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Abstract 

This paper discusses a force sensing method using a built-in position sensing system for an electrostatic visuo-haptic 
display. The display provides passive haptic feedback on a flat panel visual monitor, such as LCD, using electrostatic 
friction modulation via multiple contact pads arranged on a surface-insulated transparent electrode. The display 
demonstrated in previous studies measured the positions of the pads in a similar manner to surface-capacitive touch-
screens. This paper extends the sensor such that the system can monitor the electrostatic interaction force provided 
to the contact pads. The extension is realized by estimating the capacitance between the contact pads and the dis-
play surface. The paper investigates its basic characteristics to show that the force estimation is possible, regardless of 
the pad positions and the pushing force exerted by users. The force estimation capability is used for feedback control 
of interaction force, which improves the accuracy of the interaction force. The paper further extends the method such 
that the system can detect the moving direction of contact pads. By dividing the electrode of a contact pad and com-
paring their capacitances, the system can detect in which direction the user is trying to move the pad. Such capability 
is effective for solving the sticky-wall problem, which is known to be a common problem in passive haptic systems. A 
pilot experiment shows that the proposed system can considerably reduce the sticky-wall effect.
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Introduction
Haptic interaction is imperative for intuitive operation 
of computer systems. In modern computer devices, the 
touch-screen technology has realized intuitive opera-
tions that allow us to directly touch graphical icons on 
the screen. However, users are sometimes frustrated due 
to the lack of appropriate feedback; implementing haptic 
feedback is expected to enrich the user experience. On 
flat screens, providing force feedback in vertical direc-
tion is considerably difficult, and thus many studies have 
tried to implement lateral force feedback, in which the 
feedback force is provided within lateral two dimensions. 
Such lateral force feedback has been regarded as effective 
enough, since surface geometry recognition of humans 

is closely related with lateral force as reported in some 
studies [1, 2]. For example, lateral force can create an illu-
sion of corrugated shapes on flat surfaces [2].

In recent studies, lateral haptic feedback on a flat visual 
displays, such as liquid crystal displays (LCD), has often 
been realized utilizing ultrasonic vibration [3, 4] or elec-
trovibration [5, 6]. These technologies modulate surface 
friction for haptic rendering, by inducing a squeeze film 
effect or an  electrostatic adhesion force between a fin-
gertip and a flat surface. The change of friction, however, 
is not large enough for kinesthetic force rendering; they 
can only provide up to 0.1 N of friction change [7], which 
can only realize surface texture rendering, such as ren-
dering of surface roughness; it is not possible to render, 
for example, virtual walls. Some studies have mentioned 
that electrostatic adhesion can realize large force almost 
up to 2 N between a fingertip and an electrode by using 
Johnsen-Rahbeck effect [8]. However, the effect requires 
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special electrode material, which is not transparent, and 
thus it has not been applied to haptic feedback on an 
LCD. In addition, the technology needs further investiga-
tion on the time response, as it seems the effect becomes 
dominant only when DC voltage is applied.

To extend the possibility of haptic feedback on an LCD, 
the authors have proposed an indirect electrostatic visuo-
haptic rendering  system that can provide large haptic 
feedback force to multiple users or fingers [9–12], with-
out using Johnsen-Rahbeck effect. The proposed sys-
tem utilizes “contact pads” that have electrodes on their 
bottom surfaces. They are placed on an LCD surface to 
exert large enough electrostatic adhesion force. The user 
obtains haptic feedback via the contact pads, and there-
fore, the rendering method is called “indirect”. One of the 
prototypes, which is used in [10–12], is shown in Fig. 1. 
The system is implemented on an off-the-shelf 40-inch 
LCD monitor without a touch-sensing function. The 
surface of the LCD monitor is covered with a transpar-
ent electrode, which is electrically grounded. Multiple 
contact pads placed on the transparent electrode are 
connected to different voltage sources, such that each 
pad can generate different electrostatic adhesion force. 
When the pad is moved by a user, the adhesion force is 
converted into friction force, which is perceived as hap-
tic feedback; the resulting haptic feedback is passive due 
to the nature of friction force. The system is capable of 
providing more than 1 N of friction change to multiple 
fingers [9], which is large enough for kinesthetic haptic 
rendering including virtual wall rendering.

To provide haptic feedback in accordance with the vis-
ual information displayed on the LCD, it is imperative to 
detect the pad positions. The prototype systems detected 
the positions by superposing sensing signal on the haptic 
voltage; the positions were estimated in a similar man-
ner as surface-capacitive-type touch-screens. Using the 
position sensing capability, the previous studies demon-
strated a hockey game with haptic feedback, in which 
users can feel impact when hitting a puck or can feel 
walls of the hockey arena [10, 12].

A next challenge for the visuo-haptic system is to 
improve the quality of the rendering force. In the previ-
ous implementations, the system controlled the force 
through the applied voltage in an open-loop manner, 
assuming that the electrostatic adhesion force is propor-
tional to the square of the applied voltage. Such simple 
rendering was effective enough for typical applications, 
such as games as demonstrated in [10]. However, for 
some applications that require higher accuracy of hap-
tic rendering, such open-loop rendering was not precise 
enough due to the following two reasons.

The first is fluctuation and limited time-response of 
the electrostatic adhesion force. When voltage is applied 
between the pad electrode and the screen electrode, the 
electrodes deform due to the electrostatic adhesion force. 
The resulting gap variation between the electrodes can 
fluctuate the electrostatic force. Especially, when a soft 
conductive rubber is utilized as the pad electrode, the 
electrostatic adhesion force suddenly increases as the 
voltage is gradually increased, probably due to a sudden 
change of the gap between the electrodes [12]. The defor-
mation of the electrodes also affects the time-response of 
the electrostatic force. As a result, on the actual device, 
the force does not simply follow the square-law.

The second is about the sticky wall problem, which is 
well-known problem in passive haptic systems [13, 14]. 
Due to passive nature of the friction force, virtual walls 
rendered by passive haptic systems tend to be sticky; a 
user feels resistive force during retrieving from the wall. 
To solve the problem, the system needs to detect the 
direction of the operation force given by the user.

These two problems require monitoring of interaction 
forces, such as the haptic feedback force and the opera-
tion force from users in tangential directions. To achieve 
such monitoring, this paper proposes an interaction force 
estimation method on the built-in position sensing sys-
tem of the electrostatic visuo-haptic display. The basic 
concept, which was simply introduced in [11], is to meas-
ure the total amount of electric current flowing in the 
sensing system. The current amount would correspond 
to the capacitance between the pad and the screen elec-
trode, which could be utilized for the force estimation. 
Based on the concept proposed in the previous work 
[11], this paper investigates detailed characteristics of the 
force estimation and applies it to closed-loop force con-
trol and to elimination of the sticky wall problem.

The structure of this paper is as follows. “Built-in 
force estimating system” introduces the concept of the 
proposed method and shows basic performance of the 
capacitance measurement on a prototype device. “Hap-
tic force estimation” discusses monitoring of the hap-
tic force, where the measured capacitance is used for 
estimation of the electrostatic adhesion force. Then, the 

Fig. 1  Appearance of prototyped visuo-haptic display. (Reprinted 
from [11])
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estimation is utilized for closed-loop control of haptic 
force in “Closed-loop control of haptic force”. “Wall ren-
dering with lateral-force-direction sensing” proposes 
another application of the sensing, which estimates 
direction of the operation force from the difference of 
capacitances of divided electrodes, to solve the sticky 
wall problem.

Built‑in force estimating system
Concept
Figure 2a shows the built-in sensing system for the elec-
trostatic visuo-haptic display, which was briefly intro-
duced in [11]. The system shares most of its components 
with haptic feedback system. The shared components 
include a transparent surface-insulated indium-tin-oxide 
(ITO) electrode that covers the whole screen surface, 
and multiple contact pads with electrodes on their bot-
tom surfaces. Current sensors are inserted between the 
ITO electrode and the ground at six peripheral points, as 
depicted in the figure.

Haptic rendering is realized by applying high voltages 
to the contact pads. The sensing system superposes high-
frequency (much higher than that of  the haptic voltage) 
signal to the haptic voltage using transformers, which 
results in corresponding high-frequency signals flow-
ing through the current sensors. The signals are used for 
simultaneous estimation of position and force, whose 

concept is depicted in Fig. 2b. Position and force estima-
tion for multiple pads are realized by time division; high-
frequency sensing signal is alternately applied to each 
pad, one by one, within a short switching period.

Before discussing the force estimation, the position 
estimation method, whose details are addressed in [12], 
is reviewed using the circuit model shown in Fig.  2c. 
When the sensing signal, Vs sin(ωst), and the haptic volt-
age, Vh sin(ωht) (note that ωh ≪ ωs), are applied on a pad, 
corresponding current running through each terminal 
becomes

where V s and V h are the sensing signal and the haptic 
voltage in complex representation respectively, Ri is the 
resistance of the ITO electrode from the contact point to 
the i-th terminal, C is the capacitance between the pad 
and the ITO, and Rp is the combined resistance of ITO 
resistances Ri. The resistances Ri are assumed to corre-
spond to the distance between the terminals and the pad. 
Due to the resistances, the currents running toward the 
terminals depend on the pad position. Therefore, from 
the ratios of the current amplitudes, which are calculated 
as,

where Ii is amplitude of I i, the system can estimate the 
position of the pad in x–y coordinate. In the actual setup, 
current amplitudes corresponding to the sensing signal 
are distilled from the total currents.

The force estimation method discussed in this paper, 
on the other hand, utilizes the sum of the current ampli-
tudes measured at all the peripheral points. From the 
sum, the system can estimate capacitance between a pad 
and the ITO electrode. Since the capacitance should cor-
respond to the normal force applied on the pad, including 
the electrostatic adhesion force, the system can estimate 
the force from the capacitance.

In the sensor system, the position and force sens-
ing are independent from each other. Our previous 
work revealed the position sensing is not affected by 
the change of capacitance or interaction force [12]. The 
following calculation reveals the opposite: the force 
(or capacitance) sensing is not affected by the position 
change of the pads.
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Fig. 2  Schematic (a), concept (b), and circuit model (c) of the built-in 
sensing system for the electrostatic visuo-haptic display. (Modified 
from [11])
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The total current running through a pad can be calcu-
lated as

in complex representation. For the force sensing, ampli-
tude of the current corresponding to the sensing signal 
is focused, since the current amplitude, unlike the cur-
rent phase, becomes independent from the pad position 
in a certain condition as discussed in the following. The 
amplitude corresponding to the sensing signal, which can 
be detected by using synchronous detection, becomes

The amplitude includes not only the capacitance, C, but 
also the combined resistance, Rp, which depends on the 
position of the pad. However, if the combined resistance 
is small enough to satisfy R2

p ≪

(

1
ωsC

)2

, the detected 
amplitude becomes

which is independent from the pad position.

Capacitance measurement on prototype
The capacitance measurement is fundamental for the 
force estimation. To investigate the capacitance meas-
urement performance in the actual setup, currents were 
measured in the setup used in [12]. The ITO screen elec-
trode in the setup has approximately 860 mm × 500 mm 
in its size and 150   Ω/sq. of sheet resistance. The pad 
electrode is ф30-mm round-shaped conductive rubber 
sheet. The surfaces of the two electrodes are insulated 
with PET film whose thickness is 8 μm. As the sens-
ing signal, a  100-kHz sine wave was used. In the setup, 
the combined resistance, which was measured at sev-
eral points on the ITO electrode using a circuit tester, is 
approximately 500  Ω in maximum, while the capacitive 
impedance between the two electrodes, which was meas-
ured using an impedance analyzer, is approximately 5 kΩ. 
This large difference in impedance satisfies the condition 
for Eq. (6). Therefore, on this setup, the capacitance esti-
mation, and in turn the force estimation, should be inde-
pendent from the position of the pad.

Figure  3 shows the sum of the outputs of the current 
sensors, which corresponds to A in Eqs. (5) and (6), 
against the position of the pad in several load conditions. 
The load, representing user’s pushing force, was applied 
by putting a weight on the pad. As expected, these results 
are almost flat regardless of the pad position, which veri-
fies the independence of the capacitance sensing from 
the pad position.

(4)I =
jωsC

1+ jωsCRp
V s +

jωhC

1+ jωhCRp
V h,

(5)
A =

ωsC
√

1+ (ωsCRp)2
Vs.

(6)A ≈ ωsCVs,

Figure  4 shows the relation between the load and the 
sum of the signals in several haptic voltage conditions, 
measured at a fixed pad position. The error bar indicates 
the maximum and the minimum values within three-
time measurements. It is clearly observed that two fac-
tors affect the total current: electrostatic adhesion force 
represented by the haptic voltage and the user’s pushing 
force. The next section will focus on the effect of electro-
static adhesion force on the rendering force estimation. 
The later section, “Wall rendering with lateral-force-
direction sensing”, on the other hand, will utilize the 
effect of pushing force, to realize lateral-force-direction 
sensing.

Haptic force estimation
This section investigates the estimation of haptic force 
caused by the electrostatic adhesion. The previous work 
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[11] simply assumed that the capacitance change is 
caused by the normal force applied to the pad, which 
is the sum of user’s pushing force and the electrostatic 
adhesion force. Therefore, the previous work tried to 
directly relate the measured capacitance (more exactly, 
the sum of the current sensor outputs) with the sum of 
the pushing force and electrostatic force. Such assump-
tion, however, showed large errors probably due to the 
non-linearity of pad deformation. Therefore, this paper 
tries to estimate the haptic force alone using a theoretical 
model of electrostatic force.

In the parallel-plate capacitor model, the electrostatic 
force can be expressed as

where C is the capacitance between the pad and the ITO 
electrode, Vh is the haptic voltage applied between the 
electrodes, ε is the dielectric constant, and S is the area of 
the interface. Thus, the haptic force (increment of friction 
force), which is proportional to the electrostatic adhesion 
force, can be estimated as

where k is a coefficient of the estimation and C ′ = βC is 
the output of the sensing system with β being a propor-
tionality coefficient.

To verify the haptic force estimation, an experiment 
on a 1-DOF setup was conducted. Figure 5 shows a sche-
matic of the experimental setup, which consists of a sim-
plified electrostatic haptic system on a motorized stage 
and a load-cell. The simplified system includes a current 
sensor, which consists of an I/V converter and a synchro-
nous detection circuit to detect the current amplitude in 
the sensing signal frequency. By pushing the pad toward 
the load-cell using the motorized stage, the setup meas-
ures friction force between the pad and the ITO. In the 
experiment, a weight was put on the pad to represent 
pushing force from a user’s finger. The voltage on the pad 
(which is the voltage after the transformer for superpos-
ing sensing signal) was measured as the haptic voltage.

(7)Fe =
(CVh)

2

2εS
,

(8)Fh = k(C ′Vh)
2
,

First, a calibration for the estimation was conducted, 
whose results are summarized in Fig. 6. Figure 6a shows 
the change of the measured friction in several haptic volt-
age conditions. Square and round markers represent two 
weight conditions, 100 g and 20 g respectively. In the plot, 
the two series of the measured friction force have offsets 
due to the weight. Since the objective is to estimate the 
haptic force, which is the increment of the friction from 
the no-voltage condition, the increment is plotted in 
Fig. 6b using blue markers. A quadratic curve is also plot-
ted using a black line for reference, which shows that the 
haptic force does not follow the square-law. This behavior 
of the haptic force is probably due to the change of the 
gap between the pad electrode and the ITO screen elec-
trode. Since a rise of the haptic voltage would decrease 
the gap through increase of electrostatic attraction force, 
the electrostatic force would be enhanced deviating from 
the square-law. This assumption is supported by the sen-
sor outputs measured at the same time, which are plot-
ted in red color with reference to the right vertical axis. 
The sensor output, which is assumed to represent the 
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capacitance, suddenly increases above 150  Vrms, which 
means that the gap decreased above that voltage.

As Eq.  (8) indicates, the haptic voltage should be esti-
mated from the product of the sensor output and the 
haptic voltage. Figure  6c plots the relation between the 
product and the increment of friction, with a quadratic 
fitting curve. The plot clearly shows that Eq. (8) provides 
a good estimation of the haptic force, regardless of the 
pushing force. The maximum error was found less than 
0.1 N for these conditions.

By using the calibration result, the step response of 
the friction force was estimated and compared with the 
output of the load-cell. Figure 7 shows the result when a 
weight of 50 g was applied and haptic voltage of 350 Vrms 
was commanded. It should be noted that the commanded 
haptic voltage is different from the actual haptic voltage 
measured at the pad, due to the voltage drop at the trans-
former and the current-limiting resistor. The upper plot 
indicates the temporal change of the applied voltage, and 
the lower plot shows the response of the friction force 
measured by the load-cell (blue line) and the estimated 
force (green line).

When the haptic voltage was raised, the friction force 
gradually increased. The measured voltage on the upper 
plot shows gradual decrease, which is due to the change 
of the capacitance between the pad and the ITO. As the 
normal force, and in turn friction, increases, the capaci-
tance and the corresponding current also increase. The 
increased current leads to larger voltage drops at the 
current limiting resistor and the transformer that were 
arranged between the voltage source and the pad. The 
sudden rises of the friction at around 1.0  s and 2.8  s 
would correspond to “pull-in”, in which the gap suddenly 
decreases when the balance between the linear elastic 

force (from the insulating material) and non-linear elec-
trostatic force is broken. The estimation successfully 
described the change of the friction force, including the 
sudden change due to pull-in. In addition, in contrast to 
the previous work [11], there was no residual output in 
the estimated value after the haptic voltage turned off. 
The error for this dynamic measurement was within the 
maximum error of 0.1 N that was found for the static 
measurement.

Closed‑loop control of haptic force
Our previous system [9, 12] has controlled the haptic 
force in an open-loop manner, based on the assumption 
that the haptic force is proportional to the square of the 
haptic voltage. As shown in the previous section, how-
ever, the assumption is not true due to the capacitance 
change; the haptic force fluctuates even when a constant 
haptic voltage is applied. Such behavior can be compen-
sated by closed-loop control using the haptic force esti-
mation, which is demonstrated in this section.

Haptic forces with open-loop and closed-loop control 
were compared on the same setup as in Fig. 5. Figure 8 
shows the two controllers used in the experiment. One 
is the open-loop feedforward controller used in the pre-
vious system. Supposing that the haptic force is pro-
portional to the haptic voltage squared, the command 
voltage is controlled as

where Ft is the target haptic force and K is a coefficient 
and was empirically set to 600 V/N−

1

2 in this particular 
work. The other is a feedback controller combined with 
the previous feedforward controller. The feedback con-
troller is a simple proportional one, whose proportional 
gain, Kp, was empirically chosen to 1000 V/N. The coef-
ficient for the estimation [k in Eq. (8)] was manually 
adjusted.

Figure  9 shows the results of the two controllers for 
several conditions of target force: square wave and single-
sided sine wave in different amplitudes. Left-side figures 
are the results of the previous controller, and the right-
side figures are the results of the proposed controller. For 
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each condition, the upper plot and the lower plot indicate 
the haptic force and the applied haptic voltage over time, 
respectively. Red, blue, and green lines represent target 

force, the measured force, and estimated force, respec-
tively. Comparison of the two controllers in the square-
wave case shows that the closed-loop controller improves 
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the rising of the haptic force by increasing the applied 
voltage. In sine-wave case, whereas the previous control-
ler lost the shape of the force from the target, the closed-
loop controller achieved the force closer to the target. 
These results suggest that the closed-loop control with 
haptic force estimation can render the haptic feedback 
more precisely by improving the instability of the electro-
static adhesion.

Wall rendering with lateral‑force‑direction sensing
The system provides haptic feedback passively by using 
friction. Such a passive haptic system suffers from the 
sticky wall problem, which can be solved by considering 
direction of the force/movement of user’s finger [13, 14]. 
Figure 10 explains the problem, which occurs when the 
reaction force from a virtual wall is rendered using pas-
sive haptic force, such as brake force and friction. When 
the pad enters the virtual wall, the brake or friction force 
acts as the reaction force from the wall (Fig. 10a). When 
the pad is retrieving from the wall, the brake force is still 
exerted until the pad completely getting off from the wall 
(Fig.  10b). This extra brake force is perceived as sticki-
ness of the wall. To solve the problem, wall rendering 
should consider the direction of the force or the move-
ment given from the user; the force rendering should be 
cut when the operating direction is the retrieving one. 
The direction of the movement, which can be obtained 
from the position sensor for the pad, however, has a lim-
ited effect in solving the sticky-wall problem, since the 
movement occurs after the operating force overcomes 
the maximum static friction under the haptic voltage 
application. If we can directly monitor the direction of 
the operating force, the haptic voltage can be cut before 
the operating force reaches the maximum static fric-
tion; the resulting sticky force would be much smaller. 
Toward the monitoring of the operating force direction, 
this section modifies the force sensing described in the 
previous sections.

Lateral‑force‑direction sensing
Figure 11 shows the concept of the lateral-force-direction 
sensing. The concept is to divide the pad electrode into a 
few parts and to detect the eccentric amount of the pres-
sure as the lateral-force direction. Each part of the pad 
electrode, connected to an independent voltage source, 
detects its 2-D position, xi (i is the index for each part), 
and normal force, Fi. The center position of the whole 
pad can be calculated by the mean position of all the elec-
trode parts as xc =

∑n
i=1 xi

n . Here, n is the number of the 
divided parts. Then, the center of the pressure (CoP) can 
be calculated as xp =

∑n
i=1 Fixi

∑n
i=1 Fi

. Finally, the subtraction of 

the CoP from the center position, �xp = xp − xc, would 
correspond to the lateral force direction.

To validate the proposed method, an experiment on 
a 1-DOF prototype was conducted. The experimental 
setup, whose schematic is shown in Fig. 12, consists of a 
1-DOF prototype pad, a sensing table, and an indenter. 
The 1-DOF pad has two sectioned electrodes connected 
to independent voltage sources, and sensing signal is 
alternately applied to each pad for multiple sensing. On 
the sensing table, an ITO electrode sheet covering an 
acrylic base plate are connected to current sensors at the 
two ends to detect the force and 1-D position of each sec-
tioned electrode of the pad. In the experiment, the actual 
eccentric amount and the sensor output were compared 
in several haptic voltage conditions. This particular 
experiment directly uses the signal ratios between the 
two current sensors, x̃i = (−I1 + I2)/(I1 + I2) [1-DOF 

Virtual
Wall

Virtual
Wall

Motion Motion

Electrostatic
adhesion

Electrostatic
adhesion

Friction Friction

a Pushing phase b Retrieving phase
Fig. 10  Schematics of sticky wall problem. In pushing phase (a), the 
friction properly acts as reaction force from the virtual wall. In retriev-
ing phase (b), however, the friction acts as sticking force

Motion

x1 xp
∆xp

x2xc

F1 F2

Push force

Fig. 11  Concept of the force-direction sensing

Pad

Indenter

AA

Pos. of indenter

I1 I2

Fig. 12  Experimental setup for force-direction sensing
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version of Eq. (2), i = 1, 2], as a normalized position of 
each pad electrode. The sum of the signal amplitudes, 
ai = I1 + I2, was supposed to correspond to the force 
applied on each sectioned electrode.

Figure 13 shows the relation between the actual eccen-
tric distance (displacement of the indenter from the 
center of the pad) and the estimated eccentric distance, 
which was calculated as

where x̃p and x̃c represent the normalized CoP and center 
position respectively. The color of the plots represents 
the haptic voltage as the legend shows. For all conditions, 
the estimated eccentric distance changes approximately 
linearly to the change of the actual distance. The esti-
mated distance has some offset due to variance of sensi-
tivity of each electrode. Fabrication error of the sectioned 
electrodes and amplitude difference of voltage sources 
would be the cause of the variance. In addition, as same 
as the pushing force measurement, the sensitivity of force 
direction measurement decreases as the haptic voltage 
increases. The dependence of the offset and the degrad-
ing sensitivity due to the haptic voltage complicates the 
sensing of the lateral force, and should be improved 
in the future work. However, for solving the sticky wall 
problem, the important thing is not detecting the mag-
nitude of the lateral force but just direction of the force. 
The prototype has enough performance in detecting the 
force direction.

Experiment for wall rendering
To demonstrate the capability of the force-direction sens-
ing, a wall rendering experiment was conducted on the 
modified setup of the previous subsection. The appear-
ance of the setup is shown in Fig.  14. The setup added 
a force sensor for evaluation, which was attached on a 
newly introduced linear guide for supporting the 1-DOF 

(10)�x̃p = x̃p − x̃c =

∑2
i=1 aix̃i

∑2
i=1 ai

−

∑2
i=1 x̃i

2
,

movement of the pad. In the experiment, the rendered 
forces with/without considering force direction were 
compared when the pad was moved manually through 
the force sensor to interact with a virtual wall. The basic 
virtual wall (without consideration of force direction) 
was rendered by controlling the haptic voltage as

The wall rendering with considering the force direction 
was as follows:

Figure 15 shows the results of the wall rendering. From 
above, these plots indicate time-variable plot of the posi-
tion, the lateral force (eccentric distance) estimated by 
the built-in sensor, haptic voltage, and haptic force meas-
ured by the evaluation force sensor. Left-side plots show 
the result without considering force direction, and the 
right-side plots for considering force direction. The nega-
tive position means that the pad is within the virtual wall. 
In the left-side plots, the sticking force was exerted until 
the pad position returns to positive. On the other hand, 
sticking force was rapidly switched off in the right-side 
plots. This clearly shows that the force-direction sensing 
can reduce the stickiness of the virtual wall.

However, this simple rendering does not completely 
solve the problem. The sensor sometimes mis-detected 
the force direction when the pad is going to enter the 
virtual wall, which vanished the wall. In addition, during 
the retrieving phase, chattering vibration was sometimes 
observed. The reason of these behavior was low accu-
racy/sensitivity of the prototyped force-direction sensing, 
which might be solved by adding some signal processing 
filters. Combination use of motion direction might be 
useful to compensate the sensing accuracy. These solu-
tions would be tackled in our future work.

Conclusion
This paper discussed interaction force sensing using a 
built-in sensing system for an electrostatic visuo-haptic 
display. The sensing system can estimate the capacitance 

(11)Vh = Kwx̃c (x̃c < 0).

(12)Vh = Kwx̃c (x̃c < 0 ∩ x̃c ·�x̃p ≤ 0).
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between the contact pad and the ITO electrode, in addi-
tion to, and independent from, the position sensing. 
Based on the estimated capacitance, the sensing system is 
able to estimate the haptic feedback force. The estimation 
enables precise control of haptic feedback in a closed-
loop manner. The control reduces the error from the tar-
get force and improves the response speed.

By modifying the structure of the pad, the sensing 
method can be extended to detect the direction of the 
operating force given by the user. The direction sensing 
successfully reduced the stickiness of the virtual wall. 
These interaction force sensing has just opened the door 
to high-fidelity haptic feedback on flat visual displays. 
The rendering method would be further investigated in 
our future work.

Authors’ contributions
TN contributed to the conception, design of experiments, acquisition of data, 
and drafting of the manuscript. AY took part in the conception, interpretation 
of data, and revising of the manuscript. Both authors read and approved the 
final manuscript.

Acknowledgements
This work was supported in part by Grant-in-Aid for JSPS Fellows (No. 26 9272) 
and Grand-in-Aid for Scientific Research (B) (No. 26280069) from JSPS, Japan.

Competing interests
The authors declare that they have no competing interests.

Received: 14 January 2016   Accepted: 13 April 2016

References
	1.	 Christou C, Wing A (2001) Friction and curvature judgement. In: Proc. 

Eurohaptics
	2.	 Robles-De-La-Torre G, Hayward V (2001) Force can overcome object 

geometry in the perception of shape through active touch. Nature 
412(6845):445–448

	3.	 Takasaki M, Kotani H, Mizuno T, Nara T (2005) Transparent surface acoustic 
wave tactile display. In: 2005 IEEE/RSJ international conference on intel-
ligent robots and systems (IROS 2005), pp 3354–3359

	4.	 Lévesque V, Oram L, MacLean K, Cockburn A, Marchuk ND, Johnson D, 
Colgate JE, Peshkin MA (2011) Enhancing physicality in touch interaction 
with programmable friction. In: Proceedings of the SIGCHI conference on 
human factors in computing systems. CHI ’11, pp 2481–2490

	5.	 Bau O, Poupyrev I, Israr A, Harrison C (2010) Teslatouch: electrovibration 
for touch surfaces. In: Proceedings of the 23nd annual ACM symposium 
on user interface software and technology. UIST ’10, pp 283–292

	6.	 Linjama J. Mäkinen V (2009) E-sense screen: novel haptic display with 
capacitive electrosensory interface. Presented at HAID 09, 4th Workshop 
for haptic and audio interaction design, Dresden, Germany

	7.	 Meyer DJ, Peshkin MA, Colgate JE (2013) Fingertip friction modulation 
due to electrostatic attraction. In: 2013 world haptics conference (WHC), 
pp 43–48

	8.	 Shultz CD, Peshkin MA, Colgate JE (2015) Surface haptics via electroad-
hesion: expanding electrovibration with johnsen and rahbek. In: World 
haptics conference (WHC), IEEE, pp 57–62

	9.	 Nakamura T, Yamamoto A (2013) Multi-finger electrostatic passive haptic 
feedback on a visual display. In: World haptics conference (WHC), IEEE, pp 
37–42

0 1 2
Time [s]

3

-0.2
-0.1

0
0.1
0.2

Po
s. 

(x
c)

-0.02
-0.01

0
0.01
0.02

D
rc

t. 
(∆
xp

)

-600
-400
-200

0
200
400
600

V
ol

ta
ge

 [V
]

0 1 2
-2
-1
0
1
2

Fo
rc

e 
[N

]

Time [s]
3

~
~

a Without FD b With FD

Sticking

Fig. 15  Results of wall rendering without (a) / with (b) considering force direction



Page 11 of 11Nakamura and Yamamoto ﻿Robomech J  (2016) 3:11 

	10.	 Nakamura T, Yamamoto A (2014) Built-in capacitive position sensing for 
multi-user electrostatic visuo-haptic display. In: Asia haptics 2014

	11.	 Nakamura T, Yamamoto A (2015) Simultaneous measurement of position 
and interaction force on a multi-user electrostatic visuo-haptic display. In: 
2015 IEEE world haptics conference

	12.	 Nakamura T, Yamamoto A (2015) A multi-user surface visuo-haptic dis-
play using electrostatic frcition modulation and capacitive-type position 

sensing. IEEE Transactions on Haptics, no. 1, pp. 1, PrePrints. doi:10.1109/
TOH.2016.2556660

	13.	 Colgate JE, Peshkin MA, Wannasuphorasit W (1996) Nonholonomic haptic 
display. In: Proceedings of 1996 IEEE international conference on robotics 
and automation, vol. 1, pp 539–544

	14.	 Furusho J, Sakaguchi M, Takesue N, Koyanagi K (2002) Development of er 
brake and its application to passive force display. J Intell Mater Syst Struct 
13(7–8):425–429

http://dx.doi.org/10.1109/TOH.2016.2556660
http://dx.doi.org/10.1109/TOH.2016.2556660

	Interaction force estimation on a built-in position sensor for an electrostatic visuo-haptic display
	Abstract 
	Introduction
	Built-in force estimating system
	Concept
	Capacitance measurement on prototype

	Haptic force estimation
	Closed-loop control of haptic force
	Wall rendering with lateral-force-direction sensing
	Lateral-force-direction sensing
	Experiment for wall rendering

	Conclusion
	Authors’ contributions
	References




