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Abstract 

A built-in capacitive proximity sensing method for a charge-induction electrostatic film actuator is proposed. This 
actuator consists of two thin sheets that function as a stator and a slider. A stator is an insulating sheet with many 
strips of electrodes in it, whereas a slider is a dielectric sheet that has slight conductivity on its surface. By apply-
ing actuation voltage on stator electrodes, the slider that is placed on the stator is driven by electrostatic force. 
This research realized the simultaneous actuation and proximity sensing using the same electrodes by integrating 
a resonance-based capacitance measurement circuit into a driving circuit. The study investigated the impact of hav-
ing a slider on sensing performance, confirming the feasibility of simultaneous sensing and driving. The imple-
mented system achieved an interactive actuation that changed driving velocity according to the proximity distance 
of the human hand.
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Introduction
Charge-induction electrostatic actuators [1] are one 
type of macro-scale electrostatic actuators [2–6], which 
are realized on a centimeter-scale. In its typical configu-
ration, the actuator consists of two films: a stator and a 
slider. The stator is a thin plastic sheet with many embed-
ded parallel electrodes that are connected into multiple 
phases, such as 3-phase and 4-phase. The slider is also 
a thin plastic sheet but does not have any electrodes. 
Instead, it has slight conductivity on its surface to react 
to an electric field created by the stator electrodes. The 
slider is driven on the surface of the stator by applying a 
multi-phase voltage pattern to the stator’s electrodes.

One characteristic feature of this actuator lies in its 
physical shape. While its thickness ranges from tens of 
micrometers to a few millimeters, it can be fabricated 
over a large area spanning from tens of centimeters up 

to a meter. Other unique features include its ability to 
be optically transparent [7], depending on the materi-
als used, and its capability to have pictures printed on its 
surface [8].

Utilizing these unique features, several applications as 
human interfaces have been proposed for the actuator. 
One example is a vision-motion integrated display [9–
11]. In this integrated display, a transparent stator of the 
actuator is integrated onto the surface of a visual display. 
A slider with a picture printed is placed on the display as 
a tangible object. A user can manually move the tangible 
slider to interact with or manipulate the visual informa-
tion displayed beneath the stator. Alternately, the slider 
can be automatically moved by the electrostatic actuation 
to represent a response from the visual information. In 
such a way, users can experience bi-directional tangible 
interactions with the visual information.

Another application is a dynamic or moving poster for 
advertisement [8]. In this concept, graphical images are 
printed on both the stator and sliders to comprise a sin-
gle picture. The sliders are then moved using the electro-
static actuation, causing a portion of the poster image to 
physically move. When stationary, the thin form factor of 
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the actuator makes the poster appear just like an ordinary 
poster. Therefore, the unexpected physical motions can 
surprise the viewers and can create a strong advertising 
impact.

As such, the actuator has proven itself to be a power-
ful tool for human interactions. To further enhance its 
capabilities for human interactions, various studies have 
been conducted. These studies include the development 
of a built-in slider detection system [12] and a motion 
simulator to design stator electrode patterns to generate 
complex slider motions [13]. These studies realize con-
trolled slider motions along complex motion paths that 
can enhance expression.

Another potential direction to enhance interactivity 
or expression is the use of proximity detection of users 
or viewers. If the actuator can detect an approach of a 
human body, it can adjust its motion based on proxim-
ity, providing users with more immersive interactive 
experiences.

Human motions including proximity could be eas-
ily detected by installing external sensors or cameras. 
However, the use of such external devices would not be 
preferred in some situations. For example, if a moving 
poster using this system is displayed in a public space, 
there could be various regulations, with which the use of 
a camera could conflict. For such reasons, as well as for 
simplicity, it is preferable to integrate proximity sensing 
into the actuator itself. Therefore, this paper discusses 
the method to integrate proximity sensing function into 
the electrostatic actuator.

Proximity sensing can be achieved through several dif-
ferent physical principles, including infrared [14], electric 
field [15], and ultrasonic [16]. Among those principles, 
the one using an electric field, specifically capacitive sens-
ing, would be the most suitable choice for the integration, 
as the electrostatic actuator already possesses electrodes 
in its stator for generating electric fields around it. By uti-
lizing the existing electrodes, integration can be achieved 
without compromising the actuator’s simplicity. In fact, 
previous studies have demonstrated that capacitive sens-
ing can be integrated with this actuator, or its variants, in 
a simple manner [12, 17–19], although proximity sensing 
has not been explored yet.

Apart from the integration, capacitive proximity sens-
ing has been proven to be effective in a wide range of 
human interactions. For example, the following studies 
have shown a wide range of its applications: research on 
installing capacitive sensors in the living environment 
around us such as on beds [20], tables [21], and in cars 
[22], research focused on achieving human interaction 
with robots equipped with proximity sensors [23], and 
research aimed at estimating human body positions or 
postures by arranging many sensor electrodes on the 

floor [24] or the wall [25]. Given the extensive range of 
applications demonstrated in these previous studies on 
the capacitive method, the integration with the actua-
tor is expected to significantly enhance the interactivity 
and expand the actuator’s application area as a human 
interface.

With that in mind, the objective of this study is to pro-
pose a method of integrating capacitive proximity sens-
ing into a charge-induction electrostatic actuator and to 
demonstrate a pilot interactive actuation that changes the 
slider motion based on the proximity of a human hand. 
To realize this goal, the following two technical issues 
will be mainly discussed. The first issue is the circuit con-
figuration to achieve simultaneous actuation and sens-
ing using the same electrodes. The circuit design and its 
influences on actuation and sensing will be discussed. 
The second issue is the influence of a slider on proximity 
sensing. A slider of the actuator has slight conductivity on 
its surface to allow electrostatic actuation. When such a 
conductive sheet is placed over the stator electrodes, the 
sensing electric field emitted from the electrodes might 
be shielded, which can affect the proximity sensing. The 
paper investigates the influence of such a conductive 
sheet on proximity sensing, using sheets with different 
surface resistivities. Finally, an interactive actuation that 
changes the velocity of the slider according to the prox-
imity distance of a human hand will be demonstrated.

Charge‑induction electrostatic actuator
The configuration of a charge-induction electrostatic 
actuator is shown in Fig. 1. The actuator consists of two 
thin sheets or plates, which are a stator and a slider. A 
stator is an insulating substrate, or film, with a number of 
parallel thin electrodes embedded with a regular pitch of 
several hundred micrometers, which can be fabricated by 
printed circuit board (PCB) manufacturing technology or 
by printing. A slider is a thin plastic sheet with a slightly 
conductive surface and has no electrode pattern. For 

Fig. 1 Configuration of a charge-induction electrostatic actuator. 
This work utilizes 3-phase electrodes for the stator, to which a set 
of 3-phase high voltage patterns is applied



Page 3 of 14Okuno et al. ROBOMECH Journal            (2024) 11:7  

actuator operation, a slider is placed over a stator surface 
that will be driven by electrostatic force.

Figure 2 shows the operation of the actuator utilized in 
this particular work. In literature, several different volt-
age patterns have been proposed for operation [7, 26], 
and this work adopts one of the simplest patterns that 
consists of two voltage levels. As shown in Fig.  1, the 
electrodes of the stator are connected in three phases, to 
which high-voltage driving signals are applied. The typi-
cal driving voltage is around 1 kV.

First, as in Fig. 2, a high voltage ( +V  ) is applied to one 
phase of the stator electrodes, and zero volts are applied 
to the other two phases. Then, by the electric field caused 
by the voltage application, surface current will flow on 
the slider surface that accumulates negative charges 
above the high voltage electrodes and positive charges 
above the grounded electrodes. Next, the voltage pat-
tern is shifted by one electrode pitch, but the charges on 
the slider do not immediately move on the slider surface 
due to the low conductivity. Therefore, the electrostatic 
force generated on the slider charges will move the whole 
slider. The moving distance of the slider is approximately 
one electrode pitch but can vary depending on the fric-
tion or the movement of the induced charges on the 
slider. Repetition of this process moves the slider in a 
step-wise manner; the slider moves step-wise every time 
the voltage pattern is shifted, which is done several times 
to several tens of times in 1 s.

The above voltage pattern can be generated using a DC 
high voltage source and multiple switches. The one used 
in this work is shown in Fig.  3. Each phase is equipped 
with two switches, which are operated alternately to 

output either 0 V or DC high voltage ( 1 kV in this work) 
that is generated by a high voltage DC power supply. 
Resistors Rp are arranged to avoid large currents flowing 
over the relays upon switching.

Proximity sensing using actuator electrodes
This section discusses capacitive proximity sensing using 
a charge-induction electrostatic film actuator. First, the 
principle of capacitive proximity sensing and how it can 
be applied to the stator electrodes of the actuator are 
explained. Then, the concept of simultaneous actuation 
and proximity sensing using the same stator electrodes is 
discussed.

Principle of capacitance proximity sensing
Capacitive proximity sensing utilizes a phenomenon in 
which the electric field emitted from a sensor electrode 
is affected by a conductive proximity target. A human 
body can be regarded as an electrically conductive object, 
which can be detected by this sensing method. Capaci-
tive proximity sensing can be classified into mainly two 
modes depending on the number of electrodes [15, 27]. 
These two modes are loading mode and shunt mode. 
Loading mode is the most common type of capacitive 
proximity sensing [15], as well as the simplest one as it 
needs only a single sensor electrode. In loading mode, the 
capacitance between the sensor electrode and the prox-
imity target is measured. If this mode is applied to the 
electrostatic actuator, the whole stator electrodes (or the 
whole one-phase electrodes) could be used in a lump as 
a sensor electrode, as shown in Fig.  4a. In shunt mode, 
the sensor is equipped with two, or more, electrodes, and 
the capacitance between the two electrodes is measured. 
If used for the actuator, two phases of the 3-phase stator 

Fig. 2 Operation principle of charge-induction electrostatic actuator. 
In this work, two voltage levels are used to create the spatial voltage 
pattern. Repetition of the process moves the slider in a continuous 
step-wise motion

Fig. 3 Driving circuit for charge-induction electrostatic actuators
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electrodes could be utilized as the sensing electrodes, as 
in Fig. 4b. If we can divide the actuator into two separate 
electrode sets, the two sets can be also used as the sens-
ing electrodes in shunt mode as in Fig. 4c.

If we use a single electrode set of an actuator, which 
is the case of this particular paper, the two modes (a 
and b) will have a large difference in terms of the sens-
ing distance. In shunt mode, the sensing distance will 
be roughly determined by the distance between the two 
sensing electrodes. Since the electrodes are aligned with 
several hundred micrometers in an actuator, the sensing 
distance in shunt mode will be considerably limited. On 
the other hand, in loading mode, if we use a large enough 
electrode, we can easily increase the capacitance change 
due to the proximity, which increases the measurement 
distance. This means that the measurement distance can 
be more easily extended with loading mode. Therefore, 
this work adopts loading mode for the integration.

Proximity sensing circuit
There are various capacitance measurement meth-
ods that can be applied to capacitive proximity sens-
ing, which include charge measurement using a charge 
amplifier [28], oscillation frequency measurement [29], 
and impedance measurement using an AC bridge cir-
cuit [30]. In this study, impedance measurement using 

a resonant circuit [31] is adopted, considering its high 
compatibility with the driving circuit of the actuator. 
The fundamental principle of the measurement using 
an LC resonant circuit is illustrated in Fig.  5. A con-
stant frequency signal is applied to an LC circuit that 
consists of the capacitance against the target object and 
an inductance in the circuit. The constant frequency is 
set to a frequency slightly higher than the resonance 
frequency of the LC circuit. The resonance frequency 
frsn (or its angular frequency ωrsn ) is expressed as

which shifts to the lower side when the capacitance 
increases. Accordingly, the amplitude of the current at 
the measurement frequency considerably decreases, 
which will be detected as proximity of a target.

The use of this measurement method has two advan-
tages. One is that a resonant circuit can convert a slight 
capacitance change into a significant voltage change 
[32, 33] if the Q-factor of the resonance circuit is high 
enough. The other is its high compatibility with the use 
of transformers for signal superposition. Since high 
voltage is used for driving, it would be a natural choice 
to use transformers to isolate a sensing circuit from 
the high voltage. The transformers can be used as the 
inductor of the resonant circuit, which leads to a simple 
integrated circuit.

The proximity sensing circuit using the actuator’s 
electrodes is shown in Fig. 6, which is to be integrated 
with the driving circuit. The capacitance C0 is not nec-
essary for proximity sensing but is arranged to decouple 
the sensing circuit from the driving circuit as discussed 
later. Two transformers are used to feed and detect a 
high-frequency sensing signal, as well as to provide 
inductance for LC resonance. Transformer Lin is uti-
lized to feed the sensing signal, whereas Lout detects the 
sensing signal. In the following, the resistance of the 

(1)frsn =
ωrsn

2π
=

1

2π

√

1

LC

Fig. 4 Two different modes of capacitive proximity sensing. In 
loading mode (a), the capacitance between the single sensing 
electrode and the target will be directly measured, by assuming 
the target is electrically grounded. In shunt mode, the capacitance 
between two sensing electrodes is measured which is affected 
by the proximity of a target. Shunt mode can be applied 
to the actuator in two different ways: using two electrode phases (b) 
or splitting the actuator into two separate parts (c)

Fig. 5 Principle of capacitance measurement by a resonant circuit
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circuit, including the winding resistance of the coils, is 
ignored for simplicity.

Concept of simultaneous actuator driving and proximity 
sensing
To achieve simultaneous actuation and sensing using 
the same stator electrodes, two different strategies can 
be considered: time division and frequency division. In 
the time division strategy, the electrodes are connected 
to the sensing circuit during a short duration. For the 
rest of the time, the electrodes are switched to the driv-
ing circuit. This might be the simplest strategy, but the 
time duration that is allowed for sensing will be limited.

In the frequency division strategy, the actuation and 
the sensing signals coexist on the same electrode using 
different frequencies. Typically, the sensing signal has 
a high frequency, such as several tens to hundreds of 
kHz, whereas the actuation voltage is DC except for 
the moment of voltage switching. Therefore, the two 
signals can easily coexist, as already demonstrated 
in previous studies [17, 31]. As this allows proximity 
sensing to operate almost all the time, this strategy 
seems better for human interaction and thus is adopted 
in this work. The coexistence is realized by superpos-
ing the sensing signal onto the actuation signal using 
transformers. By limiting the amplitude of the sensing 
signal on the electrodes to tens of volts, which is suffi-
ciently small compared to that of the actuating voltage, 
we can ignore the effect of the sensing signal on the 
actuation.

Figure  7 shows the circuit that integrates actuation 
and proximity sensing. The driving circuit is connected 

to the stator electrodes as well as the sensing circuit, 
through resistors Rd arranged between the two circuits. 
These resistors, as well as the capacitors C0 , are used to 
decouple the actuation and sensing.

The amplitude of the output voltage vout is calculated 
as,

where the input voltage is vin = sinωt and the capaci-
tance between one phase of the stator electrodes and the 
target is expressed by Ce , which is to be measured in this 
circuit. Since the capacitance C0 is connected in series 
with the target capacitance Ce in the sensing circuit, it 
should be large enough compared to Ce ; otherwise, the 
change of Ce will be almost hidden. On the other hand, 
for the driving circuit, C0 is located in parallel with the 
actuator. Therefore, if C0 is too large, it will affect the per-
formance of the driving circuit by increasing the load. 
Considering this trade-off, C0 was empirically selected to 
be of the same order as the capacitances of the actuator’s 
electrodes, in the experiments of this work.

The resonant frequency of the sensing circuit frsn is as 
follows:

For the sensing principle shown in Fig.  5 to work, the 
sensing frequency needs to be set slightly higher than 
this resonance frequency. The inductance Lout should be 
selected such that the sensing frequency falls within the 
measurable range of the apparatuses.

(2)|vout| =
ωLout

∣
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Fig. 6 Proximity sensing circuit using a stator of charge-induction 
electrostatic film actuator

Fig. 7 Integrated circuit of driving circuit and sensing circuit
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Possible interference
In the integrated circuit shown in Fig. 7, the two circuits 
are connected using decoupling resistance Rd and capaci-
tance C0 . The function of Rd is to prevent the sensing 
signal from flowing into the driving circuit. If there is no 
resistance, a large part of the current flows into the driv-
ing circuit, which lowers the Q-factor of the resonance 
and decreases the sensing sensitivity. For the sensing cir-
cuit to work ideally, the resistance Rd should be infinite.

The resistance also affects the performance of the driv-
ing circuit. The sensing circuit includes capacitor C0 , 
as well as the capacitance between two adjacent phases 
although this is not indicated in the figure. These capaci-
tances together with the resistances ( Rd and Rp ) delay the 
rising of the driving voltage. When Rd is large enough 
than Rp , the time constant for the voltage rise is almost 
proportional to Rd . A large time constant will deform 
the driving waveform and deteriorate the driving perfor-
mance. This means a smaller Rd is better for actuation, 
which contradicts the requirement from the sensing cir-
cuit. To find a good compromise in this trade-off rela-
tionship, the effect of Rd on both actuation and sensing 
will be investigated in the following experimental section.

Experimental setup
Actuator
The stator utilized in this study was fabricated as a PCB 
and had an array of 552 electrodes, each measuring 
255 mm long and 0.3 mm wide and aligned with a con-
stant pitch of 0.6 mm, see Fig. 8. The stator surface was 
covered with a low-friction plastic film to reduce the 
surface friction. The 552 electrodes were connected in 
a 3-phase manner, with each phase comprised of 184 

electrodes. In the following experiments, the stator was 
arranged above a horizontal metal plate, which was elec-
trically grounded. The metal plate formed a capacitance 
against the actuator electrodes. Since this additional 
capacitance can hide the slight change of the capacitance 
by the proximity motion of a human body, the capacitance 
to the metal plate should be kept small. Therefore, to 
decrease the capacitance between the electrodes and the 
plate, the stator was placed at a height of 120 mm from 
the plate surface. Then, a slider, whose surface conductiv-
ity was about 4 × 1014 �/sq. , was placed over the stator.

Circuit
To implement the integrated circuit in Fig. 7, a high volt-
age DC power supply (HJPM-2R7.5, Matsusada) was 
used to generate 1.0 kV for actuation. The high voltage 
was switched using Photo-MOS relays (AQV258, Pana-
sonic) that were controlled by Analog Discovery 2 (Digi-
lent). For the protection of the driving circuit, resistors 
Rp = 100 k� were used.

In the sensing part, the sensing signal was generated by 
a function generator (1940, NF Corporation). The output 
of the circuit was measured using a lock-in amplifier (LI 
5650, NF Corporation) that detected the amplitude of 
the sensing signal obtained from the output transformer. 
The circuit parameters were as follows; |vin| = 0.1 V  , 
Lin = 7.4 mH (turns ratio of 1:1), Lout = 74 mH (turns 
ratio of 0.28:1) and C0 = 2.2 nF . The capacitance between 
two electrode phases was about 1.7 nF . The frequency 
of the sensing signal was chosen such that the phase of 
the output voltage was shifted by 20 deg from that at the 
resonant frequency. The frequency was adjusted in each 
experiment and was about 55 kHz.

Fig. 8 Schematic figure of actuator stator and its use for loading 
mode capacitive proximity sensing

Fig. 9 Appearance of experimental setup. a Circuits connected 
to the stator electrodes.  b Proximity method using a copper plate 
as a target
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The appearance of the circuit is shown in Fig.  9a. To 
reduce the stray capacitance formed by the cables, the 
sensing circuit was placed close to the stator, and the 
cable length was shortened. In the experiments of prox-
imity measurement, the setup shown in Fig.  9b was 
utilized. As the human body can be assumed to be suf-
ficiently conductive, a copper plate was used as the prox-
imity target, in substitution for the human body, and its 
distance to the stator was changed. The copper plate had 
the size of 204 mm× 305 mm and was connected to the 
ground voltage.

Experiments
Influence on actuator driving velocity
First, the influence of resistor Rd on actuation was 
evaluated. As described above, larger Rd will result in 
a longer time constant of voltage switching. If the time 
constant becomes longer, the rise and fall of the pulse 
voltage becomes less sharp, resulting in poor driving 
performance.

To confirm this, two experiments were conducted. 
First, using different values of Rd from 0 � to 10 M� , 
the transient responses of the driving voltage and the 
slider motion were measured. The size of the slider was 
100 mm× 100 mm , and a cardboard-made marker was 
attached to it [12] to enable the use of a laser displace-
ment sensor (ZX1-LD70, OMRON). The slider weight 
including the marker was 1.6 g.

The responses are shown in Fig. 10. The voltage wave-
form shown in the plot was recorded by an oscilloscope. 

Because of the input resistance of the oscilloscope, the 
recorded voltage was attenuated from the actual voltage 
that should occur without the oscilloscope. Therefore, in 
the plot, the voltage was normalized to focus on the time 
responses. Although the time response could also be 
affected by the input resistance, that is ignored here. As 
shown in the plot, as the resistance Rd increased, the ris-
ing of the voltage slowed down. The same tendency was 
observed in the voltage fall. The lower plot showed the 
corresponding slider displacement. Larger Rd resulted in 
a slower response, as well as a shorter moving distance, of 
the slider.

Subsequently, the effect of resistance Rd on the average 
velocity of the slider was evaluated. The average velocity 
of the slider was measured with different Rd and driving 
frequency fd . In each measurement, the slider was driven 
over the distance of 70 mm , which is the measurement 
range of the displacement sensor, and the average veloc-
ity was calculated.

The result is shown in Fig. 11. The upper plot indicates 
the average velocity and the lower plot shows the ratio 
of the velocity compared to the case without the sensing 
circuit (reference value). From the upper plot, it is con-
firmed that the velocity was almost proportional to the 
driving frequency regardless of Rd . However, the lower 
plot shows that there was a slight decrease in the veloc-
ity when larger Rd were utilized. With Rd being equal or 
less than 2.0 M� , the velocity was in most cases within 
the range of ±1% from the reference value. However, with 
Rd of 5.1 M� and 10 M� , the velocity ratios were lower 

Fig. 10 Transient responses of the driving voltage and the slider 
displacement with different resistance Rd . The electrode voltage 
was measured by an oscilloscope and was affected by its input 
impedance

Fig. 11 Slider velocity ratio with resistance Rd compared to the case 
of no sensing circuit
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than the reference value. This is due to the decreased step 
length with large Rd , as shown in Fig.  10. As these two 
experiments were conducted at different times, the ratio 
of the step lengths found in Fig.  10 does not perfectly 
match with the ratio of the average velocity in Fig.  11; 
the results can vary depending on the surface conditions, 
such as friction, and environmental conditions, such as 
humidity. However, they both show the same tendency, 
and the results in Fig. 10 clearly explain the reason for the 
decrease in the average velocity.

Moreover, the maximum frequency fmax usable for 
driving was found to decrease with Rd . While the slider 
could be driven with the frequency up to 20 Hz when the 
driving circuit alone was utilized without Rd , fmax was 
restricted to 10 Hz for Rd ranging between 0 and 10 k� , 
5 Hz for Rd of 2.0M� and 2 Hz for Rd larger than 5.1 M� . 
These results matched with the results in the lower plot 
of Fig. 10. It was confirmed that fmax was closely related 
to the time required to complete one motion step. If we 
define the time to complete one motion step as tm , the 
following relationship can be found: fmax ≈ 1/(3tm) . In 
other words, if the voltage is switched before a motion is 
completed, the slider cannot be actuated stably. (It should 
be noted that the voltage is switched 3 times within one 
cycle of the driving voltage waveform.) These results 
reveal that larger resistance Rd increases tm , which results 
in a limited maximum frequency. Therefore, smaller Rd is 
preferred in terms of actuation.

Influence on the sensitivity of proximity sensing
Next, the influence of Rd on the sensing performance was 
evaluated. First, the resonance characteristics were inves-
tigated. In the proposed circuit, the proximity sensor sen-
sitivity is determined by the Q-factor, or the sharpness, of 
the resonance curve because the slope of the resonance 
curve amplifies the capacitance change. To evaluate the 
relationship between the resistor Rd and the resonance 
curve, frequency responses were recorded with different 
values of Rd . The results are shown in Fig. 12. The infinite 
Rd means that the driving circuit was not connected. The 
plot clearly shows that as Rd decreases, the sharpness of 
the resonance curve also decreases.

Subsequently, the sensor output change due to the 
proximity motion was investigated. By changing the 
proximity distance between the stator and the copper 
plate, the change in sensor output before and after prox-
imity with various Rd was measured. The result is shown 
in Fig. 13. It is confirmed that smaller Rd results in lower 
output change. Without the driving circuit, the sensor 
output showed an apparent difference even at distances 
over 40 cm . If the driving circuit was connected and 
resistance Rd was 10 M� , the sensor output change was 
decreased to about half of its original value. Furthermore, 

with Rd of 1.1 M� , the proximity detection becomes dif-
ficult even at a distance of 30 cm . When Rd is 100 k� , the 
apparent resonance peak was not detected and the sens-
ing could not be achieved. These results indicated that 
small Rd deteriorates proximity sensing performance.

To summarize this section, resistance Rd between the 
driving circuit and the sensing circuit should be larger 
in terms of sensing and smaller in terms of actuating. In 
the particular setup of this work, the usable range of Rd 
was found between 1.1 M� and 10 M� . This range would 
vary with the setup, but for setups with a similar scale, Rd 
of several M� might be utilized.

Evaluation of the influence of slider on proximity 
sensing
In a charge-induction electrostatic actuator, a slightly 
conductive slider exists on the actuator electrode that is 
also used as the sensing electrode for proximity sensing. 
As this location is in-between the sensing electrodes and 
the proximity target, the conductivity of the slider may 

Fig. 12 Frequency responses of transformer output with different 
resistance Rd

Fig. 13 Sensor output change vs proximity distance with different 
resistance Rd
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affect the proximity sensing. In this section, the influence 
of the sheets placed on the sensor electrode is experi-
mentally evaluated.

Experimental setup
To investigate the influence of conductive sheets on 
capacitive proximity sensing, several different sheets 
with different surface conductivities were placed on the 
stator to cover all the stator surface, and the capacitance 
between the stator electrodes and a proximity target, 
which was arranged above the actuator, was measured.

The schematic diagram of the experimental setup is 
shown in Fig.  14. As a proximity target, a copper plate 
was fixed above the stator electrode like Fig.  9b. Then, 
the capacitance between the target and the stator elec-
trodes, with all the three-phase electrodes connected, 
was measured using an LCR meter (ZM2372, NF Cor-
poration). The capacitance was measured by varying four 
parameters; (1) surface resistivity of the sheet, (2) meas-
urement frequency, (3) proximity distance between the 
target and the stator, and (4) electrical condition of the 
sheet. Table 1 shows the four sheets used in the experi-
ments, whose surface resistances range from almost 
zero to 1014 �/sq. Surface resistivities shown in the table 
were measured by a high resistance meter (8340A, ADC 
Corporation). The measurement frequency was var-
ied among 1, 10, and 100 kHz . The proximity distance 
was changed among 5,  10,  15,  20, and 25 cm . The two 
electrical conditions were applied to the sheet, which 
are open and grounded. In the condition of grounded, 
the sheet was connected to the electrical ground of the 
setup at one end of the sheet by a clip. In each condition, 

capacitance was measured 5 times and the average value 
was calculated.

Results and discussions
The measurement results are shown in Fig.  15. In the 
plot, “no sheet” represents the original condition, where 
no conductive sheet was placed on the stator (thick blue 
lines).

In (a), (c), and (e), when the sheets were in the elec-
trically open condition, the capacitance did not change 
regardless of the existence of a sheet. Also, almost no 
frequency dependence was found. These results indi-
cate that proximity sensing is possible even when a 
sheet is placed over the sensor electrodes. Even if it is 
a highly conductive sheet, the sensing is still possible as 
long as the sheet is in the electrically open condition. It 
was also found that the capacitance slightly increased 
when an aluminium plate or a conductive sheet was 
inserted, which has relatively higher conductivity. The 
cause of the increase would be that the electric poten-
tial of these sheets followed that of the sensing elec-
trode such that they worked as a part of the sensing 
electrodes (which results in a slightly reduced distance 
against the target).

On the other hand, in (b), (d), and (f ), where the sheets 
were electrically grounded, capacitance differed due to 
the sheet surface resistivity and the frequency. As for the 
aluminum plate, the capacitance was not detected by the 
LCR meter (“error” was displayed) regardless of the fre-
quency and the proximity distance, which meant that the 
capacitance was too small. This suggests that the electric 
field from the stator electrodes was almost completely 
shielded by the grounded aluminum plate. In opposite 
to that, when the slider or the newspaper was placed, 
capacitance was not decreased. This is probably because 
the surface potential cannot be kept at the ground due to 
high surface resistivity, and rather follow the potential of 
the sensing electrodes in these lower conductive sheets. 
The resulting behavior became similar to that in the open 
condition. Finally, as for the conductive sheet with a sur-
face resistivity of 7× 105 �/sq. , the capacitance was dif-
ferent depending on the sensing frequency. At the lowest 
frequency (1 kHz), the conductive sheet behaved in the 
same manner as the aluminum plate. At higher frequen-
cies, however, measurable capacitance existed at a close 
proximity. This implies that the behavior of the conduc-
tive sheet becomes closer to that of insulating sheets at 
higher frequencies.

To summarize, the following can be concluded. First, 
when a sheet on the sensor electrode is electrically 
opened, proximity sensing is still possible regardless of 
the surface resistivity of the sheet. Second, when a sheet 

Fig. 14 Setup for measurement of capacitance between stator 
electrodes and a proximity target

Table 1 Sheets utilized for the measurement and their surface 
resistivitie

Sheet Surface 
resistivity 
[�/sq.]

Actuator slider 4× 10
14

Newspaper 7× 10
12

Conductive sheet 7× 10
5

Aluminum plate << 1
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is electrically grounded, a sheet with smaller surface 
resistivity can shield the electric field for proximity sens-
ing, especially at lower frequencies. If, however, the sur-
face resistivity is high enough, the sheet does not affect 
the proximity sensing even if it is grounded. In the exper-
imental environment, the threshold was found around 
105 �/sq.

In charge-induction electrostatic actuators, the 
surface resistivity of the slider is between 1013 and 

1015 �/sq. [7], which is above the threshold. This means 
that the existence of the slider will not disturb the prox-
imity sensing.

Interactive actuator operation based 
on the proximity distance of human hand
Using the knowledge obtained so far, an interactive 
actuator operation via proximity motion of the human 
body was carried out. In this section, the resistance Rd 

No sheet, Slider, News paper

Conductive, Alminum

No sheet, Slider, News paper

No sheet, Slider, News paper

Fig. 15 Capacitance between a stator electrode and a proximity target while a sheet is arranged in-between. Capacitance = 0 means an error 
on the LCR meter, which indicates that capacitance is too small. In a, c and e, all five lines are overlapping. In b, d and f, blue, orange, and green lines 
are overlapping
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was set to 5.1 M� , which gave much weight to the sens-
ing range rather than the actuation performance.

In the previous sections, a copper plate was used as 
the proximity target, but in this section, a human hand 
is brought into proximity to the actuator. Therefore, at 
first, the relation between the hand position and the sen-
sor output change was experimentally investigated. The 
proximity distance between the stator and the hand was 
adjusted by using a pole for height adjustment, as illus-
trated in Fig.  16a. The hand position was also changed 
horizontally. As depicted in Fig. 16b, the horizontal posi-
tion was changed among three locations: the center and 
the edge of the stator electrodes and the half location 
between them. The measurement was conducted three 
times at each position. The change of the sensor output 
with and without the hand, normalized by that for the 
copper plate, is shown in Fig. 16c. The output change for 
the hand proximity was about 0.45 ~ 0.65 times that for 
the copper plate proximity when the horizontal position 
was the center. The primary factor of this capacitance 
decrease is considered to be the difference in the surface 
areas of the hand and the plate. Another difference was 
grounding conditions; the plate was directly connected 
to the electric ground by wire but the human body was 
not. Fig. 16c also indicates that the sensor output change 
becomes smaller as the hand location approaches the 
edge. This means that, in this system, the vertical and 
horizontal information interfere. Therefore, in the next 
experiment, the horizontal position of the hand was 
almost fixed to the center.

Finally, an interactive actuator driving depending on 
the proximity motion of a human hand was conducted. 

In the interactive system, the sensor output was fed to 
Analog Discovery 2 which controlled the actuating volt-
age pattern. A slider with the size of 100 mm× 100 mm 
was placed on the stator and its motion was controlled 
based on the proximity of a hand.

In this setup, the slider speed was controlled by the 
proximity distance. When a hand was away from the 
actuator, the slider was kept stationary. As the hand 
approached the actuator, the slider speed was gradually 
increased, as in Table 2. As in the table, the proximity was 
divided into four discrete sections such that the velocity 
changes could be clearly recognized in this experiment.

Figure  17 shows the time variation of the sensor out-
put, the voltage at one phase of stator electrodes, the 
slider displacement, and the slider velocity. The figure 
indicates the velocity change of the slider when the hand 
is gradually brought closer to the actuator until t = 16 s 
and then moved away again. It was successfully con-
firmed that when the hand approached the actuator, the 
period of the driving voltage was shortened and the slider 
velocity increased accordingly. The proximity distance at 

Fig. 16 Experiment to detect hand proximity. a height adjustment for a hand. b hand position in the horizontal direction. c The change of sensor 
output with and without a proximity target, normalized by that for a copper plate. The dashed lines indicate the average of the three measurements

Table 2 Control parameters of interactive operation

Sensor output (V) Driving 
frequency 
(Hz)

0 ∼ 0.008 0.0

0.008 ∼ 0.03 0.6

0.03 ∼ 0.15 1.2

0.15 ∼ 1.8
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which actuation initiates was longer than 300 mm . This 
result confirmed that proximity sensing can be inte-
grated with the driving of the actuator without noticeable 
interferences.

Conclusions
This paper discusses proximity sensing on a charge-
induction electrostatic actuator to realize an interactive 
system in which the actuator can be controlled by the 
proximity of a hand. The proximity sensing was realized 
using the same electrodes as the actuator driving. The 
paper proposed a circuit configuration to allow sharing 

of the same electrodes by sensing and driving. In the 
circuit, the sensing signal was superposed on the driv-
ing pulse signal using transformers. The proximity sens-
ing circuit utilizes LC resonance between the inductance 
of the transformers and the capacitance caused by the 
proximity. The paper discussed the potential interference 
between the sensing and driving circuits to illustrate the 
trade-off relationship between the driving performance 
and the sensing sensitivity. In an experiment, a suitable 
parameter was chosen to effectively mitigate the trade-
off, resulting in a driving frequency of 1.8 Hz and a sens-
ing range of 300 mm.

Low speed

High speed
Stator

Slider

fd 0.6 1.2 1.8 1.2 0.6

Fig. 17 Interactive actuator driving according to the proximity motion of the human hand. The red line indicates the proximity sensor output 
and the green line indicates the driving voltage measured on one electrode phase
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In the actuator, a slightly conductive slider is placed on 
the stator electrodes, which work as the sensing electrodes 
as well. The paper investigated the impact of having a con-
ductive sheet between the sensing electrodes and a target. 
The experiments confirmed that proximity sensing is not 
affected if a conductive sheet on the electrodes is in an 
electrically open condition, regardless of the conductivity 
of the sheet. If a conductive sheet is connected to the elec-
tric ground, its impact depends on the conductivity (or 
resistivity). If the resistivity is large enough, which is the 
case for the actuator’s slider, the proximity sensing is not 
affected. The boundary of the resistivity was found around 
105 �/sq. for sensing frequencies in the kHz order.

Finally, an interactive actuation control was demon-
strated, in which the slider speed was modulated based 
on the distance of a hand.

In this work, a single stator board was utilized, and the 
sensor could not discriminate the vertical and horizontal 
motions of the proximity target. If multiple stator elec-
trodes can be used, it will be possible to measure the hor-
izontal motion of a proximity target, as well. Additionally, 
in the case of multiple stators, a different sensing mode 
(as in Fig. 4c, for example) can be utilized, which might 
exhibit different characteristics. Such aspects will be 
addressed in our future studies, to achieve unique inter-
actions utilizing hand gestures.
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