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ABSTRACT

A Kinect sensor based basketball game is developed for
delivering post-stroke exercises in association with a newly
developed elbow exoskeleton. Few interesting features such as
audio-visual feedback and scoring have been added to the
game platform to enhance patient’s engagement during
exercises. After playing the game, the performance score has
been calculated based on their reachable points and reaching
time to measure their current health conditions. During
exercises, joint parameters are measured using the motion
capture technique of Kinect sensor. The measurement accuracy
of Kinect sensor is validated by two comparative studies where
two healthy subjects were asked to move elbow joint in front of
Kinect sensor wearing the developed elbow exoskeleton. In the
first study, the joint information collected from Kinect sensor
was compared with the exoskeleton based sensor. In the next
study, the length of upperarm and forearm measured by Kinect
were compared with the standard anthropometric data. The
measurement errors between Kinect and exoskeleton are turned
out to be in the acceptable range; 1% for subject 1 and 0.44%
for subject 2 in case of joint angle; 5.55% and 3.58% for
subject 1 and subject 2 respectively in case of joint torque. The
average errors of Kinect measurement as compared to the
anthropometric data of the two subjects are 16.52% for
upperarm length and 9.87% for forearm length. It shows that
Kinect sensor can measure the activity of joint movement with a
minimum margin of error.

Keywords: Rehabilitation, Kinect, Joint parameters, Unity,
Measurement accuracy, Exoskeleton

1. INTRODUCTION

Post-stroke patients suffer from different neuro-muscular
deficits which include problems in grasping, reaching,
balancing, keeping the arm in a certain position or orientation
[1]. To restore the functionality, neuro-motor skills of human
can be improved by self-training. It has been proved that task-
based training can improve hamstring strength and spastic
reflexes for chronic stroke patients [2]. The main aim of post-
stroke rehabilitation is to increase the percentage of patient’s
participation in rehabilitation task. If the amount of patient’s

participation during exercise gets higher, the recovery rate will
be better. Majority of post-stroke patients are usually in old age
group (>60) [3]. It has been found that patients normally loose
interest after performing monotonous therapy for a long time
[4]. Therefore, the modern advancement in technology has
improved the post-stroke rehabilitation process with VR based
exercise module [5], [6]. It has transformed the post-stroke
exercises into more engaging and motivating through game-
based therapy [7], therefore, these exercises become more
enjoyable and clinically useful for patients.

On the other hand, patient’s recovery condition should be
determined by measuring different joint parameters after post-
stroke rehabilitation. Physical sensors such as EMG, IMU and
accelerometers can be used to measure joint torque, inertia,
angle, acceleration and so on. However, the mechanical look
and complicated data acquisition system of these sensors have
diminished the interest for using these sensors among patients
group [8]. It is necessary to find an alternative way of
measuring joint parameters accurately with less effort.

In fact, patients are now inclined towards an easy,
comfortable and home-based rehabilitation system [9] rather
than an expensive and highly sophisticated system used in
rehabilitation centre. In order to overcome the limitations of
physical sensors and to implement VR based rehabilitation
therapy, few contactless motion capture systems have been
developed such as Vicon [10], 3DMA [11], Kinect [12] etc.
Due to the cost, accessibility, easy interfacing and user-friendly
control, Kinect sensor based rehabilitation set-up has become a
promising approach for post-stroke therapy. It can provide two
advantages; new type of interesting and simple games suitable
for post-stroke patients can create more interest among them to
drive them back to exercises; also, the useful joint parameters
and rehabilitation information can be extracted from Kinect
sensor without using any contact sensor. These parameters can
be used to evaluate patient's recovery rate. So far different types
of rehabilitation game have been developed based on Kinect
sensor such as bubble game [13], object catching game [14],
table tennis [15] etc. The efficiency of these games is evaluated
by three features; adaptation of post-stroke exercises through
game oriented joint movements, performance evaluation after
joint movement for clinical analysis, addition of more
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intriguing and user-friendly features for increasing user’s
interaction and participation in the game.

Over the last decade, Kinect sensor based game module has
been upgraded and advanced to meet the desired objectives. As
an example, task-based performance report is generated for
patients after playing the game [8], illusion is created to
motivate them for putting more effort [16], warning is given to
patients if they follow the wrong track [17]. Also, mirror
feedback is effective to improve the user’s performance [18].
Patient’s recovery status after exercise can be measured in two
ways; performance report of the user in the game, analysis of
measured kinematic and dynamic joint parameters. Each game
module has its own performance criteria based on the number
of attempts to achieve a goal [8] or the completion time [13]. In
few games, different joint parameters such as position [19] and
angle [20] and angular velocity [21] of the user are measured.

These measured joint parameters from Kinect sensor are not
only used for accessing the recovery status of patients but also
used as feedback signal in robotic devices for controlling the
rehabilitation mode. For an example, trajectory tracking control
has been implemented for robot added rehabilitation based on
the joint parameters measured by Kinect sensor [22]. Kinect
based skeleton data and measured joint parameters from EMG
are fused together to monitor the rehabilitation process [23].
Research experiment has been performed in medical hospital to
measure gait abnormalities using Kinect sensor [24]. Therefore,
it is necessary to evaluate the measurement accuracy of Kinect
sensor. Kinect based joint data is also compared with other
motion capture technique such as 3D motion system [25]. The
main aim of this paper is focused in two areas; i) enrichment of
game based activities through scoring technique and audio-
visual feedback while preserving the nature of rehabilitation
activities ii) validation of Kinect measurement against other
standard measurement approaches.

2. METHODS

A recently developed elbow exoskeleton [26] is used for the
experiment. It is based on a hardware based mechanism and the
whole operating regime of the exoskeleton has three sub-
regions where each region comprises a specific actuation
system for delivering particular rehabilitation mode in post-
stroke stages: Electric motor controlled exercise in the acute
phase, assistance to patients through variable spring force in the
mid-phase (Fig. 1) and variable resistive force in the last phase.
In the first region, joint movements of user are controlled by
electric motor however, in the next two regions users are free to
initiate their own movements. In this research, the exoskeleton
has been operated in the second region where users can bend
their elbow with assistance from the exoskeleton. The
exoskeleton has a potentiometer for measuring joint angle
during motion. The internal values between adjacent joint
angles are estimated by linear interpolation and these values
have been passed through a smooth filter before plotting. Other
joint parameters such as angular velocity and acceleration are
measured by differentiating the joint angle with respect to time.
Instead of using a rotary torque sensor, a mathematical model

of joint torque has been developed in which joint parameters
such as angle, velocity and acceleration are collected from the
measured value and mass of the forearm supporting structure is
computed from standard anthropometric data [27].

Slider crank mechanism
for actuation

Spring for
assistive force

Linear sliding
joint for
compensating
misalignment

I b ‘
EXTENSION
FIGURE 1: DEVELOPED ELBOW EXOSKELETON

The basketball game (Fig. 2) has been developed [28] in
unity game-engine where users can move the ball from the rest
position to basket using arm gestures. The ball movement is
controlled using the body tracking technique of Kinect sensor
V2. After reaching the scoring position, user can basket the ball
using a voice command ‘drop’. Few user-friendly features are
also added to the game to motivate patients such as scoring
points, audio-visual feedback from the game environment and
an avatar whose movement is same as the user for giving a real
feel of exercise. The game is scripted in Microsoft visual
studio.

Ethow angle (degroe) = 1747988 -
-
Shoulder angle (degres) = 160 3022 —
Crang
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FIGURE 2: DEVELOPED BASKETBALL GAME INTERFACE

In this basketball game, users can utilize their elbow
flexion-extension and shoulder abduction-adduction motion to
control the ball. At the rest position, the joint angle of shoulder
and elbow are 180° whereas, at the scoring position, the joint
angle of elbow and shoulder should be less than 90° and 120°
respectively. The range of shoulder and elbow joint angle is
divided into three stages (Fig. 3) to organize the difficulty of
the game at three levels. Audio-visual feedbacks containing
some motivating words are prompted and performance score
will appear on screen after crossing each level. The working
principle of the game is shown in flow chart Fig. 4. For
evaluating the recovery status of users, joint vectors of human
arm are measured using Kinect sensor and stored in an Excel
file, therefore more joint features such as velocity, acceleration
and torque are computed from the stored data using Matlab.
Gravity force is applied to each game object. Windows speech
library is used for voice reorganization. The holding contact
between human hand and ball becomes zero when users utter
the voice command ‘drop’, the ball would fall under gravity.

Elbow angle (degree)

‘Shoulder angle (degree) =  160.3022

STAGE 1 (SHOULDER ANGLE = 180°, ELBOW ANGLE = 180°)

Elbow angle (degree) =

Shoulder angle (degree) =  91.81494

——

| Change |

STAGE 2 (SHOULDER ANGLE < 150°, ELBOW ANGLE < 100°)

Elbow angle (degt

Shoulder angle (degree) =  100.7003

STAGE 3 (SHOULDER ANGLE < 120°, ELBOW ANGLE < 90°)

FIGURE 3: THREE LEVELS OF TH

E GAME

[ Kine ct sensor setup with personal computer ]

Modelling of the game in unity using 3D and 2D objects
from unity scene and free graphics from unity asset store

[ Design of its working pattern using script file in Microsoft visual studio ]

L

* Assign the word ‘Drop’ as keyword recognizer

to be detected by Kinect when call
* Assign gravity to ball
* Initiate body tracking source file

* Load voice file consisting of motivating words

® Assign the timestamp data to a new variable

If body is
tracked
No

User’s movement and Kinect body tracking algorithm ]

[ tracks the arm joints

Assign the joint vectors of neck, shoulder,
elbow and hand into variables

]

2

[ Split %, y, z position of joint vectors into different variables ]

1

® (Calculate joint angle from joint vectors

* Calculate the timespan

* Calculate length of arm segments from joint vectors

* Assign the motivating words into text file

© 2019 by ASME



Audio-visual feedback
Come on! You can do it'

Arm joints
=stage 1

Yes & l

Audio-visual feadback
‘Almost reached’

Audiv-visual leedback
‘You have done it'

Arm joints
=stage 2

Arm joints
> stage 3

Show the particle system and audio-visual
feedback 'Hurray! You have scored’

¥
[ Calculate the game score (Eqg. (1)) ]

L

[ Store the value of joint vectors, joint angles, length of ]

arm segments and lime data into a excel file through
serial communication

1

[ Load the excel file in Matlab ]

[ Evaluation of joint angle, velocity, acceleration and torque ]

FIGURE 4: WORKING PRINCIPLE OF THE GAME

Two healthy subjects played the game in two situations. In
the first case, they played the basketball game freely in front of
Kinect sensor. The Kinect sensor captured the joint vectors of
human arm by its inbuilt motion capture technique therefore
joint angles and arm lengths are measured from the recorded
data [28]. At the end of the game, the performance score is
calculated based on user’s maximum reachable joint angle and
reaching time. The measured arm lengths from Kinect sensor
are compared with calculated arm lengths from standard
anthropometric data.

In the second case, these subjects moved their elbow in
front of Kinect sensor wearing the developed exoskeleton.
Physical sensors attached to the exoskeleton are used for
measuring joint parameters. All these joint parameters are also
measured through Kinect sensor. Joint torque of the user is
calculated from the segment mass of the user, distance of centre
of gravity and joint angle. If the measured joint parameters
from exoskeleton are considered as standard, a comparative
study is drawn between the sensor data of exoskeleton and
Kinect measurement. The Kinect sensor is kept around 1.5
meter from the subject and is placed at 1.05 meter from the
ground level. Kinect data based sensor data are passed through
the low filter to remove the noise and the mean of consecutive
five samples are taken.

2.1 Scoring the game

To measure the performance index of the user, the score
after playing the game has been calculated based on their
attained joint angle and reaching time. As users cross the

boundary of upper stage, the shoulder angle and elbow angle is
decreased. Also, minimum reaching time to the final scoring
stage shows better performance. Therefore the formulation of
the scoring technique is to create a higher score for better
performance.

Score
((180 — Maximum shoulder angle (degree) ) +)

_ ' (180 — Maximum elbow angle(degree)) W

Reaching time

3. RESULTS AND DISCUSSION

3.1 Measured joint parameters of healthy subjects

Users moved their right arm in front of a PC and
Kinect sensor to play the game. Anthropometric data of these
subjects are shown in Table 1. Three stages of joint movement
are shown in Fig. 5 for both subjects. The technique of
measuring the joint parameters from joint vectors is shown in
Fig. 6.

TABLE 1: ANTHROPOMETRIC DATA OF SUBJECTS

Subjects Age Sex | Height | Weight
(years) (m) (kg)
Subject 1 28 M 1.60 79
Subject 2 27 M 1.75 60
_._-—-:_-I-{
Ji’“i
STAGE 1

STAGE 3
SUBJECT 1
FIGURE 5: GAME PLAYED BY HEATHY SUBJECTS

STAGE 3
SUBJECT 2
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———— Hand position

Neck position

Shoulder position \

FIGURE 6: COMPUTATION OF JOINT PARAMETERS

Kinect SDK body tracking interface measures the position
vector of neck, shoulder joint, elbow joint and distal end of
hand (Fig. 6). The built-in body tracking algorithm of Kinect
sensor can provide the position data with respect to the position
of Kinect sensor as reference.

As shown in Fig. 6,

Length of upperarm (L,) = Length between the joint vectors of
shoulder and elbow = |a|

Length of forearm (L;) = Length between the joint vectors of

elbow and hand = |b|

ElbOWjOint ang|e (al) = tan—1 |aa).‘bb| (2)
Shoulder joint angle (a,) = tan™?! 'lccxddl @)
Where @ = —d

The covered joint angle of shoulder and elbow are shown in
Fig. 7.
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FIGURE 7: JOINTS ANGLE MEASUREMENT USING KINECT

3.2 Calculation of performance score

As shown in Fig. 7, the maximum shoulder and elbow joint
angle is 116.98° and 69.29° for subject 1; 93.98° and 89.39° for
subject 2. As per the time frame, subject 1 took 2.29 sec to
reach the target whereas subject 2 took 3.512 sec to reach. As
per Eq. (1), the performance score of both subjects are

((180 — 116.98) + (180 — 69.29)) 3

Score (Subject 1) = 239 = 75.86

180 —93.98) + (180 — 89.39
(( )351( )) =50.29

Score (Subject 2) =

Though both subjects have reached the target, it shows that the
first subject has performed well in the game in terms of reach
and time.
3.3 Comparison of arm standard
anthropometric data

The standard arm segment length can be calculated as
per the standard biomechanics rule [27],
Length of upper arm = 0.186 x H
Length of forearm = 0.254 x H
Where H = Height of the user

lengths with

Table 2 shows the standard length of arm segments of two
subjects measured from anthropometric data and Kinect sensor.

TABLE 2: LENGTH OF ARM SEGMENTS (KINECT AND
STANDARD ANTHROPOMETRIC DATA)

Subjects Anthropometric data Kinect measurement
Upperarm Forearm Upperarm Forearm
length (m) | length (m) | length (m) | length (m)

Subject 1 0.29 0.41 .24 0.37

Subject 2 0.33 0.45 .28 0.40
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As the standard anthropometric data is considered to be the
reference, therefore the percentage of error in Kinect
measurement is calculated as

L(Anthropometric) — L(Kinect)

L(Anthropometric)

Error (%) = x 100 (4)

The average errors of Kinect measurement compared to the
anthropometric data of two healthy subjects are 16.52% for
upperarm length and 9.87% for forearm length, as shown in
Table 3.

TABLE 3: ERROR IN THE MEASUREMENT OF ARM

SEGMENTS
Subjects Error in the Error in the
measurement in measurement in
upper arm length forearm length
Subject 1 19.19% 9.85%
Subject 2 13.84% 9.89%
Average error 16.52% 9.87%

3.4 Comparison of joint parameters with the elbow

exoskeleton

In this case, subjects can only move the basketball using
elbow gestures when they are allowed to initiate free
movements wearing the exoskeleton. As the first rehabilitation
mode of the exoskeleton is controlled by motor, the subjects
used the assistive mode of exoskeleton for elbow rotation (Fig.
8). All three joint parameters of elbow: angle, velocity and
acceleration are measured using the sensor attached to the
exoskeleton. For measuring dynamic elbow joint torque,
movement of forearm is considered to be of one DOF
manipulator, therefore, joint angle, velocity and acceleration are
included in the calculation. The amount of assistive force and
joint stiffness of the exoskeleton have been ignored in this
assessment. On the other hand, these joint parameters are also
measured by Kinect sensor using the developed motion
capturing method. A comparative study is described between
the sensor data of exoskeleton and Kinect sensor to evaluate the
accuracy of Kinect measurement. The joint measurement error
is calculated for joint angles and torque of both subjects (Fig. 9
to Fig. 12).

SUBJECT 1

SUBJECT 2
FIGURE 8: ELBOW ROTATION OF USER WEARING
EXOSKELETON IN FRONT OF KINECT

As the measured joint parameters from exoskeleton are
considered as the reference, measurement error in Kinect is
calculated in Eq. (5).

L(Exoskeleton) — L(Kinect)
Error (%) = L(Exoskeleton) * 100 ®)

The mean error for joint angle is small for both subjects;
1.076% for subject 1 and 0.44% for subject 2.

200 i

180 Mean error = 1.076% Kineet
o
£ 160
140
120
100
80
60
40
20

0

Exoskeleton

Joint angle (deg

0.00 0.44 0.88 1.29 1.73 2.18 2.62 3.04 3.45 3.91 4.33 4.78
Time (sec)
SUBJECT 1
200 -
180 Mean error=0.44% Kinect
% 160 Exoskeleton

140
120
100

Joint angle (deg
£28

(]
=

=

0.00 049 093 140 198 242 285 341
Time (sec)
SUBJECT 2
FIGURE 9: COMPARISON OF JOINT ANGLE MEASURED BY
KINECT AND EXOSKELETON
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FIGURE 10: COMPARISON OF JOINT VELOCITY MEASURED
BY KINECT AND EXOSKELETON
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FIGURE 11: COMPARISON OF JOINT ACCELERATION
MEASURED BY KINECT AND EXOSKELETON

e Joint torque measurement

For measuring the centre of gravity and the mass of forearm,
the ratio between the arm segment and total body is considered
as per the biomechanics rule [27].

The length between elbow joint and centre of mass of forearm
(I) = 0.682 x Forearm length

Weight of forearm supporting structure (w;)

= Weight of forearm + Weight of the forearm supporting
structure of exoskeleton

=0.022 x W + W,

W = User’s body weight (kg)

W;=0.2 kg

The inertia of forearm supporting structure with respect to the
centre of massis I; = wy x (L; x 0.468)2 kg.m?

where (L, X 0.468) = Radius of gyration with respect to the
center of mass

Mass of forearm is same for both measurements: exoskeleton
and Kinect whereas the values of forearm length and joint
parameters are different. In case of exoskeleton, the forearm
length is taken from the anthropometric data whereas Kinect
sensor calculates the forearm length from the recorded joint
vectors of human arm as shown in Table 2. The arm parameters
for both measurements are shown in Table 4.

TABLE 4: COMPARISON OF ARM PARAMETERS OF TWO

HEALTHY SUBJECTS
Method Subjects Forearm | Length of | Radius of
weight centre of | gyration
(kg) mass from with
proximal | respect to
end (m) the
centre of
mass (m)
Exoskeleton | Subject 1 1.738 0.28 0.19
Subject 2 1.32 0.30 0.21
Kinect Subject 1 1.738 0.25 0.17
Subject 2 1.32 0.273 0.19

As per the Euler-Lagrange formulation of one DOF
manipulator, joint torque of elbow is

Telbow — [W1112 + 11](1'1 + wy gl cos aq (6)

Where a; = (180 — 6,)
and 6,= Elbow angle

The comparison of joint torque from both measurements is
shown in Fig. 12. The mean error for joint torque is not very
high for both subjects: 5.55% for subject 1 and 3.58% for
subject 2.
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FIGURE 12: COMPARISON OF JOINT TORQUE MEASURED
BY KINECT AND EXOSKELETON

4. CONCLUSION

To enhance user’s participation in exercises, a Kinect sensor
based voice controlled basketball game was developed since it
engaged patients with fun based activities during the
rehabilitation process. It is only possible when users have some
residual muscle strength to undertake exercises. Therefore it
has been assumed that users performed exercises at a stage
when they have regained their muscle strength. On the other
hand, the structural configuration of the elbow exoskeleton is
fixed at assistive mode during exercise where users are allowed
to exhibit their joint movement as per their strength. Joint
parameters during exercises are measured by the physical
sensor attached to the exoskeleton and Kinect sensor.

We have used Microsoft Kinect V2 which has been
improved from its previous version Xbox 360 for capturing
joint position and depth data. It is now integrated with inbuilt
Unity plugin software. Therefore, users played the game in
Unity platform with the help of Kinect sensor and the game was
programmed in Microsoft visual studio. Kinect V2 is available
in the market and its price is affordable for common people.
Therefore users can perform exercises in home environment.

User’s health condition was determined based on the
measured joint parameters. User’s performance score was

computed based on its joint angle and time to reach. If users are
able to score high value, it shows better recovery. In order to
boost their effort, the game was supported by motivating voice
commands which were fed after crossing a set level. To
evaluate the system, two healthy subjects participated in the
game. A comparative study has been undertaken and the data
collected from the physical sensor on the elbow exoskeleton
and the Kinect measurement was used to evaluate the
measurement accuracy. Considering the exoskeleton data as
reference, the average measurement errors in joint angle are
within 1% for subject 1 and 0.44% for subject 2. The errors in
torque measurement are within 5.55% and 3.58% respectively.
The length of arm segments measured by Kinect and standard
biomechanics rule are also computed. The above results
showed that rehabilitation parameters can be monitored
accurately using Kinect sensor. This contactless measurement
technique will give a pathway to use this technique for
controlling the rehabilitation parameters in future. It can also be
used solo for guiding rehabilitation exercise at advanced stages
of recovery without using an exoskeleton. It will create a
contactless and self-motivating system.
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