
Journal of Korea Multimedia Society Vol. 14, No. 12, December 2011(pp. 1517-1527)

Posture Symmetry based Motion Capture System for

Analysis of Lower-limbs Rehabilitation Training

Seokjun Lee†, Soon Ki Jung††

ABSTRACT

This paper presents a motion capture based rehabilitation training system for a lower-limb paretic

patient. The system evaluates the rehabilitation status of the patient by using the bend posture of the

knees and the weight balance of the body. The posture of both legs is captured with a single camera

using the planar mirror. The weight distribution is obtained by the Wii Balance Board. Self-occlusion

problem in the tracking of the legs is resolved by using k-nearest neighbor based clustering with body

symmetry and local-linearity of the posture data. To do this, we present data normalization and its sym-

metric property in the normalized vector space.
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1. INTRODUCTION

Clinicians who work with paretic rehabilitation

focus on correcting functional disorders for brain

damaged or paretic patients. In that case, re-

habilitation training needs to force the leg muscles

of the patient to exercise. Typical examples for this

purpose of exercise are knee bending, walking and

weight shifting. Clinicians recommend that the pa-

tients reiterate the knee bending with the weight

shifting for paretic or hemi-paretic rehabilitation

[1,2].

This paper presents a rehabilitation training

system for a paretic patient. We attach four infra-

red markers on each leg of the patient and track

them with a single camera, with a planar mirror

installed to capture both legs’ posture simulta-

neously. This system configuration gives a prac-

tical advantage by reducing its working dimension.

However the system may loss some marker due

to self-occlusion. The weight distribution, another

important measure for the paretic rehabilitation, is

captured by a pressure sensor. To solve the self-

occlusion problem, we propose a leg pose estima-

tion based on the k-Nearest Neighbor (k-NN)

algorithm. For subject independence, the posture

data is mapped into the normalized vector space

in which the posture of both legs is represented

by four unit vectors in 3D space and the weight

distribution is divided by the whole weight of the

patient. The data has symmetry and locally line-

arity in the normalized vector space.

The proposed system is used to prescribe proper

exercise for the patient after analyzing the patients’

functional condition by comparing their movement

with the standard movements.

2. RELATED WORKS

Rehabilitation training systems are mainly cate-
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gorized into two groups. One is the virtual experi-

ence based system like game therapy [3-12], and

another one is motion capture based athletic ther-

apy [1,2,13,14].

2.1 VR based Rehabilitation

Traditionally the medical rehabilitation systems

use mechanical instruments to train the patient.

Nowadays, however, many clinical methods are

proposed by using VR systems with a simple con-

troller for reaction and feedback to virtual environ-

ment on the rehabilitation training system. Ther-

agame is a home-based rehabilitation game which

runs on a PC with a webcam [3]. The game needs

combination of motor and cognitive abilities of the

patients. With this system, the participants can

achieve athletic enhancement, but still have limi-

tation to grasp an actual condition of patients' dis-

order, because the system uses abstracted motion

flow data for training. Huang's research is very

similar to Theragame for neuromotor rehabilitation,

but more expanded human motion behaviors to

adapt on virtual environment (VE) contents [4].

This work shows the importance of patients' ac-

tual motion connected to virtual experiences by us-

ing recordable electric signals from multiple elec-

tronic sensors. Holden's research presents the

possibility and importance of the VE based tele-re-

habilitation system [5]. This system allows a

therapist in a remote location to conduct treatment

sessions using a VE based motor training system,

for a patient who is located at home.

Recently, the limelight methods in the clinical

field use commercial devices for console games

such as SONY Playstation3
™
and Nintendo Wii

™
.

Especially Wii gaming console controllers such as

remote, nun-chuk and balance board are very pop-

ular to use by medical therapists because of its

easy access from market. The controllers consist

of various kinds of sensors which are composited

on a single device and comparatively light weight.

Wii controller based rehabilitations are usually

played to enhance their functional or mental dis-

advantages [6-9]. In the case of several works, Wii

balance board is used for human balancing and

mobility rehabilitation [10-12]. The above works

intend to enhance the patients' standing posture,

gait speed, walking endurance and balancing on the

variable conditions, but the weight information is

used for playing games without sensing actual

motion of the patients.

2.2 Motion Capture based Rehabilitation

In the existing human motion capture systems,

various sensing technologies such as optical or

non-optical systems are used [13,14]. Non-optical

systems use mechanical, inertial, or magnetic ap-

paratus for capturing human motion. These ap-

proaches guarantee high-rate accuracy and re-

al-time sensing of motion data. However, they are

hard to setup in terms of instruments and ex-

pensive to use. Optical systems utilize data cap-

tured from multiple cameras to triangulate the

three-dimensional position of a subject. This

method is cheaper than non-optical systems to es-

tablish the motion capture environment, but very

complicated to calculate the result.

A typical example of a full-body motion capture

based rehabilitation system is the CAREN [15].

This system uses optical and magnetic sensors to

register human body movements in real-time.

However, the system is hard to replace the training

space for various disorder symptoms and very ex-

pensive for personal use. Previous researches for

the treatment of paralysis using simplified motion

capture are proposed [1,2]. Their system considers

joint angle measurement of the knee by tracking

infrared markers which are attached on the leg.

However, this system captures only one side of the

patients for hemi-paretic rehabilitation. In order to

capture both legs, we need two cameras installed

perpendicularly to each side of legs so that the sys-

tem dimension is big and the marker position is

processed in the 2D image space. Moreover, their
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Fig. 1. An example of weak-point of 2D based measuring method.

Fig. 2. Installation of the motion capture based

rehabilitation training system.

system has to place the camera almost precisely

perpendicular to the leg’s side. This is the limi-

tation of 2D image based approach that occur

measuring error in recognition of knee’s angle from

view-point changing of the observing camera.

[Fig. 1] shows an example of the visible change

of legs by change of view-point.

3. SYSTEM CONFIGURATION

In this paper, we try to enhance the Jung’s

works by defining some geometrical constraints

and adopting computer vision approaches to track

both legs in 3D space [1,2]. The system uses two

kinds of sensors. The posture data of both legs is

captured by a webcam, whose IR-cut filter is

removed. The weight balance data is obtained by

Nintendo’s Balance Board connected to a PC with

Bluetooth module. For the system installation, we

use a planar mirror sufficient to cover the patient’s

lower limbs, and four IR-LEDs are attached on the

corner of the mirror for the camera calibration. The

camera should be facing the planar mirror, but its

position is not limited on the space as shown in

[Fig. 2].

The system consists of three main parts; camera

calibration, training space initialization and posture

management as shown in [Fig. 3]. In the calibra-

tion, the external camera parameters with respect

to the mirror are estimated by using four corners

of the mirror. We obtain the patient’s weight and

the distance between a pair of markers on the legs

from the initial standing posture of the patient. We

also estimate the foot positions from the weight

distribution. For the initialization of the training

space, the camera and its virtual camera are re-

flected by the mirror works meaning a setup of the

multiple cameras. In the posture management, the

system estimates the leg posture by data fusing

the position of markers and weight distribution.

3.1 Camera Calibration

The camera calibration has two steps; back-
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Fig. 3. Overview of the system work flow.

Fig. 4. The illustration of the training space with a single camera and the planar mirror (left), and the

setup example of the Wii balance board (right).

ground modeling and camera pose estimation. In

the background modeling, the system computes the

brightness distribution at each pixel from the n-

frames of the empty scene. The system also makes

a reference image that has ideal background

information. The highly bright areas in the refer-

ence image are used to eliminate the false de-

tections of the IR-LED markers and detect the ac-

tual pixel candidates of the markers in real-time.

The positions of the markers are defined by the

connected component labeling [16] and each labeled

blob has own index and its trajectory is estimated

by the spatial proximity.

To setup the camera in the 3D world coordinate,

we have to calculate the camera pose toward to

real-world mirror plane. For this, we calibrate the

camera projection matrix by common way in the

projective geometry. In order to estimate the cam-

era pose, we use four-point method [17] with the

markers attached on the corners of the mirror.

The pose of the virtual camera reflected by the

mirror is estimated by a vanishing points based

method [18]. We already know the length of the

IR-markers, and then we can get the relative cam-

era pose to the plane by four IR points by using

the above method. The camera projection matrix

represent  can decomposed by the camera in-

trinsic parameter , the rotation matrix  and

translation vector  . By computing the projection

matrix, we can exactly locate the mirror plane on

the world coordinate toward to the real camera as

[Fig. 5].

With above process, we obtain the extrinsic

camera parameters of the real camera  and the

virtual camera as shown in [Fig. 4]. The trans-

formation between two cameras is defined as
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(a) (b) (c) (d)

Fig. 5. An example of the initialized training space in 3D world coordinate by calibrated camera pose;

(a) and (b) shows the result of the four point based camera pose estimation on the corner points

of the planar mirror, (c) shows the result with augmenting the graphical objects on the current

scene, and (d) is the graphical result to visualize the tracked 3D leg’s marker position and calibrated

camera(red box).

 ×. The distance from the mirror to

the camera is computed by     ,

where   
 is the translation vector of the

real camera and    
 is the normal vector

of the mirror plane. Using these notations, the re-

flection transformation for the mirror plane is given

by  as follows,

 



 

 

 




.

3.2 Training Space Initialization

After the camera calibration, we initialize the

training space. We already know the positions of

the camera and the Balance Board with respect to

the mirror plane. The most important process in

the space initialization is to estimate the footprint

positions of the patient to calculate the 3D position

of the markers attached on both the legs. After the

patient steps the right foot first, the system calcu-

lates the z-distance of the right foot  as,

   
 

×

 ,

where   is the pressure sensor values,

    ,    and  is the width of the

sensor board. After the patient steps feet, the

weight center of the body  is obtained similarly

to the center of right foot  . The center of left

foot  is also calculated from  and  by using

the symmetry of the body weight. We assume that

the leg markers at the initial standing posture are

on the plane  and  as illustrated in [Fig. 4].

With the geometric configuration of the footprint

support planes  or  , the two dimensional

marker position is transformed into the three di-

mensional data. The markers of each leg will be

on the ray  or
 , and the corresponding 3D points

are the intersection points of the rays with the

footprint support planes as shown in [Fig. 4].

Finally, we initialize the training space from the

above process as shown in [Fig. 5].

3.3 Data Normalization with Posture Symmetry

The rehabilitation status of the patient is repre-

sented by the marker positions and the weight dis-

tribution, but the data is dependent on the di-

mension of the patients and the foot location on

the weight board. The normalization of the data

assures a robust common vector space without de-

pending on the patients. Before the normalization

of the weight distribution, we remove its bias by

shifting the weight center into the center of the

board. The shift vector Δω is obtained as,

∆  





,

where    is the dimension of the Balance
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(a) (b)

Fig. 6. (a) is the illustration of the posture vector definition and (b) shows the feasibility of the k-NN

based classification to solve the self-occlusion problem by well-clustered posture data on the

specific vector space.

Board, and   is the current center of the

weight, and  is the patient’s weight. The nor-

malized feature vector is defined by

  


 ∈ ,

as shown in [Fig. 6(a)], where  represents the

unit vectors of the pairs of the markers on both

legs and  represents the weight distribution div-

ided by the whole weight of the patient. The legs

can move according to the physical limitation of

the limbs. This fact makes the obtained features

form a specific distribution as depicted in [Fig.

6(b)]. In the feature vector space, the closely posi-

tioned feature vectors represent the similar pose.

Moreover we motivated by the motional character-

istics to solve the loss of data in the symmetry be-

tween both side of human body movement. [Fig.

7] shows the symmetry relationship of each side

of leg movement. Then, we also added the reflected

version of a sampled feature vector that is defined

as,

  
 

 
∈ .

The normalization should be done before the re-

cording to the database for the stable posture data.

Because of this consideration related to restoration

process, we can refine the lost or unstable data and

calculate the posture information while the pa-

tient’s movement in the training space.

3.4 Posture Recognition and Refinement

The recognition process of the patient’s move-

ment offers a method to diagnosis the patient’s

status. To recognize the patient’s posture for the

movement of legs, the system detects and calcu-

lates the leg’s position and angle of knees at the

same time. For the recognition of both legs, we use

the marker’s position and angle on the 3D training

space. There are two groups of vectors to support

both legs and we can simply find an angle  for

each angle of knee by cross-product with each side

of vectors.

Sometimes, the markers are occluded by the

other leg or not detected depending on situations.

Our system contains a method to estimate position

of occluded markers using the symmetry of human

body. We employed k-NN algorithm [19] and re-

cover the position of makers that are occluded by

other parts of human body. The following equation

shows the formulation by k-NN based similarity
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Fig. 7. The result of both legs symmetry characteristics in each motion (A), (B), (C), (D), and (E).

analysis for our problem.

  

∈,

  

∈

  
 
∈ ,

  

∈

The target feature vector,  , consists of posi-

tions of markers on the mirror plane occluded.

Other elements are used as sampled data to calcu-

late weights for linear combination.  and  are

obtained from both sampled data set  and re-

flected opposite side of sample data set  . The

nearest neighbors are obtained by measuring 

distance between ∈ and  . The linear weights
are calculated using the cost function by,

   
  



 ,
where ∈, ∈  , and  is the set of

neighbors. Finally, the reconstruction of  is rep-

resented by  ∈. [Fig. 9] shows the result
of the recovered angle for the occluded marker.

This estimation is simple and fast enough to use

as real-time speed.

4. EXPERIMENTAL RESULTS

The experimental approach of our method is to

achieve a measuring method to obtain the posture

of both legs with the symmetrical human body mo-

tion as shown in [Fig. 7]. There are five motion

cycle to observe the motion status of both legs. We

can see these motions are changing similarly in

terms of the knee angle and weight distribution of

both legs in every cycle.

Fig. 8 shows the robustness of our system by

changing the camera’s view point. The center of

the graph is a position perpendicular to the mir-

ror-plane from the camera. This graph shows the

measured angle error grows on both side of center

with respect to image angle. However, with our
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Fig. 8. The comparison result of the 3D based

method (our approach) with the 2D based

measurement.

Fig. 9. The graph compares the k-NN based estimated posture result with the ground-truth by observed

camera without angle consistency.

Fig. 10. Each picture shows the change of weight distribution and the tracking result for attached IR

markers with labeling.

method, the amount of error is considerably

smaller.

Fig. 9. represents the estimated result by using

k-NN based method when the marker is invisible

on the scene due to self-occlusion or change of

camera’s viewing angle. In this experiment, we

used only visible side of detected markers with

weight distribution to estimate the opposite leg’s

occluded markers from the trained data including

motion symmetry. When compared to the observed

data, the estimated data have a jitter, sometimes.

However, in the practical use of this system, one

or two invisible markers should be recovered by

higher accuracy than this.

In Fig. 10, the virtual red graph at the left-bot-

tom side of each picture shows the change of

weight distribution by shifting trainee’s weight for

the posture changing. And also, this figure shows

the tracking status of the labeled each IR markers

for each change of leg’s posture. In the training sit-

uation, sometimes, some marker has occluded by

the other leg like as third picture. Such like this

situation, we called self-occlusion.

Fig. 11. represents the posture of the legs. We

draw the result on the three-dimensional space by

using OpenGL library to visualize the status of

both the legs including change in knee angle and

camera view-point for different motion. These

kinds of results are very helpful to analysis the pa-

tient’s status of the rehabilitation training for both

the clinicians and patients. The abundant-view of

the patient’s training state is very useful to observe

and understand the patient’s specific disadvantage,

and moreover, clinicians can establish the care plan

for proper rehabilitation training.
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Fig. 11. The series of the captured posture result that represented by 3D green object on the training

space (top) for the real trainee’s pose (bottom) with various 3D view point.

5. CONCLUSION AND FUTURE WORK

In this paper, the observation of patient’s leg

motion has been presented by using motion track-

ing with single camera and mirror. The result of

this study demonstrate the motion capture based

rehabilitation training for lower-limb paretic pa-

tients and for a small number of patients who are

traumatic brain injury. The people with lower limb

paretic disorder need to observe the range of

movement in the angle of knees. This system pres-

ents an elaboration upon a training process to en-

hance the patients’ insufficient functional move-

ment, which makes us recognize and analyze both

legs’ motion information measured in our system.

This ongoing attempt is the first step towards

a home-based rehabilitation system and shows a

considerable potential of motion capture based re-

habilitation training. It also satisfies the require-

ments that get a proper result of calculated motion

information and easily setup the training space

anywhere at lower cost. However, it is needed to

test the system in usability by using the plentiful

data set. In the next studies for enhancement of

this system, we need more case studies to examine

its usability with more clinical population. And our

future works will consider the less requirement of

equipment, and pursue more simple and stable in-

stallation of the training environment for patient’s

convenience.

REFERENCES

[ 1 ] G.S. Jung, S.Y. Kim, S.K. Jung, S.D. Byun,

and Y.S. Lee, “Timed Automata-based Reha-

bilitation Training Game Design for the



1526 JOURNAL OF KOREA MULTIMEDIA SOCIETY, VOL. 14, NO. 12, DECEMBER 2011

Affected Lower Extremity of Hemiparetic

Patient,” Trans. on Edutainment, Vol.1, pp.

17-27, 2008.

[ 2 ] S.Y. Kim, G.S. Jung, S.H. Oh, Y.S. Lee, and

S.K. Jung, “A Motion Capture based Rehabili-

tation Training System for the Affected

Lower Extremity of Hemiparetic Patient,”

P roc. 7th Int. Conf. on Applications and

Principles of Information Science, pp.583-587,

2008.

[ 3 ] R. Kizony, P.L. Weiss, M. Shahar, and D.

Rand, “Theragame: A Home based Virtual

Reality Rehabilitation System,” J . on Dis-

ability and Human Development, Vol.5, pp.

265-269, 2006.

[ 4 ] H. Huang, S. Wolf, and J. He, “Recent Devel-

opments in Biofeedback for Neuromotor

Rehabilitation,” Int. J . NeuroEngineering and

Rehabilitation, Vol.3, pp.11-22, 2006.

[ 5 ] M.K. Holden, T.A. Dyar, L. Schwamm, and

E. Bizzi, “Virtual Environment based Teler-

ehabilitation in Patients with Stroke,” J . of

P resence: Teleoperators and Virtual Envir-

onments, Vol.14, pp. 214-233, 2005.

[ 6 ] J. Halton, “Virtual Rehabilitation with Video

Games: A New Frontier for Occupational

Therapy,” J . of Occupational Therapy Now,

Vol.10, pp. 12-14, 2008.

[ 7 ] J.E. Deutsch, M. Borbely, J. Filler, K. Huhn,

and P.G. Bowlby, “Use of a Low-cost, Com-

merically Available Gaming Console (wii) for

Rehabilitation of an Adolescent with Cerebral

Palsy,” Physical Therapy, Vol.88, pp. 1196-

1207, 2008.

[ 8 ] G. Goldberg, H. Rubinsky, E. Irvin, E. Linne-

man, J. Knapke, and M. Ryan, “Doing wiihab:

Experience with the wii Video Game System,”

J . Head Trauma Rehabilitation, Vol.23, pp.

350, 2008.

[ 9 ] S. Brosnan, “The Potential of wii-Rehabilita-

tion for Persons Recovering from Acute

Stroke,” American Occupational Therapy

Association - Physical Disabilities Special

Interest Section Quarterly, 2010.

[10] J.E. Deutsch, D. Robbins, J. Morrison, and

P.G. Bowlby, “Wii-based Compared to Stan-

dard of Care Balance and Mobility Rehabilita-

tion for Two Individuals Post-stroke,” IEEE

Int. Conf. Virtual Rehabilitation, pp. 117-120,

2009.

[11] H. Sugarman, A. Weisel-Eichler, A. Burstin,

and R. Brown, “Use of the wii-fit System for

the Treatment of Balance Problems in the

Elderly: A Case Report,” IEEE Int. Conf. 2009

Virtual Rehabilitation, pp. 111-116, 2009.

[12] T. Pigford and A.W. Andrews, “Feasibility

and Benefit of using the Nintendo wii-fit for

Balance Rehabilitation in an Elderly Patient

Experiencing Recurrent Falls,” J . of Student

Physical Therapy Research, Vol.2, pp. 12-20,

2010.

[13] Wan Choi, Tae-Young Kim, Cheol-Su Lim,

“A Real-Time Motion Recognition Algorithm

for a Rehabilitation Service,” J . Korea

Multimedia Society, Vol. 10, No. 9, pp.

1143-1152, 2007.

[14] T.B Moesland, and E. Granum, “A Survey of

Computer Vision-Based Human Motion Cap-

ture,” Computer Vision and Image Under-

stand, Vol.81, pp. 231-268, 2001.

[15] MOTEK Medical, CAREN, http://motekmed-

ical. com, 2007.

[16] R.C. Gonzalez and R.E. Woods, Digital Image

Processing (2nd), Prentice Hall, 2002.

[17] G. Reid, J. Tang, and L. Zhi, “A Complete

Symbolic-numeric Linear Method for Camera

Pose Determination,” Proc. Int. Symp. Sym-

bolic and Algebraic Computation, NY, USA,

ACM, pp. 215-223, 2003.

[18] K.H. Jang, D.H. Lee, and S.K. Jung, “A Mov-

ing Planar Mirror based Approach for Cultural

Reconstruction,” Computer Animation and

Virtual Worlds, Vol.15, pp. 415-423, 2004.

[19] Dudani, Sahibsingh A., “The Distance-Wei-



1527Posture Symmetry based Motion Capture System for Analysis of Lower-limbs Rehabilitation Training

ghted k-Nearest-Neighbor Rule,” IEEE Trans.

on Systems, Man and Cybernetics, Issue.4,

pp. 325-327, 1976.

Seokjun Lee

Seokjun Lee is a Ph.D. resear-

cher in Graduate School of

Computer Engineering at

Kyungpook National University,

Daegu, Korea. He received PhD

degree from Kyungpook Natio-

nal University, Daegu, Korea,

2012. His research interest include augmented reality,

HCI and computer vision.

Soon Ki Jung

Soon Ki Jung is a professor in

School of Computer Science and

Engineering at Kyungpook

National University, Daegu,

Korea. He received PhD degree

from Korea Advanced Institute

of Science and Technology,

Daejeon, Korea, 1997. His research areas include com-

puter vision, computer graphics and virtual reality.


