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Abstract— This paper describes the design and implementa-

tion of the telemetric low energy rehabilitation system for the 
motion analysis of the wobble board. The balance exercises on 
the wobble board are used for the rehabilitation of diagnoses 
such as poor posture, flat foot, different types of fractures and 
postsurgical states of a lower extremity. In routine clinical 
practice the patient is under constant supervision and guid-
ance of a physiotherapist. The physiotherapist ensures that the 
patient has the proper posture or that they activate the correct 
muscle group. The motion analysis of the wobble board could 
provide important information about the quality of the under-
taken exercise which could for example tell us if the patient 
uses the correct muscle group. The proposed system was com-
pared with the most significant related works and their advan-
tages and disadvantages were pointed out. 
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I. INTRODUCTION  

Nowadays, a large part of the population suffers from 
joint pain, back pain mainly in the sacral and lumbar region, 
various muscle imbalances, incorrect posture, incorrect 
movement patterns, an increased risk of accident conditions 
(ankle sprain, knee injury), and a risk of falls in elderly 
people. The most common causes of these problems are a 
sedentary lifestyle and lack of regular exercise. These fac-
tors are significantly involved in the formation of functional 
diseases of the musculoskeletal system. [1] 

In many rehabilitation centers the balance exercise is 
used for the aforementioned problems. The balance exercise 
is particularly indicated for diagnoses such as lower limb 
fractures, instability of the knee joint, plastic of the knee 
joints, total hip replacement, hip and pelvic fractures, etc. 
The main principle of balance exercises is to balance on a 
rehabilitation tool, which may take different forms. The 
most commonly used balance tool is the wobble board. Its 
symmetrical shape allows the patient to move in the range 
from 0 to 30 degrees. This range is limited by its curvature 
and height. During the balance exercise the patient performs 
several basic exercises under constant supervision and guid-
ance of a physiotherapist. The physiotherapist’s main task is 
to ensure that the patient performs the exercise correctly, 

that they have the proper posture, that the correct muscle 
groups are actively involved, etc. The main problem is the 
compensation of the movement with the involvement of an 
improper muscle group. This compensation may be reflect-
ed in the rotation of the wobble board, or other body parts. 
The quality of the rehabilitation and progress of the patient 
is usually evaluated only subjectively and depends on the 
theoretical and practical knowledge of the physiotherapist. 
The standard rehabilitation program using balance exercises 
takes several weeks and even months to see some results. 
The main disadvantage of a repeated balance exercise is 
decreasing the motivation of the patient.  

Various studies have shown improvements of postural 
control through the balance training, e.g.: ankle sprain pre-
vention, the improvement of the static balance of people 
with the Down syndrome, etc., [2] - [4]. The determination 
of the correlation between postural control and strength was 
also found, [5]. It follows from the foregoing that the need 
of an objective assessment of the balance rehabilitation 
process and progress of the patient has reasonable impor-
tance and great benefit to the physiotherapist and patient. 
This type of evaluation can be achieved by simply mounting 
the measuring part into the wobble board in combination 
with visual feedback. 

II. RELATED WORKS 

To the best of our knowledge there are two most signifi-
cant studies that use the inertial measurement unit (IMU) as 
a measuring part in the wobble board. 

A. The E-Wobble Board 

The measuring part of the E-Wobble consists of the 
IMU which combines a 3-axis ADXL 335 accelerometer 
and an ITG 3200 gyroscope, an Arduino microcontroller, an 
affixed sandal, actuators and a Bluetooth module (Bluetooth 
version 2.0). For this system, a golf game was used as 
therapeutic software for ankle rehabilitation. The main idea 
is that the patient should try to drag the ball into the hole 
with the appropriate motion on the wobble board. There are 
four different types of exercises which depend on the  
mutual position of the hole and the ball. Fifteen healthy 
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participants participated in this study (11 males and 4 fe-
males). Each subject took 4 sessions with a maximal angle 
range from 2 to 20 degrees with step 2 degrees. In this paper 
the average velocity and jerkiness were measured. [6] 

B. The Virtual Balance Training System 

This system uses the orientation tracker Xsens MTx Mo-
tion Tracker as a measuring part, which consists of a 3-axis 
accelerometer, a 3-axis gyroscope, a 3-axis magnetometer, 
and an RS-232 USB communication cable. The orientation 
tracker was attached to the surface with sticky tape. For this 
system an open source computer game “Neverball” was 
used. This game requires the user to tilt the base floor to roll 
the ball through the obstacle course and try to collect as 
many virtual coins as they can before the time limit is up. 
This system was tested on twelve healthy participants (6 
females and 6 males). The participants had to fill in a com-
puterized usability questionnaire designed specifically for 
the evaluation of virtual reality applications. This type of 
questionnaire is used for quantitative benchmarking and 
evaluating the interaction of potential users. [7] 

The aforementioned papers have proven that using mo-
tion sensors attached to the wobble board to track move-
ment during the rehabilitation exercise has a great potential 
to improve patient motivation. The authors have tested their 
solution on healthy subjects without taking into account 
injured persons who should be the main target group, and 
the content of the therapeutic exercises should be designed 
with respect to the patient’s diagnosis. The authors have not 
taken the vertical rotation of the wobble board into consid-
eration. Vertical rotation could provide additional informa-
tion about the quality of the undertaken exercise. The main 
aim of our work was to develop a rehabilitation system for 
the motion analysis of the wobble board which will meet 
criteria such as: full 3D motion measurement with sufficient 
accuracy, wireless data transfer, a low energy and costless 
system, and a user friendly rehabilitation software. 

III. SYSTEM DESCRIPTION 

The proposed device consists of the IMU and the module 
platform OLP425. The OLP425 is a Bluetooth Low Energy 
4.0 (BLE) platform module from connectBlue. It combines 
a 2.4 GHz transceiver, a microcontroller, 256 kB of in-
system programmable flash memory, 8 kB of RAM, and 
peripherals, [8]. As the IMU we have used a commercial 
available 9-axis motion tracking device MPU-9150 from 
InvenSense. It comprises a 3-axis accelerometer, a 3-axis 
gyroscope, and a 3-axis magnetometer integrated in one 
package, [9]. The output data rate can be set at a user select-
able frequency with respect to the data throughput of the  
 

BLE protocol. The average power consumption of the pro-
posed system is 6.7 mA for the sampling frequency of 
10 Hz, 10.2 mA for 25 Hz and 15.1 mA for 50 Hz. The test 
was performed according to the test protocol described in 
[10]. 

There are a variety of approaches for the orientation es-
timation under static or dynamic conditions which use a 
different combination of inertial sensors, [11], [12]. The 
orientation of the proposed system is using accelerometer 
and magnetometer raw data. The gyroscope was not used 
due to its considerable power consumption. The proposed 
device is embedded into the rehabilitation wobble board 
whose shape allows the patient to move in limited ranges. 
We assume that the wobble board is not affected by linear 
acceleration during the rehabilitation; it is affected only by 
rotation around one fixed point. The achievable rotation of 
the wobble board is in the range of ±30°in the x, y axis and 
a full 360° in the z axis. The orientation of the rehabilitation 
wobble board is represented by the Euler angles: roll, pitch 
and yaw (Fig. 1). 

 

Fig. 1 Body coordinates and attitude angles. Roll is defined as the rotation 
around the x axis, pitch as the rotation around the y axis and yaw as the 

rotation around the z axis. 

The accelerometer output is used for the roll and pitch 
estimation as follows, [13]: 

( )1tan Y Zroll A A−=  ,                  (1) 

( )1 2 2tan x Y Zpitch A A A−= − +  ,             (2) 

where AX , AY , AZ are calibrated accelerometer readings in 
particular axes x, y, z. The accelerometer readings have to 
be preprocessed in order to calibrate its outputs. This task 
includes the determination of the accelerometer offset, the 
scale factor and the misalignment matrix between the acce-
lerometer sensing axes and the device body axes. [13] 

In order to estimate yaw, the following formula is ap-
plied to the magnetometer outputs, [13]: 

( )arctan Y Xyaw yaw yaw=
,               

(3) 
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where yawX and yawY are the horizontal components of the 
local earth magnetic field, namely axes x, y. They are de-
fined as follows [13]: 

( ) ( )cos sinX X Zyaw M pitch M pitch= ⋅ + ⋅ ,         (4) 

( ) ( )
( )

( ) ( )

sin sin

cos

sin cos

T

X

Y Y

Z

M roll pitch

yaw M roll

M roll pitch

⋅  
  = ⋅  

   − ⋅   

,             (5) 

where MX, MY, MZ are calibrated magnetometer readings, 
namely axes x, y, z. The magnetometer raw readings also 
have to be calibrated in order to suppress the so-called hard-
iron and soft-iron distortion and to estimate the magnetome-
ter offset, the scale factor and the misalignment matrix with 
respect to the device body. The expected orientation accura-
cy is < 1º in pitch/roll and < 2º in yaw. [13], [14] 

The proposed software consists not only of rehabilitation 
software, but it also comprises the firmware of the measur-
ing part which ensures the acquisition of the measured data 
from the sensors and data transmission to the PC. The reha-
bilitation software was developed in MATLAB R2011a. It 
provides real-time graphical representation of the patient 
motion during the rehabilitation exercises. The proposed 
software consists of four different programs: geometric 
shapes (Fig. 2A), points on a circle (Fig. 2B), stability (Fig. 
2C), and deflection (Fig. 2D). The rehabilitation programs 
were designed in cooperation with physiotherapists from the 
Therapeutic Rehabilitation Clinic of the University Hospital 
of Ostrava.  

 

Fig. 2 The proposed rehabilitation programs. 

The therapeutic software is designed for patients with 
poor posture, flat foot, hip arthritis, attention deficit,  
hyperactivity disorder, with different types of fractures, 
such as the pelvis fracture, ankle fracture and postsurgical 
states such as the plastic repair of the ligamentum cruciatum 

anterior and posterior, and meniscectomy. More information 
about the rehabilitation software can be found in [15]. Until 
now, more than thirty patients between the ages of 12 to 30 
have participated in testing the proposed system. The pre-
liminary testing indicates their higher intrinsic motivation 
towards the rehabilitation goals. 

IV. DISCUSSION AND CONCLUSION 

In contrast to the E-Wobble, the proposed system is 
based on the combination of the accelerometer and the 
magnetometer. Their outputs are digitized by 10-bit resolu-
tion; moreover, the gyroscope has a fixed full scale range. 
Therefore the sensitivity scale factor is considerably smaller 
than the sensitivity of the proposed system, notwithstanding 
the gyroscope power consumption. If we take into account 
the power consumption of the Bluetooth module (approx. 
30 mA), the sensor module (approx. 6.85 mA) and the Ar-
duino microcontroller (approx. 50 mA), our system has 
considerably lower energy requirements, [6]. 

The sensor part of the Virtual Balance Training System is 
based on the combination of the accelerometer, the gyros-
cope and the magnetometer. The very precise orientation 
estimation is achieved at the cost of notably high power 
consumption (approx. 70 mA) and price, [7]. The data trans-
fer wires which are connected to the wobble board can lead 
to reduced patient movement during the rehabilitation exer-
cise. A wireless solution is more suitable in this type of 
application. 

Another common issue of the related works is that the 
sensor part is shifted from the axis in which the center of the 
board rotation is localized. This displacement, for example 
in the case of an accelerometer, leads to higher acceleration 
readings due to the presence of external linear acceleration 
superimposed to gravitational acceleration. This could be 
overcome by proper calibration or a sensor fusion algorithm 
which takes into account the mutual position of the sensor 
and the center of rotation. Otherwise it could result in the 
distortion of the orientation estimation. 

The rehabilitation software Neverball and the golf game 
were tested on healthy participants. The golf game is based 
only on the four basic types of movement defined by the 
mutual position of the ball and the hole. It is mainly targeted 
at ankle rehabilitation. On the other hand, in our opinion, 
the measured averaged velocity and jerkiness provide useful 
information about the performed exercise. Neverball is 
based on free movement in 3D virtual space. It cannot pro-
vide targeted therapy for specific patient groups. Moreover, 
it is difficult to define a virtual line which the patient has to 
track. The game provides a small amount of data which can 
be used for the quantification of the patient’s progress.  

The proposed rehabilitation programs designed with  
the cooperation of a physiotherapist provide more specific 
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exercise tasks depending on the patient’s diagnosis and 
mobility. Each rehabilitation program contains a virtual line 
which the patient has to track. The space for movement is 
limited by different types of tolerance areas. The desired 
wobble board deflection is user selectable in the software. 
These types of rehabilitation tasks can provide a variety of 
parameters, for example maximal and minimal deflection, 
the required time to finish the rehabilitation task, deflection 
from the virtual line, jerkiness or movement sharpness, etc. 
These parameters can be used for the complex evaluation of 
the patient’s progress during the rehabilitation process.  

In this paper the design and implementation of an inter-
active low energy balance rehabilitation system has been 
presented. The main advantages and disadvantages of the 
related available solutions were also pointed and the possi-
ble parameters for the motion analysis of the wobble board 
were discussed. We would like to focus on the future ex-
traction from the measured data in order to estimate and 
quantify the patient’s progress in our future work. 
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