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Abstract. Electrovibration has been used to render the surface texture on tactile
devices. To understand how the rendering performance is related to the normal
force applied to the surface of the device by a finger, we investigated the
influence of the applied normal force on electrovibration perception magnitude.
We conducted a magnitude estimation experiment to observe how the electro-
vibration perception relates to the applied normal force ranging from 0.5 to 5 N.
We measured the frictional force on a finger together with the normal force and
calculated the friction induced by the electrostatic force. We found that the
electrovibration perception magnitude increased with the increased applied
normal force. Similarly, the friction induced by the electrostatic force increased
with the applied normal force. This study demonstrates that the applied normal
force has a large influence on the electrovibration perception, which needs to be
considered in virtual texture rendering on electrovibration-based tactile devices.
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1 Introduction

As the use of touch screen becomes increasingly popular, tactile displays on surface
have drawn great interest from academia and industry. Such haptic interfaces allow
users to perceive virtual objects by touch on the screen, which would greatly enhance
user experience and task performance in the interaction with the virtual world. Thus far,
a wide assortment of the tactile displays has been developed [1–4], one of which is
electrovibration-based display which relies on electrostatic force to render virtual
texture.

Since electrovibration was discovered, various electrovibration-based devices have
been developed. Strong and Troxel firstly developed a tactile display on electrode-array
using electrovibration [5]. TeslaTouch was realized on a commercial transparent touch
screen [2], which demonstrate that electrovibration could be easily combined with the
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widely used touch screen. Senseg and Tanvas developed commercial techniques that
apply electrovibration to touch screens such as smartphones and tablets. Recently,
some flexible tactile devices based on electrovibration were developed to extend the
application of electrovibration [6–8].

Electrovibration effect was modeled by the parallel-plate capacitor [9, 10]. The
major parameters that affect the electrostatic force are: voltage across the finger and the
electrode, insulator properties, fingertip skin properties, and contact area [11]. In [12],
Vezzoli et al. improved the capacitor model for electrovibration effect by taking into
account the frequency dependence. Meyer et al. [13] investigated dependence of the
friction induced by the electrostatic force on the frequency and amplitude of the
actuation voltages. Recently, Shultz et al. [10] modeled the electrovibration according
to the voltage difference across the air gap between human fingertip and the insulator
layer of the touch screen. Kang et al. [14] explored how to achieve low voltage
operation of an electrovibration tactile display. They compared three types of input
voltage signals and showed that the dc-offset was the best way to decrease the activated
voltage.

A number of researchers have investigated the electrovibration effect with respect
to the input voltage and insulator properties [15–19]. Strong and Troxel [5] found that
the intensity of the electrovibration sensation was primarily dependent on the voltage
peak rather than the current intensity. Kaczmarek et al. [20] investigated voltage
polarity effect in electrovibration. Their results showed that tactile sensation of elec-
trovibration was more sensitive to negative or biphasic pulses than that for positive
pulses. Bau et al. [2] measured the absolute thresholds of the voltage signals with
respect to five frequencies. They found that the absolute threshold formed a U-shaped
curve. Furthermore, Vardar et al. explored the effect of input voltage waveform on the
haptic perception of electrovibration on touch screens [15]. Wijekoon et al. [16]
investigated the electrovibration sensation intensity with respect to input voltage signal
using a fixed 6-point Effect Strength Subjective Index (ESSI). Their experimental
results showed that there were significant correlations between intensity perception and
signal amplitude. Agarwal et al. [21] studied the relationship between the input voltage
and the insulator thickness. They performed psychophysical measurements to deter-
mine the dependence of absolute threshold of the voltage signals on polyimide
dielectric layers of varying thickness. The result showed that the thickness had little
effect on the absolute threshold.

When users interact with the electrovibration-based display, their fingers apply a
normal force to the surface of the display. Although the normal force was not included
in the model of electrostatic force, some research works have studied its effect on the
electrovibration perception. Zophoniasson et al. [22] studied the influence of the
applied normal force on the absolute thresholds of the input voltage of an
electrovibration-based device. They divided the applied force into three levels: the light
level (from 0.2 N to 1.5 N), the medium level (from 1.5 N to 3.0 N) and the high level
(from 3.0 N to 7.0 N). Their result showed that the applied normal force had an effect
on the absolute threshold of the voltage amplitude at 240 Hz, 360 Hz, and 540 Hz.

Apart from the above efforts, little work has been done in studying the effect of the
applied normal force on electrovibration perception intensity. In this study, we con-
ducted a psychophysical experiment to investigate the effect of applied normal force on
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electrovibration perception magnitude. Meanwhile, the force data were recorded to
explore the relationship between the electrostatic force and the applied normal force
ranging from 0.5 N to 5 N.

The remainder of this paper is organized as follows: in Sect. 2 we present a psy-
chophysical experiment for estimating the electrovibration perception magnitude as the
applied normal force changes. In Sect. 3, we present the result of the magnitude
estimation and the measured friction induced by the electrostatic force. In Sect. 4, we
discuss the experimental results. Finally, we conclude in Sect. 5.

2 Methods

The aim of the experiment is to explore the perceived magnitude of electrovibration
with respect to the normal force applied by fingertip. At three frequencies of the input
voltage participants rated the magnitude of electrovibration perception under 10 levels
of the applied normal force. The applied normal force considered in this study ranges
from 0.5 N to 5 N, which is the normal range when using electrovibration-based tactile
devices [22].

2.1 Participants

Eight participants from Beihang University took part in the experiment (aged 23-30
years old, average 27 years old). They were right-handed by self-report. All of them
have no sensorimotor impairment with their right hands. Each participant cleaned his or
her index finger prior to beginning the experiment. To decrease the friction effect due to
skin moisture, participants were asked to use talcum powder to dry their fingertip.

2.2 Experimental Apparatus

The apparatus used for the experiment is shown in Fig. 1, in which 3 M touch screen
was used as the tactile display because of its availability and stability. The screen
consists of three layers. A high sensitivity transducer is necessary for measuring the
friction induced by the electrostatic force. ATI Nano17 was chosen for this purpose,
which has 1/300 N resolution and has a resonant frequency of 7200 Hz and is capable
of measuring three dimensional forces. The sensor was mounted under the 3 M touch
screen to measure the normal force and lateral force simultaneously. The force data
were captured by a data acquisition board (National Instruments PCI-6220, Austin,
Texas) at a sampling rate of 1 kHz. A carriage is mounted on the sliding rail (HIWIN
MGNR15C, Taiwan), which allows participants to rest the wrist. The carriage can slide
along the x axis of the sensor.

To help participants to maintain a stable applied normal force while sliding their
finger on the surface, visual feedback was provided on computer monitor. As shown in
Fig. 2, the blue bar moves up and down in real time indicating the error of the actual
applied normal force from the desired value. Participants maintained the desired
applied normal force by keeping the force error as small as possible (see Fig. 2).
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The input voltage is generated by a microcomputer (Silicon Laboratories,
C8051F320, USA) and amplified by a special amplification circuit. The frequency error
of the input voltage signal is no more than ±0.2% and the amplitude error of the
voltage is no more than ±4%. The finger is grounded through the skin via a copper foil
band.

2.3 Stimuli

Vardar et al. showed the participants were more sensitive to stimuli induced by square
wave voltage than sinusoidal one [15]. Thus, no bias square wave voltage was used in
this study at the three frequencies of input voltage (20 Hz, 120 Hz, 220 Hz). As the
frequency of electrostatic force is twice the voltage frequency [13], the 120 Hz lies in
the range of the most sensitive frequency, which is around 200–300 Hz [23]. The other
two are outside the range. The voltage magnitude was chosen as 120 V, which is

Fig. 1. Experimental apparatus
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Fig. 2. Illustration of the experiment of perception magnitude estimation (left) and the interface
of the visual feedback (right) (Color figure online)
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higher enough than the absolute detection threshold [15]. To ensure small fluctuations
in the applied normal force, the voltage signal is turned on every 500 ms, each time for
250 ms, as shown in Fig. 3. Zophoniasson et al. showed when users experience the
electrovibration device the highest applied normal force was around 5 N [22].
Therefore, we evaluated the perception magnitude of electrovibration under 10 different
applied normal forces (0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0 N).

2.4 Procedure

We used the method described in [24] to estimate the magnitude of the electrovibration
perception. Before the experiment, participants were trained to maintain a stable normal
force during finger sliding. During the training, each participant slides the fingertip on
the device surface while watching the visual feedback on the computer. To reduce the
task difficulty, the finger slides within a short distance of about 4 cm (Fig. 1). The
average duration of the training session is about 20 min.

In the experiment, participants sat comfortably in front of the apparatus and wore a
grounded band on right wrist, which rested on the sliding carriage (Fig. 2). Their right
index finger pressed on the 3 M touch screen and kept desired normal force and then
slid the finger. When sliding the finger on the 3 M touch screen, participants kept the
applied normal force steady with the help of the visual feedback. The sliding was
repeated 5 times for each level of applied normal force. Then participant was asked to
rate the electrovibration perception by assigning a number to the estimated magnitude.
Participants could use any number they think appropriate to them. They assigned
successive numbers in such a way that represent their subjective impression. There is
no limitation to the sets of numbers participants may use. A random order of 10 applied
force levels were presented for each participant. To make the participants focus on the
estimation task, they were asked to speak out their assigning number while the
experimenter recorded the number. The normal force and tangential force were
recorded during the sliding.

The experiments were performed in three sessions, which formed based on the
types of the input signal (20 Hz, 120 Hz 220 Hz). The duration of each session was
about 6–10 min. Participants were asked to take a two-minute break between sessions.
Before each session, participants were asked to clean their fingers and use talcum
powder to reduce finger humidity.

Fig. 3. Sample of the supply signal
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3 Results

3.1 Magnitude Estimation

The raw data of the magnitude estimation need to be normalized because participants
were free to choose their own sets of numbers. We normalized the data by using a
geometric mean, as recommended by Han et al. [25]. To determine the effect of applied
normal force on electrovibration perception magnitude, one-way ANOVA was con-
ducted on the normalized data at each frequency.

The normalized rating scores of magnitude estimation are shown in Fig. 6. The
result shows that the average scores increase with the applied normal force. One-way
ANOVA analysis of the score shows that the applied normal force has a significant
effect on electrovibration perception magnitude (square wave (120 V, 20 Hz): F
(9,63) = 30.37, p < 0.001; square wave (120 V, 120 Hz), F(9, 63) = 15.38, p < 0.001;
and square wave (120 V, 220 Hz), F(9, 63) = 13.62, p < 0.001).

3.2 Friction Induced by the Electrostatic Force

The magnitude estimation experiments showed that the larger the applied normal force
was, the stronger the perceived magnitude was. To better understand the reason behind
this, we analyzed the friction induced by the electrostatic force during the experiments.

fa Fe
fe

Fa

Inner of the stratum corneum
The stratum corneum
Outer of the stratum corneum

Fig. 4. Electrovibration principle and force analysis

Fig. 5. Sample of the raw force data at three frequencies (20 Hz, 120 Hz, 220 Hz)
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As shown in Fig. 4, the lateral force on the fingertip consists of two parts:

f ¼ fa þ fe ð1Þ

where fa is the Coulomb friction, fe is the friction induced by the electrostatic force. We
measured the lateral force when the input voltage signal was turned on and off. Thus,
the friction induced by the electrostatic force can be calculated by

fe ¼ f � fa ¼ fv 6¼0 � fv¼0 ð2Þ

where fv 6¼0 is the lateral force when the input voltage is turned on, fv=0 is the lateral
force when the input voltage is turned off. A sample of the normal and lateral force data
at three frequencies (20 Hz, 120 Hz, 220 Hz) is shown in Fig. 5. The gray area rep-
resents the input voltage is turned on.

Figure 7(a–c) show the mean and the standard deviation of the applied normal
force of individual participant. The largest standard deviation among the eight par-
ticipants is 0.08 N, showing that the deviation from the specified normal force is small,
which suggests that participants could keep the applied normal force constant during

Fig. 6. The mean and standard deviation of the magnitude estimation of electrovibration
perception at the three frequencies.
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the short-distance (4 cm) sliding. As shown in Fig. 7(e–f), the friction induced by the
electrostatic force increases with the applied normal force. The smallest means of the
three frequencies are within 0.04 to 0.05 N, the largest means are within 0.19 to
0.29 N, which illustrates that the friction induced by the electrostatic force changes
largely as the applied normal force increases.

(a)  (d)

(b)  (e)

(c)  (f)

Fig. 7. The mean and deviation of the applied normal force (a–c). Relation between the friction
induced by the electrostatic force and the applied normal force (d–f).
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4 Discussion

The results of the magnitude estimation experiment suggest that the applied normal
force has a significant effect on the perception of the friction induced by the electro-
static force. This result is drawn when the applied normal force changes from 0.5 N to
5.0 N, which is the normal range when the uses interact with the tactile displays.
Although the applied normal force is not explicit in the model of electrostatic force, it
needs to be considered when applying the model.

We measured electrovibration perception magnitude with respect to the applied
normal force ranging from 0.5 to 5 N. The results showed that the electrovibration
perception magnitude increased significantly with the increased applied normal force at
three frequencies of the input voltage (20 Hz, 120 Hz and 220 Hz). To understand the
reason behind this result, we measured the corresponding friction induced by the
electrostatic force. Figure 7 shows a positive correlation between the friction induced
by the electrostatic force and the applied normal force, which supports the relationship
between the electrovibration perception magnitude and the applied normal force. Our
finding at the voltage frequency of 220 Hz is consistent with what Zophoniasson et al.
[22] claimed that the absolute voltage thresholds decreased with increased applied force
at 240 Hz, 360 Hz, and 540 Hz. However, our results do not agree with the results at
100 Hz and 160 Hz in [22], which showed no applied force effect on the absolute
threshold of the voltage. This discrepancy would need to be investigated further in the
future.

The model of electrostatic force indicates a linear relationship with the contact area
of the finger [9, 10]. Previous researches showed that the finger contact areas became
roughly constant when the applied normal forces is above 2 N [26, 27]. Our result in
Fig. 7 shows the friction induced by the electrostatic force continues to increase with
the applied normal force in the range of 0.5 N–5 N. This fact suggests that the applied
normal force affects not only the contact area but also other factors in the model of
electrostatic force. We speculate that the applied force may affect the thickness of the
air gap in the model. Future work needs to be done to confirm the speculation.

It is noted that the tangential force on the fingertip consists of two parts (see in
Eq. (1)): the Coulomb friction (fa) and the friction induced by the electrostatic force
(fe). Thus, the participants perceived the two parts when estimating the magnitude of
electrovibration. Because fa is a low-frequency friction and fe is a relative
high-frequency friction, the perceptual difference between the two is distinct. In fact,
the participants can easily differentiate the two types of friction, which is supported by
the similar trends of the estimated score (Fig. 6) and the friction induced by the
electrostatic force (Fig. 7(d–f)). However, the Coulomb friction may affect the accu-
racy of the magnitude estimation. Furthermore, we observed that there is less deviation
around 2.5 N in Fig. 6, which needs further investigation.
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5 Conclusion

Aiming to investigate how the electrovibration perception magnitude is influenced by
the applied normal force, we measured the electrovibration perception magnitude as
well as the friction induced by the electrostatic force with respect to different applied
normal forces. The experimental data indicated that both the magnitude and the friction
induced by the electrostatic force increase with an increased applied normal force. The
result implies that the applied normal force has a strong influence on the electrovi-
bration perception magnitude, and thus needs to be considered in virtual texture ren-
dering on electrovibration devices.
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