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Abstract — Currently, patients are discharged to their homes 
after successful total knee replacement (TKR) surgery with a 
standard exercise booklet that contains instructions on how to carry 
out home exercises. This paper investigates the feasibility of 
building a low cost inertial motion capture system to provide 
patients with real time visualization of biomechanical data while 
performing home based rehabilitation exercises. Commercially 
available motion capture systems suitable for clinical diagnosis or 
rehabilitation, such as Vicon are expensive, require professionals to 
setup and have complex calibration procedures.  The accuracy of 
our proposed motion capture system is assessed using a Vicon 
optical motion tracking system. The measurements are compared 
using a simple total angular displacement analysis. 

Keywords- knee; exercises; rehabilitation; home; motion 
capture; visualization; 

I.  INTRODUCTION 
After total knee replacement surgery, the patient is usually 

monitored in the hospital ward and closely supervised by a 
physiotherapist in the inpatient rehabilitation unit. During this 
period, the patient is also taught how to carry out home 
rehabilitation exercises. The patient is then discharged and 
referred to outpatient therapy when deemed fit to go home. 
Outpatient therapy can be home based, in which the patient 
carries out individual exercises alone, one-to-one with a 
physiotherapist or based in groups in a rehabilitation centre. 

The goal of all rehabilitation programs is to restore normal 
motor function to the patient. Inpatient rehabilitation has the 
advantage that the patient has access to monitoring equipment, 
close supervision and guidance from a physiotherapist and/or a 
nurse who ensure that the rehabilitation exercises are targeted 
and carried out correctly [2]. However, this approach is costly 
and increases demands on hospital resources [3, 4]. Moreover, 
giving the need to reduce cost of health care service delivery 
and the increasing number of people with joint problems, more 
and more interest has been drawn toward the development of 
effective home based rehabilitation schemes [4] . 

Home based rehabilitation reduces the need for face-to-face 
interaction between physiotherapists and patients [4]. 
Unfortunately, its effectiveness is largely dependent on a 

patient’s self-motivation to correctly carry out an exercise 
program with very little or no support or feedback [2].  
Previous studies have shown that provided the rehabilitation 
given is of sufficient high quality, outpatient home 
rehabilitation has similar outcomes with inpatient rehabilitation 
[2]. The quality of home or community rehabilitation can thus 
be improved by incorporating the strength of other therapies [1, 
2] i.e. appropriate feedback.  

It is hoped that by providing a system that can provide 
biomechanical feedback to a patient at home, motivation will 
be maintained, exercises will be carried out correctly and 
recovery will be enhanced. some of the strengths of inpatient 
therapy can be brought to patients in home or community based 
rehabilitation settings.  

II. RELATED WORK 
Many researchers have studied the use of technology to 

enhance home based rehabilitation of patients [4-6].  Although, 
the majority of research has been in laboratories or controlled 
environments and as such little evidence exists to show how 
these systems function in natural home settings. These studies 
address the application of position sensors, such as goniometry, 
pressure sensors and switches, magnetometers, and inertial 
sensors to rehabilitation [4]. 

Inertial sensors (i.e. accelerometer and gyroscopes) and 
magnetometers have been widely used for human motion 
tracking [7-9]. A real-time human arm motion detector to aid 
home-based rehabilitation of stroke patients consisting of two 
tri-axial inertial sensors was shown to be comparable to 
commercial optical motion capture systems [10-12].  A pilot 
study trial for motor rehabilitation of stroke patients has also 
been carried out using miniature wireless inertial sensors [13, 
14]. In another study, wireless inertial measurement units 
combined with pressure sensor systems were used to capture 
3D knee joint angle motion [15].  

Robot-aided systems typically consist of mechanical 
structures and sensor technologies such as inertial sensors for 
tracking human motion. For instance, a robotic exercise aid has 
been designed to guide and control physical therapy as well as 
record motion [16]. Other researchers have used robotics for 
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upper limb rehabilitation of stroke patients [5, 6, 17-20]. 
Unfortunately, there is little research on the application of 
robotics to knee rehabilitation. 

 Optical motion capture has found widespread use in human 
motion tracking and is very accurate in position estimation [4]. 
Cameras either track the position of markers attached to the 
subject (marker based) or use image processing techniques 
(marker-less based). Gait clinics often use optical based 
systems to conduct gait analyses to diagnose gait related 
diseases and monitor effectiveness of treatment procedures 
[22]. Optical motion capture systems are not suitable for home 
rehabilitation because they are very expensive and usually 
require a dedicated technician to operate [4]. For example, the 
Vicon system can cost up to €200,000. 

III. RESEARCH AIMS AND OBJECTIVES 
The aim of our research is to produce a motion capture 

system that is suitable for home or community based 
rehabilitation applications, initially focusing on total knee 
replacement patients. The motion capture system must be 
wireless so as to allow for unrestricted movement of the 
patient. It should also have low weight, miniature form-factor 
and low-power consumption. 

The first stage in producing such a rehabilitation system is 
to validate a pre-built inertial and magnetic sensor board as a 
possible platform for a motion capture system. An accuracy of 
±3° is sufficient for motor rehabilitation as this is better than an 
average physiotherapist can discern by eye [12]. 

IV. SYSTEM ARCHITECTURE AND DESIGN 
Our inertial motion capture systems consist of 3-axis 

magnetic, angular rate and gravitational (MARG) sensor 
arrays. One sensor is attached to each major limb segment and 
measures the 3D orientation of that segment. These sensors are 
connected wirelessly to a coordinator node connected to a PC 
[Fig 1]. The orientation data, when combined with a skeletal 
model, can be used to reconstruct a subject’s posture. The 
system uses gyroscopes to measure the rotational movement of 
limb segments. The accelerometers and magnetometers are 
used to correct any drift caused by gyroscope measurement 
errors. Some other systems operate without the use of magnetic 
sensors to correct gyroscope drift [23]. 

Typically one of two types of software orientation filter are 
used, complimentary or Kalman. Complimentary filters 
produce orientation estimates by integrating the angular rate 
measurements and then correcting the drift caused by 
measurement errors using the gravitational and magnetic field 
measurements [23].  Kalman filters are usually more complex 
and often involve iterative processes [9] so are therefore more 
computationally expensive than a complimentary filter. They 
do however have the ability to deal more effectively with errors 
[24].  

The pre built sensor boards being validated in this paper are 
available from Sparkfun Electronics [25]. These include three 
axis accelerometers, gyroscopes and magnetometers. An 
ATMEGA328P microcontroller is included on these boards 
and we have tested its suitability for processing orientation 

calculations on board. These boards also have a UART (serial) 
output for connection to various radio technologies.  

V. EXPERIMENTAL SETUP 
The sensor board is connected to a host PC via a wireless 

XBee radio network. Orientation calculations can either be 
performed on board the sensor or on the host PC depending on 
desired setup. For the purposes of this experiment the 
calculations were performed in real time onboard the PC. A 
complimentary filter was used for ease of implementation. 

To validate the potential accuracy of our sensors, a Vicon 
optical 3D motion analysis system was used to measure the 
orientation of the sensor under dynamic movement. Vicon can 
produce accurate position information (the calibration residuals 
were <0.5mm on the day we tested) [4]. The inertial sensor was 
attached to a rigid wooden board with three optical markers 
attached at three edges of the board. The motion capture system 
tracks the position of these markers in 3D space and can 
calculate the orientation of the sensor.  

In this experiment the two data streams were captured on 
separate PCs. This means that the recorded results will 
inevitably be offset from each other slightly in time. In order to 
synchronize these data streams during post experiment analysis 
a distinctive movement pattern was performed at the beginning 
of each capture session. This movement pattern was used to 
determine a time offset value between the two data streams by 
selecting a point corresponding to the same feature from each 
set of data. The time difference between these two points is the 
time offset value. In practice we found that the single offset 
value was not sufficient to align the data from the two streams 
as the calculated sampling rates were slightly different. 
Fortunately, there was enough detail to select another pair of 
points, towards the end of the captured data, to synchronize the 
data streams more accurately. 

Figure 1 Inertial motion capture system 
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TABLE I.  DIFFERENCES IN MEASURE
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Vicon 

Sensor 1 
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Peak 1 82.0 

Peak 2 79.6 
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Peak 1 94.1 

Peak 2 97.1 
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