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A Three-Fingered Force Feedback Glove Using
Fiber-Reinforced Soft Bending Actuators
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Abstract—Force feedback gloves are promising for pro-
ducing immersive haptic sensations in virtual reality sys-
tems or for intuitive control of remote robots in dexterous
manipulation tasks. Existing gloves mainly adopt rigid ac-
tuators. In this article, we propose a force feedback glove
using pneumatically powered fiber-reinforced soft bending
actuators. Based on the unilateral deformable feature of
the soft actuator, a dorsal-side mounted soft-rigid linkage
mechanism is proposed to produce fingertip force feedback.
We incorporated and experimentally determined a positive
prebending deformation of the actuator to ensure small
backdrive forces for simulating free-space sensation. To
enable a large workspace of the glove, the soft-rigid link-
age is synthesized to ensure full open/closure of the finger
without any mechanical interference. Using a modular de-
sign concept, a three-fingered glove prototype is developed
with a mass of 93.7 g. Experimental results show that the
glove can provide distinct force feedback between free and
constrained space. For free space, the maximum backdrive
force is 0.48 N, while the fingertip force reaches up to 4.09 N
for simulating the constrained space. Experiments also in-
dicate that the glove is easy to put on/oFr. These results
illustrate the feasibility of developing light-weighted force
feedback gloves using fiber-reinforced soft bending
actuators.

Index Terms—Force feedback, grasping, haptic interface,
pneumatic actuators, soft robotics.
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[. INTRODUCTION

N RECENT years, the invention of low-cost head-mounted
displays such as Oculus Rift has advanced the development
of virtual reality interaction, which proposes a strong motiva-
tion for wearable haptic feedback devices. In order to increase
the immersive feeling of interaction with the virtual world, a
haptic feedback device should allow users to touch and manipu-
late virtual objects intuitively and directly, through utilizing the
dexterous manipulation and sensitive perception capabilities of
our hands. Force feedback gloves are a promising solution to
produce an immersive haptic sensation in virtual reality systems.
In the past two decades, many force feedback gloves have
been developed [1]-[12]. CyberGrasp is a representative com-
mercial one [4]. With a 450 g exoskeleton mounted on the back
of the hand, the glove can provide up to 12 N forces to the fin-
gertips. Rutgers Master II—New Design used linear pneumatic
pistons distributed in the palm to provide forces between the
palm and fingers [9]. Pistons are directly attached to the fingers
and provides up to 16 N forces to each fingertip. HIRO III can
provide a large force output and even simulate the gravity of vir-
tual objects [1]. Choi et al. [13] developed a lightweight device
that renders a force directly between the thumb and three fingers,
and thus, to simulate objects held in pad opposition type grasps.
Details about available force feedback gloves are described in
one recent survey on wearable haptic devices [14], which pre-
sented a taxonomy and review of wearable haptic systems for
the fingertip and the hand, focusing on those systems directly
addressing wearability challenges. Another survey summarized
the pros and cons of existing design solutions to the major sub-
systems of a haptic glove including sensing, actuation, control,
transmission, and structure [15]. Overall, most existing gloves
adopt rigid actuators and, thus, have limitations such as safety
and uncomfortable sensations when the rigid components di-
rectly contact users’ skin.

Recently, soft actuators have been introduced into haptic de-
vices, aiming to improve the wearability, safety, and comfortable
sensation of the device [16]-[19]. Compared to rigid actuators,
soft actuators fit well in the applications that involve direct con-
tact with human skin. Jadhav ef al. [20] developed a glove based
on a soft exoskeleton with reduced thickness at users’ finger
joints, and McKibben muscles are used to pull a string on the
top of the exoskeleton to mimic a bell-crank lever mechanism.
Yun et al. [21] developed an assembly-based soft pneumatic
assistive glove (Exo-Glove PM), in which a hybrid actuator
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module consisting of a soft actuation structure and rigid joining
methods were utilized to provide force feedback on fingertip.
Using the jamming principle, Zubrycki et al. [10] developed a
haptic glove for simulating the sensation of grabbing and hold-
ing an object. They presented the concepts of jamming tubes
or pads for simulating grasping tasks, illustrating a solution of
a soft, mechanically simple, and intrinsically stable mechanism
for haptic gloves.

Among various soft actuators, soft fiber-reinforced bending
actuators have a unique feature of a simple tubular geometry
that offers ease of manufacture [18]. By arranging fibers along
their length, these actuators can produce nontrivial deformation
modes. Besides, a strain-limiting layer added to one side enables
unilateral bending when inflating the air into it. These actuators
have been used for designing hand rehabilitation gloves [18],
[22], [23]. While soft fiber-reinforced bending actuators can
provide controllable deformation in response to the inflated air
pressure, one open question for building a force feedback glove
using these actuators is how to meet the contradictive require-
ments from simulating both free and constrained spaces. In one
aspect, for simulating free space haptic interactions, the back
drivability of the glove should be ensured when these actuators
are mounted on fingers. In the other aspect, sufficient feedback
forces should be provided on fingertips for simulating constraint
space haptic interactions, and also ensure no interference be-
tween the glove’s mechanical structure and users’ fingers.

In our previous work [24], we proposed a solution to design
a force feedback glove using soft fiber-reinforced bending ac-
tuators. The glove has a soft-rigid coupled linkage placed as
dorsal side of the hand. In this article, to ensure small backdrive
forces for simulating free-space sensation, a positive prebending
deformation of the actuator is incorporated and experimentally
determined; and to ensure a large workspace of the glove, the
soft-rigid linkage is synthesized to ensure full open/closure of
the finger without any mechanical interference. Using a modular
design concept, a three-fingered glove prototype is developed
with a mass of less than 100 g and experimental results show
that the glove can provide distinct force feedback between free
and constrained space.

Il. DESIGN OF THE SOFT-RIGID COUPLED GLOVE
A. Design Goals

Similar to the three criteria proposed by Salisbury for a desk-
top force feedback device [25], a force feedback glove should
also meet the contradictive requirements of free space and con-
strained space simulations, i.e., free space must feel free, and
solid objects must feel stiff.

To simulate the free-space sensation, the resistance of the
glove should be as small as possible. The glove needs to be light
weighted. All the kinematic pairs should have low friction. In
order to simulate diverse grasping gestures, the glove should
allow free open/close of fingers without interference between
the mechanism and fingers.

To simulate the constrained space sensation, the magnitude
of simulated force should be large enough to simulate daily
grasping tasks, and the simulation error of the applied force on

Finger cap

Fig. 1. Concept of the glove using a soft-rigid coupled mechanism.

fingertips should be less than the discrimination threshold of
human perception on force magnitude.

Furthermore, the glove should be easy to adapt to different
hand size, and easy to put ON and OFF.

B. Dorsal-Side Soft-Rigid Coupled Solution

To meet the contradictive demands of simulating both the free
space and the constrained space, as shown in Fig. |, we propose a
soft-rigid coupled solution of combining a soft bending actuator
and a linkage mechanism with only one rigid link. The key
concepts of the proposed solution include the following three
aspects.

First, by exploiting the unilateral deformable feature of the
soft actuator provided by the strain-limiting layer and the radial
fiber reinforcements, a dorsal-side mounting solution with a
prebending of the soft actuator is proposed to enable the back-
drivability performance and simulate the free-space sensation.
As the soft actuator is installed on the dorsal side, this solution
allows full open and closure gestures of the users’ hand. The
strain limiting layer (i.e., the black and bold line on the top of the
actuator in Fig. 1) is mounted on the top surface of the actuator,
which ensures the distance between the user’s fingertip and
the actuator’s tip becomes larger when the air is inflated into the
actuator. In simulating constrained space, the actuator is inflated
with pressured air. The actuator is bent to pull the rigid rod, and
an active force is then transmitted along the linkage mechanism
to users’ fingertip.

Second, a single-link mechanism with a curve-shaped rigid
rod is proposed to transmit the force from the actuator to users’
fingertip. In order to reduce the joint friction and weight caused
by the mechanism, we aimed to use as fewer links and kine-
matic pairs as possible to transmit the force. Therefore, a single
link solution is used to connect the fingertip and the end of the
soft actuator, and only two kinematic pairs (i.e., the revolution
joints) are utilized in the proposed soft-rigid coupled mecha-
nism. The shape and size of the connecting rod is carefully
designed to make sure it will not interfere with the motion of
adjacent fingers. The proposed mounting solution can ensure no
interference between the adjacent fingers during grasping.

Third, a prebending of the soft actuator is used to ensure the
free space simulation performance. In simulating free space,
the user is able to move the finger freely and the resistance of
the gloves should be as less as possible. We applied a prebending
of the soft actuator to enable the back-drivability performance
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Fig. 2.
inforcement. (a) Three-dimensional illustration. (b) Bending with inflated
air.

Inflation of a soft actuator with strain limiting layer and radial re-

for simulating the free-space sensation. When the actuator is
not inflated by air pressure, the soft-rigid mechanism can freely
bend in response to the rotation of the finger.

C. Design of the Soft Bending Actuator

In this section, after briefly introducing the working prin-
ciple of the soft bending actuator, the material and geometric
parameters of the soft bending actuator are determined. Then,
the prebending value of the soft actuator is determined to enable
the back-drivability performance for simulating the free-space
sensation.

1) Material and Geometric Design of the Actuator: As
shown in Fig. 2, the soft bending actuators are composite tubular
constructions consisting of anisotropic fiber reinforcements and
strain limiting layer in an elastomeric matrix [18].

The force output performance of the soft actuator depends on
the following factors: the material of the software actuator; the
shape and parameters of the air cavity; and the material of the
strain limiting layer; and the material of the tensioning fiber.

The main body of the soft actuator is the silicone elastomer
(Mold Star 30), which expands uniformly when the inside elastic
cavity is inflated with pressured air. The material can bear a
pressure of 180 kpa, and the maximal output force is 4-5 N.

Radial reinforcements were added to the main body to limit
its inflation in a radial direction. By wrapping the main body
with Kevlar silk, the expansion in the radial direction of the main
body can be limited and the expansion in the axial direction can
be increased. At the same time, the intension of the actuator can
intensify.

Furthermore, a strain limiting layer (i.e., fiberglass) was ap-
plied to the flat surface of the main body. Although the material
of the main body is isotropic, by gluing the nonelastic strain
limit layer, the main body becomes anisotropic, so it can ex-
pand in just one direction. After gluing the fiber-glass-mesh to
limit the direction of one side of the actuator, the other side of
the actuator expands more. Therefore, the actuator bends when
the inside elastic cavity is inflated with air pressure, as shown
in Fig. 2(b).

The cross-sectional shape is an important parameter to de-
termine the output force of the actuator. Previous work on soft
actuators found that semicircular shape produces larger bending
angles with the same air pressure than rectangular and circular
shapes [26]. Therefore, we adopted the semicircular shape for
the internal cavity of the soft actuator. Furthermore, a rectan-
gular cross-sectional area was designed at the fixed end of the

Soft Actuator

(@) (b)

Fig. 3. Comparison before and after introducing a positive prebending
deformation. (a) Actuator has no bending deformation at the full exten-
sion state and negative bending at the full grasping state. (b) Actuator
has positive bending at the full extension state, no bending at the inter-
mediate state, and negative bending at the full grasping state.

actuator, which is convenient for fixation of the actuator on the
dorsal surface of the users’ palm.

Furthermore, a larger radius of the semicircular shape and a
bigger length of the actuator leads to a larger bending defor-
mation. The greater the wall thickness, the smaller the bending
deformation is. In the other aspect, the width of the actuator
needs to be smaller than the width of the user’s finger, and thus,
to avoid interference among adjacent fingers. The length of the
actuator should be compatible with the length of the finger. Con-
sidering these effects, the geometric parameters of the actuator
were determined.

2) Prebending of the Soft Actuator: When the glove is
used for simulating free space, the resistance exerted on the
fingertip should be sufficiently small throughout the workspace
of finger movement. The force is directly related to the bending
deformation of the soft actuator.

To explain the change of the actuator’s shape, we define two
different types of bending deformation: positive bending and
negative bending. The former means that the actuator bends to
the side of the strain limiting layer, while the latter toward the
opposite side.

As illustrated in Fig. 3(a), we define two states during the
flexion/extension process of a finger: full extension and full
grasping (i.e., grasping a cylindrical object with a diameter of
20 mm). When the bending deformation of the actuator is zero at
the full extension state, the actuator keeps producing a negative
bending during the grasping process. With the increase of the
negative bending deformation, the actuator produces a bigger
and bigger pushing force on the fingertip, which may greatly
reduce the free-space sensation.

In order to obtain a smaller resistance throughout the
workspace of finger movement, we incorporate a positive
prebending at the full extension state. It should be noted that
there is no inflated air pressure in the actuator when using the
force feedback gloves in simulating free space. The mechanical
assembly formulates the prebending.

By introducing the positive prebending deformation, we can
obtain three states, as shown in Fig. 3(b). In addition to the
two states of full extension and full grasping, an intermediate
state is defined to reflect the critical change of the bending
deformation of the soft actuator. In this state, the bending
is zero. In contrary, in the full extension and grasping state,
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the actuator has the largest positive and negative bending,
respectively.

When the finger rotates from the full extension state to the
intermediate state, the soft actuator produces a push force on the
finger nail. This force is harmful for the free-space sensation.
With the increase in the finger’s rotating angle, the amount of the
positive bending decreases, and the magnitude of the harmful
force decreases. After the finger arrives at the intermediate state,
the bending becomes zero. Then, when the finger rotates from
the intermediate state to the full grasping state, the actuator
produces a push force on the fingertip. This force is also harmful
for the free-space sensation. With the increase in the finger’s
rotating angle, the amount of the negative bending increases,
and the magnitude of the harmful force increases.

In order to ensure the free-space sensation, the magnitude
of the abovementioned harmful force should be smaller than
a predefined threshold. Although it is hard to provide a strict
threshold for the resistance force of a haptic device to ensure
a satisfied free-space sensation, referring to Phantom desktop
device, we proposed the design specification of 1 N back drive
force for our glove. Because the bending of the actuator directly
determines the magnitude of the force, we performed a pilot
experiment to determine the bending values of the actuator at
the two extreme states based on the allowable resistance force in
simulating free-space sensation. The details of the experiment
are explained in Section V-A.

D. Parameter Synthesis of the Mechanism

When designing the rigid rod for transmitting the actuating
force from the tip of the soft actuator to the fingertip, two pa-
rameters were considered: the length and the shape.

Because the rod is rigid, no matter what shape of the rigid
rod is, the distance between the end of the actuator and the
fingertip is constant. The allowable length of the rigid rod was
determined by the distance between the end of the actuator and
the fingertip, while [ 45 and [ 45/ is the length of the rod in the
full extension and grasping state, respectively,

lap = \/(xA —ap)’
ZA’B’ = \/(Q’,‘Ar —:L‘B/)2 —

In order to simulate the grasping of a smaller cylinder, the
length 4.5 needs to be larger. When the diameter of the vir-
tual object is greater than a predefined value d*, the following
relationship is always satisfied:

lap =2 larp:. @)

In this case, the length of the rigid rod can be chosen as any
value in the following range:

2
—\Ya —y
Wa ~95) 0

(yar —yp)*

lap <L <lap. 3)

Two steps determine the length of the rod. First is to make
sure no interferences between the rod and the user’s finger dur-
ing the whole movement range of the finger. The other is to
produce as small resistance force as possible in the free space
simulation. The length of the rigid rod will directly influence

Soft Actuator

¢ Rigid Rod

Fig. 4. Derive the radius of the arc-shaped rod based on the position
of the three key points (A", B',C").

the resistance of the feedback glove in free space. Due to the
unilateral deformation structure of the soft bending actuator, the
nondeformed limiting layer is not easy to be bent. The longer
the rigid rod is, the smaller the resistance is in free space. There-
fore, the maximum length (i.e., [ 4 5) is selected from the range
defined in (3).

After determining the length of the rod, we need to deter-
mine its shape. Generally speaking, two criteria are considered,
one is easy to be manufactured, and the other being to ensure
no interference between the rod and the finger throughout the
movement workspace of the finger.

For the first criterion, simple shape is logical. In order to
ensure easy fabrication and avoid stress concentration, the arc
shape was chosen. For the second criterion of avoiding inter-
ference, the worst case occurs when the finger is at the full
grasping state (i.e., grasping a cylindrical object with a diameter
of 20 mm). When there does not exist an interference at this
state, no interference occurs at any other configurations of the
finger.

As shown in Fig. 4, a schematic is utilized to derive the
radius of the arc-shaped rod based on the position of the three
key points (A’, B, C"). When the finger is in grasping state
and the equivalent length of the rigid rod L = [4 5, the position
of the actuator end is point A’'(x 4/, yas). The position of A’
can be determined by drawing, i.e., A’ is the intersection of the
two circles. The point B'(zp/, yp) is the center point of the
revolute joint between the rod and the finger cap. At the critical
state where the rigid link interferes with the finger, the point
C'(xcr, yer) is right on the arc where the link lies.

After determining the three points (A’, B’, C"’) on the arc, the
radius R of the arc can be determined as

VD% + E? —4F
R= —o—— )
2
where
D:(w%’ﬂ/}zy U ‘/‘1’)(’/3’_"/(’")"'( O YR TG —Ye )‘/4’ yz’)
(zyr—2p)(Ypr—ycr)—(vp—zcr (Z/A' Ypr)
E:( BHYp “’34/ UA/)(J?B’—JEC’)‘F( a2 YL,y ) T r—xpgr) |
I‘B/ TC’)(yA'in’) (I‘A’ TB/ (JB’ yC’)
F = —JZA, —Yp — DZ‘A/ — EyA/
(5)
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Fig. 5. Schematic diagram for constructing the kinematic model.

I1l. ANALYSIS OF THE SOFT-RIGID COUPLED GLOVE
A. Force Analysis

In order to control the glove, it is necessary to derive the
relationship between the fingertip force and the air pressure,
considering the effect of the finger configuration on the rela-
tionship. To do so, we made several assumptions as follows.

1) All the links move in the same plane.

2) All the forces are found at the equilibrium.

3) The forces in hinges, at the fingertip, and at the tip of the
actuator all act at a single point.

4) The weights of all the links are ignored.

For the sake of the analysis, a reference coordinate system is
set up, as shown in Fig. 5. The origin is at point A and x-axis
is parallel to the finger’s phalanges when the finger is at the full
extension state.

As shown in Fig. 5, the normal force perpendicular to the
users’ fingertip can be derived as

F, = —Fcost, (6)

where F} is the force internal to the link EF, and the direction
of the internal force is always as same as the direction of the
rod, and the internal force on the point E is always equal to the
internal force on the point F. The magnitude of the F) can be
computed as follows:

Fy = F,cos (180 — 65) 7)

where F}, is the resistance produced by the active bending of the
actuator, which can be expressed as

Fa:g(pvavyGaﬂ) (8)

where p is the air pressure inflated into the actuator, (z¢, y¢) is
the position of the actuator ‘s tip, and (3 is the bending angle of
the actuator with respect to the x-axis.

As the mechanical behavior of the soft actuator is nonlinear,
it is not a trivial task to derive an analytic model. Therefore,
finite element analysis (FEA) is used to derive the model in
(8). As shown in (6), the normal force (F},) on the fingertip is
determined by the product of internal force F; and the angle 6.
The detailed control procedure is as follows.

Soft Actuator

Fig. 6. FEA simulation of the fiber-reinforced soft actuator.
TABLE |
SIMULATION RESULTS
p (kPa) 9.99 23.475 49.546 72.92 88.428
Fa (N) 0.058 0.141 0.368 0.503 0.645
p (kPa) 115.62 136.97 149.78 159 178.55
Fa (N) 0.916 1.09 1.218 1.314 1.522

1) Given the fingertip force command computed by the force
rendering algorithm, we can compute the internal force
F| based on the measured angle 6.

2) Compute the required actuation force Fa based on (7).

3) Compute the air pressure based on the inverse model of
(8).

4) Low-level control to produce the required air pressure:
The air pressure is modulated by controlling the voltage
of the electro-pneumatic regulator.

When the user’s hand is performing a grasping operation, the
angle 6, is not a constant value. In order to accurately control
the I,, we need to measure the angle in real time. The accuracy
of the fingertip force mainly dependent on the measurement
accuracy of the angle and on the inverse mechanics model of
the soft actuator, which is constructed by the FEM simulation.
The details are provided in the following section.

B. FEA Analysis of the Soft Actuator

For the FEA simulation, the tube of the soft actuator, which
is semicircular shaped, was fabricated with silicone elastomer
(Mold Star 30). Two ends of the half cylinder are sealed by
two caps, separately. Then, Kevlar wires are used to restrain the
radial expansion, and a Nylon layer is fixed on the bottom of the
tube to restrict the extension. In the FEA simulation, the material
coefficients of the silicone elastomer are C1 = 0.14957, C2 =
0.037393. The Young’s modulus and the Poisson ratio of the
Kevlar wires are 31067 MPa and 0.36, respectively. The radius
of the semicircular shape is 9 mm, while the length is 110 mm,
and the wall thickness of 3 mm.

The three-dimensional (3-D) model of the soft actuator was
then imported into ABAQUS/Standard with one side of the
actuator fixed. The pressures ranging from O to 180 kPa were
applied to the inner chamber. The deformations of the end of the
soft actuator under different air pressure are shown in Fig. 6.

It should be noted that the nonelastic strain of the actuator
was ignored in the simulation, which might lead to the devia-
tion between the simulation and the experimental results. The
simulated p-Fa relation was shown in Table I. The error of the
FEA simulation will be evaluated in Section V-A.
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, Fig. 9. Experiment to measure the resistance force of the actuator
| under no air pressure. (a) Positive bending. (b) Negative bending.

l 1.2
l ©) ‘f) ‘
| m ‘% z
_ Free Space Constrained Space |
0.2
Fig. 7. Snapshots of the glove. (a) Full extension state in free space.
(b) Intermediate state in free space. (c) Full grasping state in free space. 0.0
-60.0 400 200 0.0 200 40.0 60.0 80.0  100.0

(d) Full extension state in constrained space. (e) Intermediate state in
constrained space. (f) Full grasping state in constrained space.

o

Fig. 8. Grasping a ball in virtual environment with different gestures.

IV. PROTOTYPE GLOVE

A prototype three-fingered glove is developed using a mod-
ular concept, where the three soft actuators were mounted on
the thumb, the index, and the middle finger. They were placed
on the dorsal of the hand using a Velcro with its length being
adjustable to the different-sized hands. The rigid rod is made
by 3-D printing, and the materials used are resin, which ensures
sufficient stiffness and is lightweight. The weight of all parts on
each finger is 31.23 g.

Fig. 7(a)—(c) show the snapshot of the fingers moving in the
free space. The workspace of the glove is sufficiently large, and
the fingers can rotate in a large range to simulate full grasp-
ing scenarios. In Fig. 7(c), the actuator only produces a small
bending angle compared to its original configuration (i.e., zero
bending state). This result validates the effectiveness of the
prebending approach, which ensured the free bending of the
soft actuator to enable the back-drivability performance and
simulate the free-space sensation. In the supplementary video,
it clearly shows that the user can move all fingers freely when
the soft actuator was not pressurized. Fig. 7(d)—(f) shows the
snapshot of the fingers moving in the constrained space, where
the unilateral bending deformation of the actuator produces re-
sistance forces on users’ fingertip.

As shown in Fig. 8, the glove was integrated with a head-
mounted display to enable users to experience the haptic sen-
sation of grasping virtual objects. In the supplementary video,
it clearly shows that the soft actuator became rigid whenever

6/

Fig. 10.  Nonsymmetry of the resistance force of the soft actuator con-
cerning the direction of the deformation.

the virtual finger touched the ball. The human user is able to
feel the contact sensation that is collocated with the graphics
display. The soft-rigid coupled linkage can not only allow the
free movement of the fingers when the soft actuators are not
in action, but also transmit the force to the fingertips when the
actuator is inflated. The proposed glove is effective to meet the
demand of both the free and the constrained space.

V. EXPERIMENTS
A. Mechanical Behavior of the Soft Actuator

Two experiments were performed to characterize the mechan-
ical behavior of the soft actuator. The first experiment aimed to
measure the resistance forces produced by the actuator when it
was manually bent under either positive or negative direction. It
should be noted that there was no inflated air pressure into the
actuator. As shown in Fig. 9, one end of the soft actuator was
fixed and a force sensor (FSG15N1A, Honeywell Inc., USA)
was attached to the tip of the actuator. A user moved the force
sensor to deform the actuator. The force sensor was moved at
a constant rotating speed while the tip of the force sensor was
always perpendicular to the axis of the actuator. The force signal
under different bending angles was recorded.

Experimental results in Fig. 10 illustrate the nonsymmetry of
the resistance force of the soft actuator concerning the deforma-
tion. To ensure free-space sensation, the resistance force needs
to be smaller than the predefined threshold (e.g., 1 N in our de-
sign). Then, we determine the prebending angles of the actuator
at the two extreme states to be 80° and —40°, respectively.

In the second experiment, we aimed to measure the effect
of the prebending on the resistance force that can be overcome
by the actuator. As shown in Fig. 11, one end of the actuator
was fixed, and initial air pressure was inflated into the actua-
tor to produce a prebending. Then, a force sensor (FSG15N1A,
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Fig. 11.  Different initial air pressure lead to different prebending values
of the free end of the actuator. (a) 0 Kpa. (b) 83 Kpa.

18
16
14
12
1.0
08

F/N

06
04
0.2
0.0

2
-0.2 3

P/kPa

Fig. 12. Relationship between the contact force and the air pressure
under five different prebending deformation values. Dashed and solid
lines represent FEA and experimental results, respectively.

Honeywell Inc., USA) was mounted to the free end of the ac-
tuator, while iron support was used to fix the force sensor. The
contact force between the sensor and the end of the actuator
was adjusted to be zero. Starting from an initial pressure, the
air pressure was increased, and the contact force was measured.
Using this experiment, we aimed to measure the ability of the
actuator to overcome external forces on its free end.

Five levels of initial air pressure were measured, including 10,
51, 83, 102, and 144 kpa, respectively. As shown in Fig. 11(a)
and (b), different initial air pressures led to different prebending
of the free end of the actuator.

As shown in Fig. 12, if the actuator has zero prebending, the
contact force increases with the increase of the air pressure.
However, when the actuator has a prebending, the contact force
kept being zero until the inflated pressure became larger than
the initial pressure producing the prebending. Only after the
inflated pressure is larger than the initial pressure, the output
force of the actuator could increase with the increase of air
pressure. In the other word, with the increase of the air pressure,
the glove cannot provide output force unless the deformation of
the actuator caused by the inflated pressure is larger than the
prebending deformation. This result reveals the pros and cons
of using the prebending approach, i.e., although it is beneficial
to improve the back drivability in simulating free space, it leads
to the cost of reduced force range in simulating the constrained
space.

Furthermore, with the increase of the prebending, in order to
achieve the same driving force, larger air pressure is needed.
For example, as shown in Fig. 12, in order to output 0.2 N, the
required pressures for the five different prebending values are
37,72, 104, 118, and 160 kpa, respectively.

Fig. 13.  Setup to measure the force exerted by the rigid rod on the
user’s fingertip, while the zoomed view shows the force sensor.

S

Fig. 14.

Measuring fingertip forces during repeated grasping motion.

5000

t/ms

Fig. 15.  Measured force signal during the free space test.

The relative error between the FEA and experimental results
are shown in Fig. 12, in which the error is less than 15% for all
the five prebending deformation conditions.

B. Performance Evaluation of the Soft Glove

Experiments were performed to measure the performance of
the glove in both free space and constrained space. As shown in
Fig. 13,aNano 17 force sensor was utilized to measure the force
exerted by the rigid rod on user’s fingertip. The force sensor was
mounted between a fingercap and the fingertip. Using this setup,
user can freely rotate his/her finger and the feedback force on
fingertip can be measured with respect to different air pressures
and different configurations of the fingers. The resolution of the
force sensor is 0.003 N and the sample rate of the force sensor
is 1 kHz.

In the free space experiment, the air pressure was zero, and the
user performed repeated opening and closing action, as shown
in Fig. 14. Using the ATI force sensor, the dynamic data of the
contact force in free space were recorded.

As shown in Fig. 15, our experimental results show that
the resistance force in free space is about 0.48 N, which is
much less than the expected 1 N. The existing resistance is
mainly due to the stiffness of the soft actuator and the friction
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Fig. 17.  Measured force signal during the constrained space test.

force of the rotational joints in the transmission mechanism.
One potential approach to further reduce this force is to intro-
duce active compensation of the resistance force by air pressure
control.

For simulating the constraint space, as shown in Fig. 16, a
user was required to rotate his index finger to one of the seven
typical finger postures, which are defined by the combinations
of the angle of the three finger joints (61, 62, and 63). In each
finger posture, the air pressure was controlled to increase the
feedback force on the fingertip. For each finger posture, the
force signal under 12 levels of air pressures are measured. For all
the finger postures, the results show a proportional relationship
between the force and the air pressure. Furthermore, for a given
air pressure, the force increases along with the increase of the
finger joints angle, which imply that the mechanism can produce
a larger force at a grasping posture than at the finger extension
posture.

Furthermore, the maximum force magnitude of the glove was
measured. In order to ensure the safety of the soft actuator
(e.g., not to be exploded), a relatively safe pressure was used
(i.e., 216.67 kPa) to measure the contact force on the fingertip.
During the test, a user put on the glove and performed three
cycles of “bend—stretch” movements. The force data recorded
by the force sensor are shown in Fig. 17. The maximum feedback
force is about 4.09 N. The results show that the device is able to
provide a feedback force sufficient for simulating daily grasping
tasks.

Further experiments were performed to measure the dynamic
response of the glove. The delay of the electro-pneumatic reg-
ulator is about 100 ms. As the simulated stiffness was directly

TABLE Il
USER RATING RESULTS

Question Score (7-point)
Comfortable wearing of gloves 5.2
Fatigue degree after wearing a long time (over 30min) 4.5
The distinct sensation of the force feedback in the free 48
space and the constraint space i
The response of the virtual reality system 5.2
The realism of gloves in virtual reality. 4.8
80 Bi
= 1 6 4 (h"gd) 10 1
E E] Small
2 =2 2 3 9 1
83 £ (hard)
B 17 feA 15 | B
A & (soft) 2 2 6
3
g Small
Big Middle Small Big (hard) Small(hard) Big (soft) Small (soft)
Actual Actual
(a) (b)
Fig. 18. Results. (a) First experiment. (b) Second experiment.

determined by the sampling and controlling rate of the haptic
control system [27], this result implies that the glove is more
suitable to simulate soft virtual objects.

In order to evaluate the performance of the glove, we added
finger motion tracking to the glove and performed user studies
to test how easily and reliably users can discriminate between
virtual objects with different sizes and different stiffness. Ten
participants were recruited to perform two experiments. In the
first experiment, participants need to distinguish three virtual
spheres with different sizes (i.e., the radius is 2.5, 5, and 10 cm,
respectively), while the stiffness of all three spheres is 100 N/m.
Each participant was given three minutes to get familiar with
the glove and the three spheres, then the participant performed
30 trials in the formal experiment, which includes ten trials for
each of the three target spheres. The three spheres are randomly
displayed for each trial.

In the second experiment, participants need to distinguish two
different sized spheres (i.e., radius 35 mm, 100 cm) with differ-
ent stiffness (6 N/m, 120 N/m). For each of the four conditions
(2 size levels * 2 stiffness levels), 7 trials are displayed to the
participants in a randomized sequence.

After the two experiments, the participants were required to
fill in a questionnaire form for evaluating the performance of the
gloves with the 7-point Likert scale (zero refers lowest, seven
refers to highest), including five questions, as shown in Table II.

The experimental results are shown as the confusion matrix
in Fig. 18. The value in each unit represents the number of the
correctly distinguished trials. It can be found that the value of
the units along the diagonal line is significantly greater than
the value of other units. This illustrates that the proposed glove
can support users to correctly distinguish virtual spheres with
the defined sizes and stiffness levels. Nevertheless, more efforts
are needed to improve the performance of the proposed glove
further, and thus, to obtain a higher correct rate of users’ per-
ception experiments. The results of the questionnaire are shown
in Table II.
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C. Discussions

By using the soft bending actuator and the single-link trans-
mission mechanism, the proposed glove has a lightweight of
31.23 g per finger, which ensure that users will be free of fa-
tigue for performing long term grasping/touching manipulation
tasks. In the meantime, the soft connection between the actua-
tor and the user’s palm provides comfortable sensations, which
avoid the hard contacts of classic rigid parts with users’ skin.
Last but not the least, the soft actuator will not injure users’
finger even in the event of system failure. For example, when
the air pressure exceeds the allowable pressure of the actuator,
the soft actuator would leak rather than explode due to the use
of fiber. This ensures the safety of the user’s finger joints.

The proposed glove allows a wide range of finger grasping
motion. The soft actuators and the mechanism are all mounted
in the dorsal side, so the motion range of the fingers would not
be constrained by the glove. In both free and constrained space,
the glove can support full hand opening and closing.

The response time of the proposed glove is more than 130 ms,
which is mainly due to the delay of the pneumatic control system
to produce the deformation of the soft bending actuator. In the
future, we will adopt novel pneumatic control systems to speed
up the system response [28], along with optimizing the shape of
the cavity structure of the soft actuator to improve the system
response.

Nevertheless, rigorous work needs to be performed to achieve
a high-performance force feedback glove. First of all, one lim-
itation of the proposed prototype is that the dynamic response
of the glove needs to be improved. It is necessary to study the
quantified impact of the diameter and the length of the air tubes
on the responsiveness of the glove. Second, by adjusting the
mounting position of the base part of the soft actuator on the
palm, the proposed glove can adapt to a certain range of human
hands with different sizes. In the future, we can further enlarge
the adaptive range of the glove to different hand sizes by intro-
ducing new mechanical structures with an adjustable length of
the soft actuator and/or the rigid rod.

VI. CONCLUSION

In this article, we presented empirical models for design-
ing force feedback gloves using pneumatically powered fiber-
reinforced soft bending actuators. A soft-rigid linkage mecha-
nism was synthesized to meet the contradictive requirements for
both free space and constrained space simulations. Specifically,
a positive prebending deformation of the soft actuator was ex-
perimentally determined to ensure a small back drive force for
simulating free-space sensation. In the other aspect, to ensure
a large workspace of the glove and produce a larger feedback
force on the fingertip, the shape and parameters of the rigid
rod were synthesized to ensure full open/closure of the finger
without any mechanical interference between the rod and the
users’ finger. Furthermore, the glove can provide distinct force
feedback between free and constrained space. For free space,
the maximum back drive force is 0.48 N, while the fingertip
force reaches up to 4.09 N for simulating the constrained space.
Experiments also indicate that the glove is easy to put ON/OFF.

In the future, we plan to extend the proposed modular solution
to all five fingers with finger motion tracking and add distributed
tactile sensing on the palm and carry out a user study to evaluate
the performance of the soft glove for simulating diverse grasping
tasks.
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