719 75.75 1204 659 8.46

EL 4(25) 0.7306 121.50 934.4 534 6.43

EL 5(50) 0.6777 261.30 659.7 378 3.93

Table 5. Pain perception value of subjects by adjusting electrode sizes and different carrier frequencies
Electrode Perception Carrier frequency/KHz MV SD

6 7 8 9 10

EL 1
subthreshold 8.4 8 9.4 8.4 8 8.44 0.51

Readout 
(Vpp)

threshold 11 10.4 11 11.2 10.2 10.76 0.39

suprathreshold 20 20.8 21.6 22 20 20.88 0.82

EL 2
subthreshold 9.2 9.8 9.2 10 9.2 9.48 0.35

Readout 
(Vpp)

threshold 11 10 10.6 10 10.5 10.42 0.38

suprathreshold 15.8 15.6 14.4 13.4 16 15.04 0.99

EL 3
subthreshold 6.8 6.8 7.68 7.6 6.72 7.12 0.42

Readout 
(Vpp)

threshold 7.44 7.6 8 8.12 7.12 7.66 0.37

suprathreshold 9.68 9.68 10.2 9.68 9.84 9.82 0.20

EL 4
subthreshold 7.12 6.4 7.2 8.12 6.72 7.11 0.58

Readout 
(Vpp)

threshold 7.92 7.12 7.92 8.6 7.44 7.80 0.50

suprathreshold 9.68 9.6 10.6 10.7 9.6 10.04 0.50

EL 5
subthreshold 6.16 5.84 6.4 6.72 7.44 6.51 0.55

Readout 
(Vpp)

threshold 7.2 6.4 7.12 7.44 7.92 7.22 0.49

suprathreshold 9.68 10.2 9.52 10.1 9.52 9.8 0.29

Note: Vpp, voltage peak-peak; MV, mean value; SD, standard deviation.
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threshold measurements, there was no signif-
icant difference in VPT values between the 16 
cm2 and 25 cm2 electrodes. This indicates that 
the sensation of pain from electrical stimula-
tion is determined by the voltage applied across 
the electrodes. In traditional electrical stimula-
tion, a constant current source circuit is sued 
to achieve therapeutic effect by controlling 
parameters such as current intensity and fre-
quency. However, individuals have different 
thresholds for current perception, meaning a 
unified current intensity standard may have dif-
ferent therapeutic effects for different individu-
als. As a new quantitative standard, VPT value 
can reflect the pain of electrical stimulation 
more simply and accurately, thereby achieving 
a consistent therapeutic effect across different 
individuals.

Discussion

This study aimed to investigate the maximum 
impedance of the human body during low-fre-
quency envelope electrical stimulation and 
determine the appropriate voltage for the 
power amplifier circuit of electrical stimulation 
equipment. The measured impedance of the 
human body depends on the electrode size 
and the carrier frequency of the output. When 
using electrode EL1 for electrical stimulation, 
the impedance range is about 0.4 to 21.6 KΩ. 
According to Figure 2a, achieving a peak out-
put current of 1mA requires a power supply of 
216 V, while an output current of 2 mA would 
require 432 V, and so on. Such high voltage 
levels are impractical to achieve. The results of 
the electrical stimulation measurement show 
that the voltage perceived by the human body 
is much lower than the above-mentioned power 
supply value. As shown in Figure 7, when the 

Figure 6. Fitting result of equation (3) for impedance value and its corresponding frequency. The solid dot is the 
measured data, and the solid line is the fitting curve. (A) Electrode 1; (B) Electrode 2; (C) Electrode 3; (D) Electrode 
4; (E) Electrode 5.

Figure 7. Comparison of the voltage perception threshold obtained from male (gray) and female (white) sub-
jects using five electrodes of different sizes. (A) sensory threshold; (B) supra-sensory threshold. The box plot 
frames represent the 25th and 75th percentiles, while the whiskers indicate outliers. The small box within the 
plot represents the mean, the notch indicates the median, and * denotes significant differences between sexes 
(***p<0.001, **p<0.01).
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VPT exceeds about 10 V, the human body has 
an obvious sensation of electrical stimulation. 
The effect of varying electrode sizes is mini-
mal; the sensory threshold ranges from 6-8 V 
for electrodes of 16 cm2, 25 cm2 and 50 cm2, 
while the supra-sensory threshold ranges from 
9 to 11 V.

In addition to differentiating the test subjects 
by gender, we analyzed the factors affecting 
the impedance values of the human body using 
four parameters: different parts of the upper 
limbs, modulating wave frequency, carrier fre-
quency, and electrode size. Only the electrode 
size and the output carrier frequency signifi-
cantly affected the measured value. Notably, 
the impedance ranges measured by different 
sizes of electrodes varied significantly. The 
human impedance circuit model shown in Fig-
ure 6 accurately represents the relationship 
between carrier frequency and human imped-
ance. Skin impedance model was first devel-
oped by Cole, and since then, various imped-
ance models have been proposed [30]. Table 6 
summarizes five common impedance models 
for the human body [31-33]. The differences in 
the studies may come from two main factors: 
1) Most previous models used single waveform
measurement, while this study focuses on the
effect of human impedance on electrical stimu-
lation parameters without comparing modulat-
ed waveforms to single waveform. 2) This study
utilized five different electrode sizes for the
measurement of human upper limb impedance,

whereas most of the previous studies used a 
single electrode with unspecified dimensions 
and inconsistent electrode material. 3) In the 
previous research, when the frequency range 
used in the experiment was close to the peak 
frequency, the relationship between impedance 
and frequency was typically monotonous - ei-
ther increasing steadily in the low-frequency 
range or decreasing steadily in the high-fre-
quency range.

For the measurement of electrical stimulation 
perception, previous studies have suggested 
that the factors affecting CPT include current 
intensity, frequency and electrode size [26]. It 
is difficult to quantify so many variables. Com-
pared with CPT, the VPT proposed in this study 
provides a better quantification of pain percep-
tion. As shown in Figure 7, the sensory thresh-
old and supra-threshold values obtained from 
electrodes EL3 (electrode), EL4, and EL5 are 
comparable. The larger differences observed 
with EL1 and EL2 are due to their sensitivity 
to the measured values. As shown in Figure 
6, within the 6-10 kHz range, the impedance 
values for EL1 and EL2 differ by approximately 
1.5 KΩ and 500 Ω, respectively, despite the 
slower rate of change. This sensitivity is evident 
in that small currents and frequency changes 
cause significant voltage changes. While this 
study does not specifically explore the relation-
ship between human impedance and electrical 
stimulation perception, the results suggest a 
positive correlation between these two physio-

Table 6. Five common impedance models for human body
Definition Model References
Montague R1

R2

C
false

[31]

Tregear R

C

R

C
... false

[31]

CPE_based R1
R2

Z
false

[31]

Three-element R1

R2C
false

[32]

FOIM
R1 LCPE

R2

L
C

false

[33]

Note: CPE, constant phase element; FOIM, fractional-order impedance models.
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logical parameters.

One of the major limitations of this study is that 
the output intensity of electrical stimulation 
was not fully measured. Clinically, the output 
dose of electrical stimulation therapy is typical-
ly determined based on the patient’s sensory 
or muscle response [29]. To avoid causing 
discomfort or pain to the subjects during the 
experiment, we did not use muscle response 
as a basis for measuring VPT. In addition, the 
measurement of human body impedance does 
not decisively determine the power required 
for the electrical stimulation power amplifier 
circuit. The final results show that the output 
current is not the primary factor affecting the 
perception of electrical stimulation. Instead, 
perception is solely related to the voltage 
across the stimulation site. Regardless of the 
current output, when the VPT exceeds 10 V, 
the human body experiences obvious electrical 
stimulation, which is far less than the product 
of the current and body impedance. Therefore, 
this finding suggests a potential shift towards 
using a constant voltage source circuit instead 
of constant current source circuit to achieve the 
desired stimulation effect in future electrical 
stimulation device. Additionally, we considered 
whether the inductive characteristic of human 
upper limb impedance is related to the material 
of hydrogel electrodes. To verify this, we con-
ducted preliminary experiments with sponge 
electrodes and observed the same trends, 
thereby excluding the hydrogel material’s influ-
ence on impedance values.

In summary, the purpose of this study was to 
measure the range of human impedance and 
electrical stimulation sensation to determine 
the appropriate power supply and output in-
tensity for electrical stimulation devices. The 
results show that these two parameters should 
be set based solely on electrical stimulation 
sensation. A new impedance model proposed 
in this study accurately fits the measured val-
ues. For measuring electrical stimulus percep-
tion, this study proposes a new method using 
the VPT. focuses exclusively on the voltages 
across the stimulation site, excluding factors 
such as current intensity and frequency, which 
significantly simplifies the measurement crite-
ria. Compared to CPT, VPT offers a more pre-
cise method for electrical stimulation therapy.

In the next step of the research, the device de-
veloped in this study will be refined by adding 
the voltage detection function to monitor the 
voltage across the patient’s stimulation site 
in real time. Additionally, the method of mea-
suring the upper limb impedance in this study 

relies on Ohm’s law and collects the voltage at 
both ends of the electrode, including a part of 
electrode contact impedance. Future improve-
ments in the measurement method will aim to 
exclude the influence of electrode contact im-
pedance to provide more accurate results.
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