This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

IEEE TRANSACTIONS ON ROBOTICS

So-EAGlove: VR Haptic Glove Rendering Softness
Sensation With Force-Tunable Electrostatic
Adhesive Brakes

Quan Xiong

Abstract—Haptic gloves allow the players to feel the virtual
world more realistically by providing force feedback. At present,
haptic gloves are mainly driven by conventional motors, and for
them, being lightweight, low cost, low in power consumption, and
intrinsically safe to operators are challenging. Here, we designed
a haptic glove (So-EAGlove) integrating a flexible electrostatic
adhesive brake to resist human fingers with a tunable braking force
and render a softness sensation. This glove weighs only 51 g, but is
capable of simulating objects in a large range of Young’s modulus
from 540 Pa to 5.4 MPa. The electrostatic adhesive brake costs only
approximately 2.43 mW during operation, i.e., more than three
days powered by a small button battery. We built a feedforward
control model and evaluated its performance. Experimental results
show that this glove can generate an accurate force to follow the
force-displacement profile of the corresponding real objects. The
error is less than 7%, barely noticeable by the subjects. The sub-
jective tests also demonstrate that little statistical difference exists
between the real objects and the virtual objects for the subjects.
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1. INTRODUCTION

IRTUAL reality (VR) is an emerging technology that
V creates a simulated environment through artificial vision,
sounds, haptics, and other sensation similar to the real world [1].
This technique has been attractive in both industry and academia
in the last decades for vast applications such as entertainment,
manufacturing, healthcare, education, and the emerging meta-
verse [2]-[4]. Currently, most VR devices only render visual
feedback [5]. Actually, in daily life, tremendous information is
achieved by haptics [6]. Therefore, recently researchers have
dedicated themselves to developing VR haptic devices, particu-
larly those mounted on hands [7].

Typically, haptic gloves generate force by braking de-
vices based on various driving mechanisms, such as pneu-
matic/hydraulic pressure, electromagnetic motor, and mag-
netorheological fluid [8]-[10]. Pneumatic/hydraulic pressured
muscles are soft and compact but noisy in pressure source and
less accurate in force control. Using commercially available
electromagnetic motors or magnetorheological fluid are popular
approaches. Still, the large weight and size cause fatigue on
the arm and hand and diminish the realism of the simulated
environment.

This article integrates the emerging electrostatic adhesion
(EA) brake into the VR haptic glove. An EA brake is typically
composed of two conductive layers and a dielectric layer be-
tween the conductors [11]-[14]. Supplied with high voltage,
unlike charges are induced in the two conductive layers re-
spectively, generating a resistance force on the interfaces. Since
the EA brake is mainly made from polymers and in thin-film
form, the glove with EA is supposed to be compact, lightweight,
compliant, economical, and low in energy consumption (several
milliwatts [15]). The EA brake is intrinsically safe since it
generates resistance force passively only when it is subject to
an external force, while the active motors might hurt human
beings once they malfunction. Previously, a conceptual haptic
glove has developed based on EA [15], showing the exciting
advantages of EA on haptic gloves, such as lightweight and
compactness, by rendering the virtual rigid objects using the ON
and OFF statuses of EA brakes. For more extensive applications,
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Fig. 1. So-EAGlove, a VR haptic glove integrating force-tunable EA brake

while grasping a virtual balloon. The large range of objects and materials that
can be simulated by So-EAGlove is shown below.

this promising technique needs to simulate a larger range of
objects, e.g., soft items. However, there are many challenges to
generating a softness sensation in the haptic glove system by
EA brakes. For example, the model should be built to predict
the force-displacement curvature of a virtual soft object. Next,
to follow the aim force curvature accurately, the hardware and
the control algorithm of EA brakes should be improved and
evaluated.

The contributions of this article are as follows. Integrating an
EA brake, we design and devise a lightweight, energy-efficient,
compact haptic glove (So-EAGlove) capable of rendering a
softness sensation. So-EAGlove (see Fig. 1) can simulate a
large range of softness from 540 Pa (like jelly) to 5.4 MPa
(similar to the apple). It weighs 51 g and consumes only 2.43
mW during operation (smaller than most previous haptic gloves
[16]-[18]). We built the closed-loop control model for a haptic
glove integrating an EA brake to eliminate disturbance on the ad-
hesive force. The simulated force curvatures for springs, silicone
blocks, and complex soft objects (e.g., a rubber duck and a piece
of cake) possess minor errors that are barely perceivable (less
than 7%). So-EAGlove also renders virtual soft objects (e.g.,
springs, silicone, and balloons) that cannot be distinguished by
the participants from the real ones, according to the statistical
analysis results of the subjective tests (p>0.05).

The structure of this article is as follows. The basic principle of
the contact model of the finger, EA braking force, and the control
model of EA braking force are explained in Section II. The
manufacturing and assembly methods of the EA brake and the
So-EAGlove are introduced in Section III in detail. In Section IV,
the experimental results are exhibited and discussed. Lastly, we
summarize this article and propose future work in Section V.

II. MODELING

To understand the force variance of a virtual soft object, we
build a contact force model. To generate controllable force, we
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Fig. 2. Contact model. (a) Deformation process of elastomer pressed by a
fingertip. (b) Influence of £, on contact model between fingertips and silicone.
In the estimation, the value of E*, is from silicone A and the parameters is
from human fingertips. They were measured through preliminary experiments
(mentioned in Section IV) at the pressing speed of 30 mm/min.

establish a model for the EA brake. With the target force curva-
ture predicted by the contact force model and the feedforward
calculated from the EA brake model, we develop the closed-loop
controller for the system. The detail is described as follows.

A. Softness Sensation

One can assess the softness of an object by perceiving the
applied force and corresponding deformation. The force on a
spring or an ideal elastic object is proportional to the deformation

E
F:kx:TSx

ey
where k is the stiffness (if the object is a spring), x is the
displacement, E is the equivalent Young’s modulus if the object
is an elastic item, S is the contact area, and L is the height of
the simulated sample. This equation is just a simple model for
an ideal elastomer by neglecting the nonlinear factors such as
the internal damping of the elastomer and the finger elasticity. If
considering these factors in the practical elastomer, the contact
force F can be calculated by

F=F,+F, ()
where F, is the internal damping force expressed by
F, =ci/z (3)

where c is a constant, and z is the deformation [see Fig. 2(a)].
F. is the elastic force owing to deformation based on Hertzian
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Fig. 3. Principle of EA. (a) Voltage is OFF. (b) Voltage is ON.
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where R is the fingertip radius, and E is the equivalent Young’s
modulus calculated by
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where vy and v, are the Poisson’s ratios of the fingertip and the
object, and Ey and E, are Young’s modulus of the fingertip and
the object, respectively. In the case of large deformation [19],
the elastic modulus E, and Ey are functions of contact force I

E¢(F)=EnF + Eyy (6)
E,(F)=EuF + Ey @)

where Ey;, Efs, E, 1, and E,» are constant coefficients. In this
contact model, we assume the nonlinear elastic materials are
isotropic. Hence, if the parameters of materials are given, the
model can reproduce the force-displacement curves. This model
can be employed for a physical engine in the VR system to
real-time calculate the tendency of the interacting force from a
set of parameters.

According to the equations above, the pressing force (contact
force) on an elastomer non-linearly increases with the defor-
mation, as shown in Fig. 2(b). Larger elasticity makes both
the force and the increasing ratio higher. To render an elastic
perception, we should generate a force with such a tendency too.
The above model assumes the soft object is a large compliant
block. Complex objects composed of multiple components and
materials can be roughly estimated by this model by simplifying
the objects into an equivalent simple structure or be precisely
predicted with modified models [20].

The magnitude of the force curvature rendered by the haptic
device can have a little error since the skin perception has a
certain tolerance, which is the just noticeable difference (JND),
approximately 7% of the reference force [21].

B. EA Braking Force

A typical EA brake is composed of two electrodes and a
dielectric layer between them. When a voltage is applied to
the two electrodes, unlike charges are induced, and friction
is generated by the Coulomb force between the charges (see
Fig. 3). The normal EA force between the electrodes can be

EA braking force model

[ EA brake |y

Fig. 4. Control diagram of EA braking force.

simply calculated by the parallel-plate capacitance model

eregAU?
—20 ye 8)

where U is the applied voltage, ¢, is the dielectric constant of the
insulation layer, € is the vacuum permittivity, A is the overlap
area of the two electrodes, and d is the thickness of the dielectric
layer. EA force which is perpendicular to the films causes friction
force (EA braking force) between the thin films

L, adhesive —

Fbraking - ,U/Fadhesive (9)

where p is the coefficient of friction. Ideally, we can control
EA braking force by just tuning the voltage according to the
above equations, but the error is large in practice since the
above equations neglect other factors that are non-linear and
time-variant, such as leakage current, accumulated charges, and
mechanical deformation of the electrodes [22]-[24]. In this
article, we decide to compensate for the discrepancy between
the above ideal model and target force by a closed-loop control,
which is explained in the next part.

C. Closed-Loop Control With Feedforward

Although the mechanism of EA has been extensively studied,
little literature explores the controllers [25], [26], particularly
those with force feedback. It is more challenging to control the
EA force of brakes that are made of flexible and deformable
films than the EA devices with rigid or stiff electrodes [25], [26].
Here we introduce feedback control to improve the accuracy and
response of the system (see Fig. 4) by adopting a proportional-
integral-derivative (PID) controller for the closed-loop control.
The target force-displacement curvature is generated by the con-
tact model. However, based on our tests, only the PID controller
is difficult to achieve both high accuracy and fast response
simultaneously. Therefore, we introduce the feedforward into
the controller, which is derived from the EA braking force model.
The control voltage is expressed by

U= Uy + Ugf (10)
ufb:er—i—KZ-/edt—l—Kdé (11
ufrf = Kmodel V Fdes (12)

where K,,, K;, and K, are the closed-loop control parame-
ters, ugp, and uyy are the feedback voltage and the feedforward
voltage, respectively, and Fg4es is the target force, Kpodel 18
the EA braking force model parameter depending on the di-
mensions and material property of the EA brake, achieved
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By experiments we compared the response time and accuracy
of open-loop control (only the feedforward control), PID control,
and PID with feedforward control through experiments on the
tensile testing machine (see Section IV). The PID controller
might not be the optimal controller, but it can fulfill the current
need in practice.

from (8) and (9)

13)

III. FABRICATION AND ASSEMBLY
A. EA Brake

During the fabrication, first, a piece of a composite film made
by an aluminum layer (Al, 25 pm) and a Polyethylene tereph-
thalate layer (PET, 25 pum) was located on a basement evenly
[see Fig. 5(a)]. Then, dielectric paste (Luxprint, 8153, Dupont,
the relative dielectric constant: 35) was uniformly coated on the
surface (aluminum side) of the AI-PET film using a squeegee.
The film was dried at 130°C for 1.25 hours [see Fig. 5(a)]. After
cooling down for 1.25 h, the film was taken out and cut into
a smaller piece (10 cm X 5 cm) as an electrode (Electrode
A) of the EA brake. The thickness of the dielectric layer was
approximately 34 pm, measured by a micrometer. We directly
cut a piece from an Al-PET film with the size of 23 cm x 4.5
cm as the other electrode (electrode B) [see Fig. 5(b)]. The two
electrode films (electrodes A and B) were finally encapsulated
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by a sleeve made from paper and polyimide to allow linear
movement only [see Fig. 5(c)].

The whole EA brake weighs only 5.5 g and measures 0.76
mm in height and 65 mm in width. The coefficient of friction in
this article is about 0.18.

B. So-EAGlove

We integrated the EA brake into the So-EAGlove to generate
soft perception on fingers (see Fig. 6). Electrode A was fixed
to a wrist belt. One edge of electrode B was connected to an
“0O” shaped handle by a connector and a load cell (DYZ-100,
Bengbu Da Yang). Here for conciseness, we decide to study the
force feedback only on the two representative fingers (the index
finger and the thumb). Thus, the handle accommodated three
fingers (the index, middle, and ring fingers), and with the same
structure, these fingers can be independent in the future design.
A pulley (made from a smooth circular acrylic rod) on a rigid
frame fixed to the thumb (as grounding) was used to change
the direction of electrode B. The other edge of electrode B was
attached to a sliding block.

The sliding block was connected to the wrist band by two low
stiffness springs (10 N-m) made of rubber threads. The springs
can pull back the brake to its original position and generate a
weak pressing contact force on the fingertips, while the fingers
release. The retracting force from the springs is neglected in the
control model to save calculation time. Since the spring force is
relatively weak (e.g., 10 N-m for each spring, only 0.1% of the
maximum simulated stiffness 10 000 N-m), it is regarded as a
disturbance and compensated by the closed-loop control system,
which is displayed in detail in the experimental section.

A sensor (HG-C1200, Panasonic) installed on the forearm by
a belt acquired the displacement of electrode B. The wrist belt
is likely to deform and slip during the operation, resulting in
errors in the displacement sensing. Based on our tests, the error
magnitude is acceptable at this stage. The movement of the wrist
during the operation also affects the displacement measurement.
Thus, we asked the users to keep the wrist fixed during the oper-
ation. These problems regarding the displacement measurement
can be solved in the future by integrating the sensor into the
glove to sense the motion of the fingers directly.

The glove measures 20-cm long, 7-cm wide, and 12-cm high
and weighs only 51 g. The maximum displacement of the figure
tips is 60 mm.

Compared with the traditional variable stiffness haptic gloves
[9]1, [15]-[18], [27], the primary advantages of this haptic glove
are as follows (see Table I). First, it is lightweight (only 51
g), which reduces the fatigue of human hands and distraction
resulting from the device’s weight on the hand during VR
operation. Second, the power consumption is extremely low
(only 2.43 mW, mentioned in Section IV), which allows for a
smaller battery or longer battery life. Third, the cost of the core
component (EA brake) is only approximately $8, which is much
lower than a servo dc motor. Finally, the EA brake is intrinsically
safe since the resisting force of the EA brake is passive, and it
becomes zero if no motion is generated by the fingers. With the
above advantages, this glove sacrifices the force feedback during
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Fig. 6. Mechanical design of So-EAGlove. (a) Mechanical sketch. (b) Front view of So-EAGlove. (c) Side view of So-EAGlove.
TABLE I
COMPARISON WITH OTHER DEVICES
Wolverine [18] | DextrES[15] | HIRO I [9] CLAW [16] Dexmo [17] DESR [27] S(‘t’l'llfsAw(:’)Ir"kv)e
Force feedback Constant stiffness Variable stiffness
One-way brake .
Actuation method | driven by a DC EA brake DC motor Electroactive EA brake
motor (on/off force) polymer (tunable force)
Weight (g) 55 8 (only brake) 900 420 300 38 51
Range of motion 20-160 mm Full hand Thur.nb: 705, 3 45 deg of the Full hand 5 mm stroke 60 mm stroke
closing other: 587 cm index finger closing
Ma;‘.f""e fo per 106 20 3.6 30 0.5 Nm 72 10*
inger (N)
Average power
consumption 290%* Less than 100 - More than 150 1000 - 243
(mW)

*This value is calculated from the net maximum force (30 N) on the handler (for three fingers) acquired by the load cell.

**The average power is under the condition of running once every 3 seconds.

the pulling back of the fingers since the EA clutch itself can only
generate a unidirectional braking force.

Contrasting to the previous haptic gloves integrating an EA
brake [15], this prototype can generate a tunable resisting force
to simulate a larger range of objects. Furthermore, the resisting
force direction is guided by a frame to be vertical to the fingertips
in this prototype, same as the reacting force direction of a real
object, to improve the realistic feeling, while the force direction
of the previous prototype is lateral [15]. This article mainly
focuses on the softness sensation on the two representative
fingers of the thumb and index finger, since they are the two
primary fingers involving daily activities [28]. Currently, the
middle and ring fingers share the same handle with the index
finger, but they can be independent in the future with the same
mechanism and design.

C. Electrical Circuit

The electrical design is shown in Fig. 7. When the fingertips
move, their displacement and force are acquired by the distance

_ [NTDAQ|] _ [High-Voltage
| card 7| DC amplifier]
Y S
PC Labview . [EAbrake —— 3 Hand
Real-time OS | orce :
' sensor|
) SO TR £
. Glove
Displacement System
Sensor ’
NI DAQ <—I
card [

Fig. 7.  Electrical design block diagram.

and force sensors, respectively, and sent to a DAQ board (4330,
NI). These data are analyzed by a LabVIEW program based on
the aforementioned control method, and the DAQ board outputs
the control voltage. After being amplified by 200 times (Model
615-10, Trek), high voltage is supplied to the electrodes of the
EA brake.
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Fig. 9. EA braking force by open-loop control.

IV. EXPERIMENTAL RESULTS
A. Characterization of the EA Brake

1) Braking Force: To measure the EA braking force, we fixed
electrode A to the movable stage of a universal tensile testing
machine (ZQ-990B, ZHIQU) through a load cell (ZQ-770-10,
ZHIQU) and Electrode B to the basement [see Fig. 8(a)]. While
the EA brake was pulled at 30 mm/min, the load cell acquired
the braking force. We kept the applied voltage below 300 V since
the applied voltage higher than 350 V was more likely to cause
an electrical breakdown. At each condition, at least three trials
were conducted.

As shown in Fig. 9, the experimental data of braking force
share the same tendency with the estimation based on (8) and
(9). In the estimation, Ky,,oqe] is calculated based on (13). The
dielectric thickness d in the estimation was calculated from (8)
after achieving the adhesive force in a preliminary test. The
average magnitudes of the experimental results have a large
discrepancy with the target, even out of the JND threshold (the
gray area in Fig. 9), perhaps due to the variable air gap between
the two electrode films and the nonlinear material properties.
This is unacceptable for this haptic feedback device since the
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Fig.10.  Comparison between open-loop control and closed-loop control while
following a square wave, a triangle wave, and a sine wave, respectively.

subject can feel the force difference, and hence, the closed-loop
control is necessary.
2) Closed-Loop Control:

a) Force Magnitude Control: Here, we compare the per-
formance of the conventional open-loop control and the PID
closed-loop control. We acquired the force data in Fig. 10 using
the experimental setup (a tensile testing machine) in Fig. 8(a).
The force was measured when the EA brake was pulled to
move linearly at a constant speed. The closed-loop controller
generates a force following the aim waveforms accurately, as
shown in Fig. 10. For example, while simulating square, triangle,
and sinusoidal force waves, the mean absolute error is 4.41%,
22.7%, and 20.7% by an open-loop control, and 0.52%, 7.11%,
and 9.89% by closed-loop control, respectively. The closed-loop
control improved the accuracy by approximately three times.

b) Response Time: The response time is a system constant,
and it does not change with the input signal (voltage). However,
when the feedback is added to the open-loop system, the system
is changed, and then the response times can be improved [29].
With the method same in the last part, we tested the transient
response of the EA brake. Here, we select the activation voltage
as 210 V. As shown in Fig. 11, with the open-loop controller, the
rise time of the braking force is approximately 50 ms, and the
fall time 87 ms. Under the closed-loop control with feedforward
(PID with feedforward), the force can change to the aim force
more quickly, as shown in Fig. 11, with the rise time of only
38 ms (24% shorter) and the fall time of 68 ms (22% shorter).
Under the proposed control, the applied voltage is the feedback
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The response time is adequate for the haptic device since the
human response time is approximately 235 ms [31]. However,
if we use the closed-loop control without feedforward (simple
PID), the rise and fall times are much longer (280 ms and over
400 ms), which is unacceptable. The errors of PID and PID with
feedforward are 4.78% and 1.63%, respectively, smaller than the
JND and acceptable currently in this device.

c) Elastic Object Rendering: For ideal elastic objects, the
contact force is proportional to the corresponding deformation,
just like a spring. We use the tensile machine to simulate the
compressing process of a human finger (at a constant speed
of 30 mm/min), and the EA brake resists the “finger” by the
braking force. In the test, the EA brake can generate a braking
force that increases linearly with the displacement, just like
the target (absolute average error: 4.1%) [see Fig. 12(a)]. The
stiffness of the linear braking force ranges from 1 to 10000
N-m, corresponding to Young’s modulus of a virtual ideal elastic
object ranging from 540 Pa to 5.4 MPa according to (1) (here
L is 60 mm considering the distance from the index finger to
the thumb finger, and S is 110 mm? considering the contact area

0 5 10 15 20 25 30 35

Displacement (mm)

Fig. 12.  Contact force simulated by the EA brake. (a) Contact force on springs.
(b) Contact force on silicone blocks. (c) Contact force on different complex soft
objects.

of the finger pad [32]). This means that the So-EAGlove can
simulate a large range of objects [33]-[39] (see Fig. 1).

For nonlinear elastic objects, the contact force increases
nonlinearly with the deformation, and multiple parameters are
involved in the model, as shown in (2) and (7). We made
three elastic samples from silicone A (HY-E600, HONGYEIJIE),
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TABLE II
MODEL PARAMETERS
Objects Eor E,, (Pa) Vo ¢ (Ns/m*?)
(Pa/N)
HY-E610 1557 23290 0.486 24540
HY-E600 268 12220 0.492 11230
HY-E605 211 19900 0.483 16140
Rubber duck head -9862 92910 0.486 25640
Rubber duck tail -3836 55520 0.1023 19448
Tennis ball 200 18660 0.47 11300
Tissues 1798 8921 0.2635 4600
Cake 653 2010 0.116 2740
Balloon 394 1180 0.485 540

silicone B (HY-E610, HONGYEIIE), and silicone C (HY-E605,
HONGYEIJIE), respectively. To measure the contact model pa-
rameters of these prototypes, we pushed a finger by the moving
stage of a tensile testing machine (ZQ-990B, ZHIQU) on the
objects ata constant speed (30 mm/min) and acquired the contact
force and displacement by a load cell (ZQ-770-10, ZHIQU) and
adisplacement sensor (HG-C1200, Panasonic), respectively [see
Fig. 8(b)]. We fit (nonlinear least squares) the contact force data
by the contact model and achieved the parameters (see Table II).
Based on these parameters, we created the target curvatures
for these three samples, respectively, [see Fig. 12(b)]. Then we
controlled the EA braking force with the closed-loop control
method to follow the target curvatures. As shown in Fig. 12(b),
little discrepancy (absolute average error: 3.5%) occurs between
the force curvatures of the real and the virtual objects. In addition
to the simple soft blocks, with a similar method, the EA brake
can simulate the contact force of complex objects, such as a
rubber duck, a tennis ball, a tissue stock, a piece of cake, and a
balloon, as shown in Fig. 12(c), since the complex objects can
be simplified into equivalent simple soft blocks predictable by
the model in this article [20], [40]. The absolute average errors
are smaller than 5.68%. Therefore, the EA brake is adequate to
simulate elastic objects.

B. Experiments on the Desktop Platform

1) Desktop Platform: The performance of haptic gloves is
dominated by the finger contact force, but also influenced by
sounds, the weight of the glove, and the touching force on the
glove to the wrist [41]. To characterize the performance of the EA
brake during the interaction with human beings and eliminate
the other influences, we built up a desktop platform, as shown
in Fig. 13(a) and (b), in which only the participant’s fingers
contact the device. Film A of the EA brake was dragged by the
fingers instead of a universal tensile testing machine. Film B was
installed on the frame through a load cell (ZQ-770-10, ZHIQU).
A reflector was fixed to Film A, and its displacement was ac-
quired by a laser displacement sensor (HG-C1200, Panasonic).
The electrostatic braking force was controlled by the closed-loop
controller.

2) Elastic Object Rendering: On the desktop platform, we
reproduced the force of ideal and non-linear elastic objects,
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respectively, while the participants were asked to push the EA
brake down. At each condition, three trials were conducted. As
shown in Fig. 13(c) and (d), the force curvatures of the virtual
objects possess similar tendencies with the aim profiles. The
absolute average error is 6.6% for ideal elastic objects and 7.0%
for nonlinear elastic objects. The errors are smaller than the
IND (7%), still acceptable for the haptic glove. These errors are
larger compared with the force generated on the tensile machine,
perhaps resulting from that the fingertips moved at a variable
speed during the test, and the coefficient of friction non-linearly
changed with speed [42]. The nonlinearity of the coefficient of
the friction results in more errors on the electrostatic adhesive
force. That is why the simulated force pushed by the fingers
possessed a larger error compared with the one pulled by the
machine.

3) Subjective Test:

a) Correction of Different Stiffness: To verify the feasibil-
ity of the simulated force and stiffness, we chose three stiffness
(30 m, 75, and 120 N-m, corresponding to low stiffness, medium
stiffness, and high stiffness) for the subjective test. A total of
four participants (one female and three male) attended the test,
and all participants were right-handed and 20-26 years old. All
the experiments in this article were approved by the South-
ern University of Science and Technology, Human Participants
Ethics Committee (20210090), and consent was obtained from
all participants.

First, low stiffness, medium stiffness, and high stiffness were
simulated by the EA brake, respectively, and participants were
trained to press the virtual springs until they could correctly
distinguish the three levels of stiffness. Then the test was started,
while each participant was blindfolded and had the ears blocked
by earplugs. We conducted the test 30 times, including 10 times
for each stiffness level, and these three levels were randomly
mixed. After each test, the participant was asked, “Is the stiffness
of this simulated spring low, medium, or high?”. The answers
and real stiffness were recorded [see Fig. 13(e)].

The results show a significant influence of simulated stiffness
on participants’ answers (X2(2) = 90.143, p<0.001, Kruskal-
Wallis nonparametric test), and there is a statistically significant
difference between each two of the low, medium, and high
stiffness groups (p<0.001). The correct selection rate is 81.6%
on the desktop platform. This means the platform can generate
the proper force for different stiffness objects and subjects can
differ different stiffness or softness simulated by the EA brake.

b) Realism Test of the Simulated Spring: We tested the
realism of the simulated spring by another subjective test. 25
volunteers (24 male and 1 female) participated in the trial.
All participants were 20-29 years old, and one of them was
left-handed. When they were tested, they were blindfolded,
and their ears were blocked. Each participant was tested 12
times (6 times for the real spring and 6 times for the simulated
spring, and they were randomly mixed). The participants did not
know the content of the test in advance. When the participants
were tested on the simulated spring (stiffness 120 N-m), the
EA brake was controlled by the aforementioned closed-loop
control method. Since the realism test is subjective and sus-
ceptible to psychological effects, we introduced a real spring
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Experiments on the desktop platform. (a) Experimental setup. (b) Schematic diagram of the experimental setup. (c) Results of simulating springs of

different stiffness. (d) Results of simulating non-linear elastic objects. Three trials were conducted for each condition. (e) Correction diagram for different simulated
stiffness. (f) Schematic diagram of the experimental setup for realism test of the simulated spring and the real spring. (g) Schematic diagram of the experimental
setup for realism test of simulated silicone and real silicone. (h) Participants’ answers to the realism test for springs. (i) Participants’ answers to the realism test for
silicone. The length of the rectangle and the number on the rectangle represent the selected frequency of participants.

as a reference in the trial. When the participants were tested
on the real spring (stiffness 120 N-m), we cut off the power of
the EA brake and connected the real spring to the sliding block
and base plate [see Fig. 13(f)]. After each test, the participants
were asked, “Is this a spring?.” Participants were rated using
the Likert seven-point scale (seven-strongly agree, six-agree,
five-relatively agree, four-uncertain, three-relatively disagree,
two-disagree,and one-strongly disagree).

The answers of participants are shown in Fig. 13(h). The
absolute values of the realism level for the virtual spring and
the real spring are susceptible to psychological effects, and
hence here, we focus more on their ratio. In the tests, the
overall average realism level for the simulated spring (5.07, i.e.,
relatively agree it is spring) is 96.9% of that (5.23) for the real
spring. Moreover, there is no statistically significant difference
between the subjective feelings of the two groups of the real
spring and the simulated spring (p = 0.150, Mann—Whitney
U test). It means the participants cannot distinguish the virtual
spring from the real counterpart. Therefore, using the EA brake
on the desktop platform, we can generate a virtual spring with
high-level realism.

¢) Realism Test of the Simulated Silicone: We also tested
the realism of the simulated silicone (HY-E600). 25 volunteers
(all male) participate in the test. All participants were 20-29
years old and right-handed. When they were tested, they were
blindfolded, and their ears were blocked. Each participant was
tested by 12 times (in which 6 times for the real silicone and
6 times for the simulated silicone were randomly mixed), and
participants did not know the content of the test in advance.
When the participants were tested by the real silicone, we cut
off the power of the EA brake and put the silicone cylinder inside
of the device [see Fig. 13(g)]. When the fingers pressed down,
the silicone cylinder was squeezed, and the force was transmitted
to the fingertips by a rope. After each test, the participants were
asked, “Is this silicone?.” Participants rated the answer on the
Likert seven-point scale.

The answers of participants are shown in Fig. 13(i). The
overall average realism level for the simulated silicone (4.89)
is 96.3% of that for the real silicone (5.08). The statistical dif-
ference between the real and the simulated silicone is little (p =
0.146). It means the simulated silicone was hard to be identified
from the real silicone by the participants. Therefore, the realism
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of the simulated elastomer is acceptable. We conducted the
subjective tests by following similar protocols in [43]. Moreover,
to improve the objectivity of subjective testing, we introduced a
control group (real springs and silicones) to eliminate subjective
bias.

C. Experimental Results on So-EAGlove

1) Characterization: We finally tested the performance of
So-EAGlove on subjects’ hands, as shown in Fig. 14(a). The
thumb was fixed in the thumb ring, and other fingers were fixed
on the handle. When the fingers squeezed the virtual objects,

the simulated force and displacement were recorded. At each
condition, three trials were conducted.

As shown in Fig. 14(b) and (c), the force measured on the So-
EAGlove are more fluctuant than those acquired on the desktop
platform, especially while simulating the strong springs (e.g.,
960 and 480 N-m). The absolute average error is 6.24% for ideal
elastic objects and 5.22% for nonlinear elastic objects, which is
still under the JND threshold and acceptable. The force error
perhaps is because the electrode films were fixed on a compliant
belt on the arm (might deform and slip during the operation)
and supported by the pulley (causing more friction force that is
non-linear to the speed).
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We also tested the force while the fingers retract [see
Fig. 14(d)]. In this procedure, the EA brake was powered OFF.
Only the small-stiffness springs pulled back the fingertips and
generated a contact force, which can promote a realistic feeling.

2) Subjective Test:

a) Correction of Different Stiffness: To verify the feasibil-
ity of the So-EAGlove simulating different stiffness objects, we
conducted experiments similar to that introduced in the last part
[see Section IV-B]. A total of four participants (3 male and 1
female, 23-25 years old, all right-handed) participated in the
test. Their answers and the stiffness of simulated springs were
recorded.

The results (see Fig. 14(e)) show a significant influence of
simulated stiffness on participants’ answers (y*(2) = 102.594,
p<0.001, Kruskal-Wallis nonparametric test). Any one of the
three groups (low stiffness, medium stiffness, and high stiff-
ness) is statistically different from the others (p<0.001, Mann—
Whitney U test). The correct selection rate on the glove is
90%. Thus, the So-EAGlove is capable of simulating different
stiffness. Moreover, the glove generated a higher correct rate
than the desktop platform did in our tests, perhaps because the
forearm of the participants could also feel the force feedback
through the wrist belt during the glove test, and more skin area
resulted in higher sensitivity to the force and stiffness variation.

b) Realism Test of the Simulated Spring: We tested the
realism of the virtual spring (120 N-m) simulated by the So-
EAGIove with the same method as that on the desktop platform.
25 participants (24 male and 1 female, 20-25 years old) joined in
the test. We collected the subjective feedback of the participants
on the real and the simulated spring, respectively, [see Fig. 14(f)].

As shown in Fig. 14(h), the overall average realism level for
the simulated spring (4.84) is 96.4% of that for the real spring
(5.02). There is no statistically significant difference between the
two groups (p = 0.143, Mann—Whitney U test). The participants
can hardly distinguish the simulated spring from the real spring,
and thus the realism is acceptable.

c) Realism Test of the Simulated Silicone: We also test
the realism of the simulated silicone (HY-E600). We put a real
silicone cylinder under the handle and three-dimensional printed
fingertip [see Fig. 14(g)] to generate real silicone-contact force
for human fingers and simulate the same force curvature by the
EA brake. 25 participants (22 male and 3 female, 19-29 years
old, all right-handed) participated in the test. The experimental
procedure is the same as that on the desktop platform.

As shown in Fig. 14(i), the overall average realism level
for the simulated silicone (4.57) is 94.1% of that for the real
silicone (4.86). There are no significant differences between the
simulated silicone and the real silicone (p = 0.074).

Comparably, the realism level of the simulated objects on the
glove is slightly lower than the value on the desktop platform,
perhaps because the forearm under the wrist belt of the haptic
glove felt more interacting forces and made the participants more
sensitive to the force difference.

3) Power Consumption and Safety: To measure the power
consumption of the So-EAGlove, we connected a resistor (1
MQ) in series with the EA brake of the So-EAGlove. We
measured the power in two ways. On the first way, the power
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Fig. 15.  Power consumption. (a) Applied voltage is constant and the EA brake
is static. (b) EA brake of the So-EAGlove is dragged by human hand and it is
simulating a virtual spring.

consumed was measured when the voltage was turned on and
then kept constant (300 V). When the voltage was on, the current
and voltage rose rapidly [see Fig. 15(a)]. The peak power was
approximately 10 mW. Then, the current declined to a shallow
value (leakage current) in 1 s, and the power remained at a very
low level (leakage power, 0.58 mW).

By the second way, the power consumption was measured
when the EA brake was subjected to a dragging force in the
So-EAGlove, and the EA braking force was simulating a virtual
spring (240 N-m stiffness). When the hand began to press the
handle of the So-EAGIove, the target force increased with the
pressing distance, controlled by the closed-loop controller. The
current and voltage also increased gradually [see Fig. 15(b)].
In this article model, the average power is 2.43 mW. The So-
EAGlove can work for 86.4 h (more than three days) contin-
uously at this output power with only a button battery (A76,
NANFU, 140 mAh, 2 g). Currently, the high voltage amplifier
is OFF-board. The amplifiers can be made portable in the future,
by utilizing the similar technique in the literature [44].

Although with high voltage, the glove is expected to be safe
enough. First, the electrodes are all encapsulated by dielectric
materials [see Fig. 5(c)] to prevent electric shock. Second, a large
current is more dangerous than high voltage to human beings
[45]. High voltage devices were already used in the medical
field, which requires extremely high safety (e.g., electrosurgery
uses voltages of more than 500 V) [46]. The working current
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(less than100 p:A) of the glove is much smaller than the current
threshold of human perceptibility (1 mA) [47].

V. CONCLUSION

In this article, So-EAGlove— a VR haptic glove rendering
softness sensation has been presented by integrating a force-
tunable EA brake. We built the EA force model and the closed-
loop control model of the EA brake and devised a prototype
with only 51 g weight and 2.43 mW power consumption. Tested
on a universal tensile machine, the desktop platform, and So-
EAGlove, respectively, the simulated force can be controlled
accurately (absolute average error smaller than 7%, within the
JND threshold). The subjective tests also verify that So-EAGlove
can generate a high realism feeling.

Currently, the accessory components are all off-board, and the
So-EAGlove only allows three fingers (the index, middle, and
ring fingers) to operate together. In the future, we will improve its
portability by integrating the voltage amplifier, microcontroller,
stretchable sensors, and a battery on the glove. To achieve more
diverse functions and more dexterity, we will split the current
plane EA brake into independent and narrow ones (perhaps with
multiple layers for stronger force) to fit the fingers, upgrade
the supporting frame to guide the force of EA brakes, and
independently control the contact force on each finger. The
fixture structure will be improved to fit fingers in a larger range
of sizes. Moreover, with the same technique, we will render
objects with more complex material properties, e.g., anisotropy
and hysteresis. A VR glass is planned to combine into this
system to strengthen the realism and immersion feeling of the
subjects. Other advanced control algorithms will be introduced
and evaluated to improve control accuracy and stability.
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