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needed assistance during paretic upper limb rehabilitation
involving both grasping and arm mobility to solve taskoriented activities [7]. Tommaso Lisini Baldi and Stefano
Scheggi et.al presented the wearable sensing/actuation system
glove for enhanced sensing and touching (GESTO). It is based
on inertial and magnetic sensors for hand tracking, coupled
with cutaneous devices for the force feedback rendering [8].
Diez, Jorge A et.al presented the design of a hand exoskeleton
that features its modularity and the possibility of integrating a
force sensor in its frame. The modularity is achieved by
dividing the exoskeleton in separate units, each one driving a
finger or pair of them. These units or "finger modules" have a
single degree of freedom and may be easily attached or
removed from the robot frame and human fingers by snap-in
fixations [9]. At present, a variety of upper limb rehabilitation
robots have been developed by Guo Labs [10-11]. In recent
years, the number of examples of virtual reality used in
rehabilitation has been increasing. Jacek S. Tutak presents the
issues of biofeedback in virtual reality (VR). This VR module
in ELISE robot gives a possible re-arrangement of the
damaged motor cortex which can be activated with the
mediation of mirror neurons or through the subject’s motor
imagery [12]. V Viegas, O Postolache et.al presented a
framework for theragames enriched by a natural user interface
(NUI) and materialized by Kinect. A set of 3D virtual reality
(VR) scenarios motivate patients to perform upper limb
rehabilitation and provide armmotion metrics in an
unobtrusive way [13].
However, there is less research on hand grab movement
based on virtual reality. In this paper, we propose a grasp
training system for fingers in virtual environment. Data
acquisition of finger grab motion is gathered by data gloves
and we use unity 3D to interact with virtual hands. Through
the game of grabbing the ball, we could train the grasping
ability of the patient's hands. The contact force between the
fingertips and the sphere is calculated by force calculation
model and the glove will generate force feedback by vibrating
accordingly, which is convenient for doctors to make a
quantitative evaluation of patients' rehabilitation. It can also
stimulate patients' interest in rehabilitation training and make
the training more lively and interesting. The rest of the paper
is organized as follows: Section II introduces the design of the
training system; in section III, collision detection and force
feedback is described. Section IV shows the exoskeleton

Abstract - With the development of science and technology,
virtual reality technology has been applied to various fields.
Virtual reality technology is proposed into rehabilitation medical
treatment, which can avoid dull rehabilitation training, improve
the initiative of patients' rehabilitation and improve the overall
effect of rehabilitation training. In order to help patients with
hand grab function training, we proposed a virtual reality-based
upper limb rehabilitation hand training system. In this paper, we
can obtain the bending angle data of fingers and force feedback
through the upper limb rehabilitation hand robot with
CyberGlove. We established the high precise 3D model, set up
the mapping relationship between CyberGlove and the virtual
hand to realize the human-computer interaction. Based on the
previous work, a VR-based upper limb rehabilitation hand
robotic training system is proposed and has collision detection
and force feedback, which makes users feel more realistic when
interacting with objects in the virtual environment. The relevant
verification experiment confirmed that virtual hand and upper
limb rehabilitation robot interact well, which increases the
interest of training.
Index Terms - VR, TCP/IP Communication Protocol, Collision
Detection, Force Feedback

I. INTRODUCTION
Long-term disabilities of the upper limb affect millions of
stroke survivors [1]. This disease mainly causes the loss of
limb motor function and related complications, which makes
most patients unable to take care of themselves. It not only
causes great physical and psychological pressure, but also
brings heavy burden to patients' families and society [2]. In
the last two decades, several rehabilitation teams have started
to integrate robotic-aided therapies in their rehabilitation
projects. Such treatments represent a novel and promising
approach in rehabilitation of the post-stroke paretic upper limb
[3]. In the course of rehabilitation training, capturing,
analyzing, and interacting with the human body, and in
particular with the human hands, is fundamental in several
applications such as rehabilitation, human–robot interaction
[4], and gaming [5]. In these contexts, wearability represents a
key point since it improves the way humans interact with each
other and the surrounding environment [6]. Irfan Hussain and
Gionata Salvietti et.al presented the combination of our soft
supernumerary robotic finger i.e. Soft-Sixth Finger with a
commercially available zero gravity arm support, the
SaeboMAS. The overall proposed system can provide the
978-1-5386-6072-0/18/$31.00 ©2018 IEEE
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TABLE I
THE SKELETON HIERARCHY OF THE VIRTUAL HAND MODEL

II. THE DESIGN OF TRAINING SYSTEM

Layer

Thumb

Index

In this paper, we use Unity3D to build virtual scene. A
virtual hand is created in the virtual scene to synchronize with
the data glove. when the patient grabs the red ball in the scene,
the ball’s color turns green. At the same time, the patient will
feel the glove’s vibration when the ball is cached because the
data glove has force feedback. The structure diagram of the
system is shown in Fig. 1.
A. The data glove and data acquisition
In this paper, we use Cyberglove to interact with the
virtual scene. The sensors transmit the measured signal to an
outside minimum system that is the control interface unit
CGIU). The measured analog signal is converted into digital
signal, and then it is sent to the computer through RS232 serial
port to wait for continually being processed. At the same time,
the control interface unit receives the digital signal from the
computer through RS232. We use the C++ function packet of
data glove to collect the finger bending data in real time.
B. The Design of Virtual hand
In this system, Maya is used to build the model of virtual
hand, and the modeling of virtual hand is divided into two
steps:
(1) Using triangular meshes, the approximate appearance
of the virtual hand model is established.
(2) Segment the virtual hand model and add the joint
model to the finger joint.
We use skeletal animation to preserve skeletal motion
data. And we directly transfer previously preserved skin data
to the skeleton. Compared with all vertex data saved by each
frame of the animation, our method is efficient and save
spaces. When the character's skeleton moves, the character's
skin changes with the skeleton. Table I is the skeleton
hierarchy of the virtual hand model.
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Each piece of bone contains data about its own animation
effects. When we use them, what we should do is skinning for
it. Fig. 2 is a virtual hand model completed by skinning, which
could provide geometric models of animation (Vertex, Normal,
etc ) and texture material information. After skinning, each
vertex on the bone has a corresponding weight that is the
influence factor on the nearby vertex when the bone moves.
When the skeleton moves, as a result of these factors, the
skin model will follow the movement.
C. Mapping relationship between Cyberglove and virtual
hand
In order to describe the movement of virtual hand
accurately, the virtual hand is regarded as a real time moving
object in local coordinate system. When the virtual hand
moves as a whole, the coordinate of the local coordinate
system will be changed in real time in the world coordinate
system. Fig. 3 is a local coordinate system representation in
Unity3D. The red is the X axis, the green is the Y axis, and
the blue is the Z axis. The graphical elements of the virtual
hand, such as points and surfaces, do not change during the
movement of the virtual hand, but the coordinates of the
virtual hand change with the occurrence of certain changes.
Graphic transformation can be divided into translation,
rotation and composite transformation.
1) Translation transformation
The translation transformation is used to realize the
translation motion of the graph. Because under the translation
motion, the movement of graph’s each point is the same, so in
the homogeneous coordinate representation of threedimensional space, if P denotes the pose matrix, the translation
transformation matrix is T, and the post position is P0, then:
P'=P·T
(1)
Where
1 0 0 0
0 1 0 0
T= 0 0 1 0
1
In this formula, parameters tx, ty, tz is used to specify how
many displacements are made on the axis of x, y, z. After the
point transformation, it will be changed to x’=x+tx, y’=y+ty,
z’=z+tz.
2) Rotation transformation

Fig. 1 The structure diagram of the system
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Fig. 2 The virtual hand model completed by skinning

Rotation transformation is one of the most common
movements of a virtual hand, such as rotation and finger
bending. In order to rotate, the 3D model must have a
reference axis and a corresponding rotation angle. In addition,
the counter-clockwise rotation is usually set to positive.
′
= ∙
(2)
1
0
0
0
0
0
,
=
Where
0
0
0
0
0
1
0
0
0
1
0
0
,
=
0
0
0
0
0
1
0 0
0 0
=
0
1 0
0
0
0 1
3) Composite transformation
Composite transformation is a combination of the above
two transformations, that is, the translation of the whole and
the local bending or rotation. In principle, the origin is moved
to the center of rotation in the transformation, the rotation
matrix is obtained according to the angle, and then the matrix
is shifted back to the origin.
= ∙
∙
∙
∙
∙
∙
(3)
Where,
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0

0

0
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gesture. The former may use all the transformation forms,
while the latter can be realized mainly by the combination of
rotation transformation and composite transformation.
For the control of virtual hand, on the one hand, it is
necessary to realize dynamic, on the other hand, it requires
real-time control. The gesture information of the data glove is
mapped to the action that the virtual hand can achieve. The
process of dynamic control can be divided into:
(1) Setting up the mappings of gloves and virtual hands,
and the application reads the information from the glove
through the serial port.
(2) Interface program obtains the information and change
gesture in real-time.
Fig. 2 is the dynamic control diagram of the virtual hand.
D. Communication of data glove and Unity3D
We adopt the TCP/IP communication architecture to
complete the communication of data glove and unity3D.
Through socket, we achieve data transmission between
applications. The data glove is used as the server side and it
always listening. Virtual reality is a client that sends requests
to the server. When the server confirms, both ends
establish a connection. At this point, the server sends the
bending angle data information of each joint obtained by
the data glove to the virtual reality side through the
communication protocol of TCP/IP. The bending angle
data information is received by virtual hand model so
that the corresponding joints move with the finger joint
of the patient. At this point, the connection is
bidirectional and could send data information to each
other. At the same time, these bending angle data are
recorded in real-time, which provide the basis for postanalysis data.
III COLLISION DETECTION AND FORCE FEEDBACK ANALYSIS
A. Collision Detection
The initial color of the ball in the virtual scene is red, the
ball turned green when the patient's grip was completed. It
indicates that the patient's action has been completed. When
the affected hand grasps the ball, the sign of the completion of
rehabilitation movement is that the finger knuckles collide
with the ball. So the key of judging whether the action is
completed or not is to detect the collision between knuckles
and the clasped object in the virtual scene. From the geometric
relation analysis, this process is to judge whether there is any
point in the space region belongs to two stereoscopic models
at the same time.

0
0
0
1
0
0
1
0

0
0
0
1

In general, all kinds of actions of virtual hand are realized
by the change of its orientation and the change of its own

Fig. 3 The dynamic control diagram of the virtual hand
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Because the models that need to be detected are generally
complex, we use the hierarchical bounding box method take
the place of the model motion in the virtual scene for collision
detection and calculation. Fingers are adopted cylindrical
bounding boxes and the sphere itself could be seen as a
bounding ball. Set the position of the sphere reasonably so that
the length of axis will not affect the collision detection in the
process of collision detection. The detection criterion is
whether the distance between the center of the sphere and the
cylinder is less than the sum of the radius.
B. Realization of Interactive Force feedback
To enhance the sense of reality when gripping the object
in virtual environment, the force feedback of Cyberglove is
used to reflect the force on the finger after the object is
grabbed.
When interacting with a three-dimensional virtual
environment, the force on the fingers of the virtual hand is
very complex. Therefore, in order to simplify the
computational model and take into account the real-time
requirements of force in virtual environment. In this study, the
force of each finger is fed back to the user by the force
feedback device.
1) Force calculation of single finger
The calculation method of single finger force is
calculating the force of a single finger in contact with the ball
based on the contact collision between the individual finger
and the ball in the virtual scene. According to the depth of the
virtual finger insert into the ball, the model of tangent plane
force perception mentioned by McNeely is referenced and
Hooke's law is used to calculate the force when the virtual
hand holds the ball. Because virtual objects cannot constrain
the user's actual fingers, in this paper, we set the distance
between the position of the current seed point of the virtual
finger and the position of the contact point is projected upward
in the spherical contact surface as the depth of the virtual hand
insert into the ball. And for this finger, its force can be
calculated by Hooke's law =
. As is shown in Fig. 4,
where d is puncture depth, it is the projection in normal vector
and seed point ,
of the distance between Contact point
is the elastic coefficient for the ball.
2) Multi - finger stress calculation
When the virtual hand holds the ball, the force of each
finger should be calculated by taking into account the
influence of the penetration depth between the virtual finger
on each
and the ball and the effect of the gravity of a ball
finger holding the object. From a statics point, it can be
concluded that the force of virtual hand acting on the ball
needs to counteract the influence of the gravity of the ball and
the friction constraint condition of grasping. That is, it needs
to satisfy the requirements of the following conditions.
(1)
=0
∈
(2)
In order to simplify the model and meet the real-time
is simply
requirements, the gravity of the virtual ball
transferred to each finger holding it according to the dynamic
weight. Concrete calculation method is as follows (Fig. 5):

Fig. 4 The calculating model for the force of a single finger

Fig. 5 The calculating model for the force of multi-finger

(1) Calculating the grasping force of each finger
(2) Calculate the angle 1 between the grab force of each
finger and the gravity of the ball (Expressed in radians).
(3) Determine the weight of force distribution wi =
/ ∑ . According to the corresponding distribute value of
weight wi . Distribute the gravity of the ball to each finger, and
get the force on each finger = w . Then merge and
the grasping force acting on the finger . into the new forces
′
=
.
3) Force mapping and feedback
The force feedback device used in this paper is
Cyberglove. Considering the range of forces that the
equipment sends out, In this paper, the force of the related
finger
0,

′
Fi

′

Fi
max

needs to be mapped to the 0-1 interval.
→ 0,1 .( Set

′

Fi

max

as the maximum force

that can be applied to a finger). Using the Application function
Interface provided by Cyberglove to transmit the force size of
the Virtual hand to the data Glove to make the user feel the
system’s feedback force through the device. Where the
function SetForce() is a quintuple array. The value of each
element in the array corresponds to the size of the force on the
user's finger, which ranges from 0 to 1.
Ⅳ. EXPERIMENTS AND RESULTS
In the experiment, the three healthy subjects
simulated the patients, and the hands of the subjects
were in a relaxed state. The upper limb rehabilitation
hand robot was used to guide the subjects to carry on the
hand grab rehabilitation training. The Cyberglove was
worn on the hand of the subject and the upper limb
rehabilitation robot was worn on the outer side of the
Cyberglove.
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tends to stabilize. The experimental results proved that
the this upper limb rehabilitation robot and virtual hand
have the very good interactivity, and can provide tactile
feedback information for patient rehabilitation training,
bringing joy to stroke in rehabilitation training. To some
extent, the system has a very good effect on the
psychological treatment of patients.

A. Exoskeleton upper limb rehabilitation robot system
The CAD of the upper limb rehabilitation hand
robotic system is shown in Fig. 6. It contains 16 degrees
of freedom, including hands and upper limbs. Among
them, the hand has 14 degrees of freedom. According to
the design of human finger's structure, the thumb has
two degrees of freedom, and the other four fingers have
three degrees of freedom.
In this paper, the under-actuated approach is applied
to drive the fingers to help patients with rehabilitation
training. In the control system, the controller controls
the motor to rotate clockwise or anticlockwise, so that
the fingers can stretch and bend flexibly.
In the control of motor, the five two-phase four-wire
was used as the driving motor of the external skeleton
finger rehabilitation robot. The reduction ratio of gear
reducer is selected as 232:1. The stepper motor could
achieve precise control of the robot so as to provide
more effective rehabilitation training for patients and
also ensure the safety of rehabilitation training.
Through the control system, the robotic finger
training movements could be set to assist the patient’s
hand in grasping. At the same time, the training speed of
the exoskeleton upper limb rehabilitation robot could be
adjusted by adjusting the spin velocity of the finger
motor.
B. Realization of virtual reality training system
The composition of virtual reality training
experimental platform of this system is shown in Fig. 7.
It contains upper limb rehabilitation hand robot, motor
motion control module, upper computer and microcontrol unit. The operator sends the signal to the
controller by clicking on the command of the hand
training control of the upper computer, thus driving the
finger to grasp the ball training. In the experiment, in
order to detect the force feedback performance, we will
hold the real ball with the same size as the virtual ball
simultaneously.
In the virtual scene, when the ball is not touched,
virtual scene is shown as Fig. 8(a), the color of the ball
is red, the force feedback is 0 N. When the subjects
slowly close the fingers, the virtual hand is surrounded
by a synchronized movement toward the ball, when
holding the ball, it becomes green. The vibration
amplitude of fingertips increases with the increase of
contact force, the virtual scene is shown in Fig. 8(b).
While grasping the real ball, the virtual hand also grasps
the virtual ball. At this time, the participants will feel
the vibration of the gloves (force feedback). As the
pressure to hold the ball increases, the vibration
increases.
We collected the force on the virtual ball at seven seconds
from the ball was touched to the ball was grasped, and the
curve was shown in the Fig. 9. It could be seen from the
diagram, as the ball is continuously to be grasped, the
force feedback is constantly increasing. When the ball
reaches the lifting condition, the force on the five fingers

V .CONCLUSION
In this paper, a virtual reality-based upper limb
rehabilitation hand training system is proposed in order to
help patients with hand grab function training. A virtual hand
model, which is used for interactive training with the
hand of the patient is proposed, and the dynamic control
of the virtual hand is realized by the mapping algorithm.
The upper limb rehabilitation hand robot collects the
bending angle of the finger joint motion by Cyberglove
and communicates with the virtual hand under the
Unity3D environment through the socket protocol of
TCP/IP, which realizes the interaction between the upper
limb rehabilitation robot and the virtual hand. Based on
collision detection and force feedback algorithm, the
force feedback is realized by calculating the elastic force
when the ball is being held by the hand and the
Cyberglove vibrate with elasticity. The experiment
confirmed that virtual hand and upper

Fig. 6 The CAD of the upper limb rehabilitation hand robotic system

Fig. 7 The virtual reality training experimental platform
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(a).The hand doesn’t touch the ball

(b). The hand grab the ball
Fig. 8 The training scene of gripping ball

Fig. 9 Curves of force for each finger

limb rehabilitation robot interact well, which increase
the interest of training. In future, we will continue to
develop this game, the elbow and wrist joints of the
rehabilitation robot system are also practiced in VR
games. Through rehabilitation game therapy, the patients
are provided with psychological treatment, which will
have a wide application and development prospect in the
future.
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