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Abstract: We live in an aging society, an issue that will be exacerbated in the coming decades, due to low birth 
rates and increasing life expectancy. With the decline in physical and cognitive functions with age, it is of the 
utmost importance to maintain regular physical activity, in order to preserve an individual’s mobility, motor 
capabilities and coordination. Within this context, this paper describes the development of a wireless sensor 
network and its application in a human motion capture system based on wearable inertial and magnetic sensors. 
The goal is to enable, through continuous real-time monitoring, the creation of a personalized home-based 
rehabilitation system for the elderly population and/or injured people. Within this system, the user can benefit 
from an assisted mode, in which their movements can be compared to a reference motion model of the same 
movements, resulting in visual feedback alerts given by the application. This motion model can be created 
previously, in a ‘learning phase’, under supervision of a caregiver. Copyright © 2015 IFSA Publishing, S. L. 
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1. Introduction 

 

Physiotherapy is a therapy which aims to help 
recover movement and restore normal body function, 
when a person is affected by illness, injury or 
disability. Musculoskeletal, neuromuscular, 
cardiovascular and respiratory are some of the 
physical problems physiotherapists can help treat. 

Both physical and cognitive functions decline 
with aging. Compensatory and preventive 
management can control the effects of physiological 
system decline. Generally people reach their peak of 
performance abilities and health at ages between 
adolescence and 30 years. After this period, it is 
known that functional capacity declines throughout 

the person’s lifespan, depending on genetics, lifestyle 
and overall health [1]. 

Physiotherapy plays an important role in this 
aging society. Well trained health care professionals 
in this area can assist the patient in the rehabilitation 
process and improve his quality of life. It is 
important to maintain constant physical activity, in 
order to preserve movement ability, physical 
adaptability, mobility and coordination of the 
individual, by his own means or with assistance, 
whether at home or in an assisted living facility. 
Movements can be categorized within three levels: 
active movement, which describes the movement that 
a can be initiated and controlled independently; 
assisted active, where in order to achieve a complete 
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movement some initial and control movement effort 
has to be taken from the resident, with the caregiver 
assistance; and passive movement, where all the 
movement is performed by the caregiver. Among the 
many benefits of doing exercise, we can cite the 
improvement of strength, increased range of motion, 
improved flexibility, improved functional mobility, 
increased self-esteem, improved posture, improved 
gait, improved efficiency of movement and improved 
quality of life [1]. 

Taking this into consideration, this project aims 
to create a platform which enables and supports the 
practice of physical activity; and/or serve as a 
support platform for home-based physical 
rehabilitation, providing feedback concerning the 
correctness of the executed movement. 

In the case of rehabilitation, the physiatrist and/or 
the physiotherapist will assess the nature of the 
patient’s problems, set goals based on the extent of 
those problems, provide an adequate treatment and 
continuously evaluate the patient’s progress. 
Physiatry, or rehabilitation medicine, has as one of its 
main aspects the recognition of functional deficits 
caused by injury or illness. The identification of 
these deficits is of utmost importance, in order to best 
implement a proper treatment program to restore the 
patient’s performance [2]. A superior treatment can 
only be taken if the physiatrist is fully aware of the 
patient’s history and difficulties he may have 
conducting the prescribed exercises. According to the 
author in [2], there are seven levels of disabilities. 
The level 1 of the scale is the most critical case, 
where total assistance is needed and the patient 
expends less than 25 % of the effort. The scale from 
1 to 5 encompasses a dependent disability, meaning 
that the patient requires another person to either 
supervise or assist in the performed activity; whereas 
in levels 6 to 7 assistance in not necessary to perform 
the activity. 

Normal activities of daily living (ADL), like 
bathing and showering, dressing, eating and 
functional mobility, may suffer due to any existing 
physical problem. The combination of these 
problems, adding to the effort that some activities, 
like standing up, sitting down or picking up things, 
exert in our body joints, leads, in extreme cases, to 
the use of a prosthetic device to preserve the person’s 
quality of life. Total hip replacement and 
rehabilitation is a perfect example of the interaction 
that should exist between the patient and his 
caregiver. After the surgery, in order to achieve a 
satisfactory level of functionality and independence 
in the patient’s daily life, it is important to continue 
with the prescribed daily exercises. Patients with hip 
replacement have limited motion amplitude, so 
movements have to be restricted during the first three 
months after the surgery. Flexion above 90º and 
flexion combined with abduction movements should 
be avoided, to prevent the prosthesis displacement 
[3-4]. 

The continuous growth of the ratio of elderly 
population compared to the total population in 

developed societies causes a real and possible 
problematic demographic change [5-6]. In order to 
prevent this structural demographic change, new 
services and products or ambient assisted living 
(AAL) must be created. The goal of such products is 
to provide better life conditions for the older 
generation in their environment, by increasing their 
self-confidence, autonomy and mobility [7-9]. 

Recently, the Statistics Portugal Institute [10] 
presented, on the occasion of the World Population 
Day (11 July), a brief analysis of the evolution and 
structure of the Portuguese population over the last 
years and a projection for years to come. It was 
concluded that, due to the decrease in infant 
mortality, continuous increase in life expectancy and 
sharp decline in fertility, the changes in the 
population age structure are expected to accentuate 
over the next years, resulting in the increase of the 
elderly population. According to the recent Resident 
Population Estimates from 31 December 2013, there 
were 10427301 people residing in Portugal. 
Considering the results of their projections of 
residents for 2012-2060, Portugal will lose 
population by 2060, lowering the resident population 
to 8.6 million. Their results indicate a decrease in the 
percentage of young people (under 15 years) and 
adults (15 to 64 years), together with a percentage 
increase of elderly. In one of the presented scenarios, 
the proportion of youth (under 15) will be reduced 
from 15.3 % in 2008 to 11.9 % in 2060 (central 
scenario). Working age population will decrease 
from 67.2 % in 2008 to 55.7 %; on the other hand, 
population over 65 years in the central scenario will 
almost double, from 17.4 % in 2008 to 32.3 %  
in 2060. 

This demographic change and ageing is not only 
seen in Portugal, but throughout Europe, where the 
rising number of elderly people will need different 
support at home and different forms of healthcare. 
However, this change can be seen as a unique 
opportunity to offer better health to our elderly, to 
introduce innovative products and services to the 
market, and to establish more sustainable health and 
care systems. With this in mind, the European 
Commission (within its Innovation Union policy and 
at the request of the European Council and relying on 
the willingness of stakeholders to join forces to work 
together), launched in 2011 the first European 
Innovation Partnership (EIP) on Active and Healthy 
Ageing (AHA). The Steering Group (SG) of the EIP 
on AHA came up with a strategic implementation 
plan, which already delivers its rationale, its vision 
and its suggestions for addressing the challenge of 
innovation for active and healthy ageing. This 
partnership aims to identify and remove persisting 
barriers to innovation across the health and care 
delivery chain, through interdisciplinary and cross-
sectoral approaches. It estimated that in Europe the 
number of people aged 65+ will almost double over 
the next 50 years, from 85 million in 2008 to 
151 million in 2060. The main objectives of the 
partnership is to increase by 2 the average number of 
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healthy life years in the European Union (EU) by 
2020, by securing a triple win for Europe: improving 
the health status and quality of life of European 
citizens, with a particular focus on older people; 
supporting the long-term sustainability and efficiency 
of health and social care systems; and enhancing the 
competitiveness of EU industry through an improved 
business environment providing the foundations for 
growth and expansion of new markets [11]. 

This paper, which presents a revised and 
extended version of [12], aims to present the current 
status of a wireless posture monitoring system, based 
on wearable inertial and magnetic sensors, applied to 
rehabilitation. The purpose is to create a personalized 
home-based exercise assisted mode for the elderly 
people. The captured movements are evaluated and 
compared to a prescribed exercise, with the  
purpose of assist the user to correctly perform the 
proposed movements. 

This paper is organized as follows. The next 
section presents the related work. An overview of the 
implemented system is presented in Section 3. 
Section 4 introduces and explains the methods used 
to create the proposed rehabilitation system and 
provide visual feedback to the user. Section 5 
provides an evaluation of the energy consumption of 
the sensors nodes used in this system, whereas 
Section 6 presents the conclusions and discusses 
future work. 

 
 

2. Related Work 
 

The authors in [13] describe the implementation 
of a pervasive intelligent system for rehabilitation, 
composed of a ZigBee network, with a coordinator 
and actuator nodes, able to identify and control the 
patient’s activities, and send warnings to a caregiver.  

Within the same context, with the goal to deliver 
health care services to the community, a 
rehabilitation service operating at a person’s home 
over a telecommunications network was developed in 
[14]. According to the authors, most types of 
telerehabilitation services fall into two categories: 
clinical assessment of the patient’s functional 
abilities in his environment; and clinical therapy. The 
developed system was based in cameras, local and 
remote computers, with dedicated (and user-friendly) 
modular software interfaces for videoconference 
connections, and sensors (accelerometer and 
gyroscope). 

The authors in [15] developed a system to enable 
a set of balance rehabilitation exercises for patients 
with spinocerebellar ataxia (SCA), for continuous 
and safe practice at home, through information and 
communication technology. The system integrates 
physiological monitoring and feedback coaching 
with a telecare center that enables real-time one-to-
multiple personal exercises monitored by care 
managers.  

Unlike the last two studies, which are based on 
the combination of data from several cameras to 

obtain a 3D location of the patient’s body and limbs, 
this paper aims to represent a 3D model of a patient’s 
body segments using a system based on a wireless 
sensor network (WSN) and wearable inertial and 
magnetic sensors. When compared to a camera 
approach, this method has the advantage of higher 
flexibility and mobility, as it can be used in 
uncontrolled environments, without lighting or line-
of-sight concerns [16]. 

Physiotherapy can take advantage of the 
monitoring of human body movements (body 
kinematics) in areas such as health care (to treat 
patients) or sports (to support the athlete recovery or 
improve his performance). However when creating a 
WSN to monitor human body motion, several factors 
must be taken into account in order to assure a 
reliable system. These factors include: energy 
efficiency, since normally the sensor nodes are 
energy constrained; sensor node fixation in the body; 
high data rate traffic generated per sensor node 
(unlike typical WSNs); and the impact of the human 
body on the wireless signal propagation. Some of the 
technical challenges faced at the creation of a WSN 
for rehabilitation purposes are described by the 
authors in [17]. 

The performance of inertial, magnetic and 
gyroscope sensors, when applied to body kinematics 
measurement, was underlined by several authors. A 
study that compares the anatomical joint angles 
obtained by an inertial measurement unit (IMU) to 
those calculated from position data of an optical 
tracking device is presented in [18]. The two 
measurement methods were evaluated by calculating 
the root mean square error (RMSE) and by 
calculating a two-tailed Pearson product-moment 
correlation coefficient between the two signals. 
Studies show a strong correlation, ranging from 0.93 
to 0.99, between the two signals, as well an average 
RMSE of 4 degrees over the joint angle. It is 
concluded that IMUs offers a good alternative system 
for measuring anatomical joint angles, by providing 
an opportunity to perform accurate measurements in 
complex real-life environments without using 
constrained measurement device (markers system). 
In [19], the authors developed a kinematics system to 
estimate the human leg posture and velocity. The 
posture was captured through wearable sensors 
(accelerometer and gyroscope) during the 
performance of typical physiotherapy and training 
exercises. An extended Kalman filter is applied to 
estimate joint angles during an arbitrary three 
dimensional motion. This type of system enables 
applications such as monitoring during knee and hip 
rehabilitation. 

The two last mentioned studies can serve as an 
alternative tool for the traditional gait analysis 
system based on high-speed cameras. On the other 
hand the system presented here, which may also 
serve for gait analysis, offers, in addition, the ability 
to ascertain the proper body posture and good 
movement execution by the user in real-time. 
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3. System Overview 
 

The developed wireless posture monitoring 
system comprises multiple sensor nodes, each one 
attached to a monitored body segment, and a base 
station that sends the collected data to a personal 
computer (PC). The collected information consists in 
inertial and magnetic readings. The processing of the 
information in the PC enables the calculation, in real-
time, of the 3D orientation of the module, expressed 
by the pitch, roll and yaw angles. Fig. 1 represents 
the structure of the developed system. 

 
 

 
 

Fig. 1. System components. 
 
 

In this system, the CC2530, from Texas 
Instruments [20], allows the wireless communication 
between the base station and the sensor nodes. The 
CC2530 is a system-on-chip (SoC) solution for IEEE 
802.15.4 [21] applications which integrates an 8051 
based microcontroller and an 802.15.4 transceiver 
working in the license-free 2.4 GHz frequency band. 

The control of the communication through the 
wireless medium is achieved through the Enhanced 
Low Power Real Time (eLPRT) MAC (Medium 
Access Control) protocol [22], which was designed 
to optimize the quality of service (QoS) provisioning 
and the bandwidth utilization efficiency.  

The eLPRT protocol defines a superframe 
structure composed by a beacon, transmitted by the 
base station, a contention access period (CAP), 
where reservation requests can be made using a 
CSMA/CA (Carrier Sense Multiple Access/Collision 
Avoidance) mechanism, and a contention-free period 
(CFP), where mini-slots for transmission of the data 
packets generated by each one of the sensor nodes in 
the network are reserved In order to increase the 
communication reliability, during the CFP, mini-slots 
are also automatically reserved for retransmission of 
data packets when they were not successfully 
received by the base station in the previous 
superframe, according to a retransmission 
mechanism inspired  
by [23]. 

 
 

3.1. Node Architecture 
 

The base station and sensors nodes have the same 
architectural principle, as illustrated in Fig. 2, except 
for the sensors, which are absent on the base station.  

The USART (Universal Synchronous 

Asynchronous Receiver Transmitter) and Radio 
peripherals are controlled by the CC2530 with the 
assistance of the DMA (Direct Memory Access) 
subsystem. The station base responsibilities include 
the association of new sensor nodes into the network, 
the allocation of time slots on the eLPRT superframe 
for the nodes’ transmissions, and the network 
synchronization with the aid of periodic beacons. 

 
 

 
 

Fig. 2. Base station and sensor architecture. 
 
 

The information regarding the number of 
readings of the sensors per superframe and the 
transmission period is set by the user’s application. 
In the sensor nodes, data messages containing the 
readings of the 3-axis inertial, magnetic and 
gyroscope sensors, temperature and battery level are 
aggregated into a single message, according to the 
number of readings per superframe. The sensor 
information is collected through the serial peripheral 
interface (SPI) bus and sent to the base station once 
per superframe using the eLPRT protocol. 

 
 

3.2. Sensor Node Prototype 
 
The sensor prototype [24] is powered by a 3.6 

V/120 mAh battery and integrates a MPU-6000 
Motion Processing Unit from InvenSense, which has 
an embedded 3-axis MEMS accelerometer, a 3-axis 
gyroscope (readings not used at the moment) and a 
digital motion processor (DMP) hardware accelerator 
engine with an auxiliary I2C port that interfaces to a 
third party digital sensor, such as a magnetometer 
(the Honeywell 3-axis Digital Compass IC 
HMC5883L is used in this prototype). More detailed 
information about the sensors is provided in [24]. 

 
 

3.3. PC Software 
 

The system component with the greatest 
relevance to the user is the PC application. This 
application serves as a mediator between the users 
and the base station; it can send commands and 
receive information collected by the sensor nodes 
attached to the body segments. Upon reception of the 
data from the sensors, it calculates the angles of 
rotation and presents the movement of the user’s 
body in real-time on a 3D model of the human body.  
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One sensor node per monitored segment is 
necessary to measure the movement, with three 
degrees of freedom (DOF), expressed by the Euler 
angles pitch, roll and yaw. The overall system was 
designed to be as intuitive and easy to handle by the 
user as possible. When compared to the previously 
presented application [24], this one presents new 
features. This software provides means to create 
learning files, which are used later to compare 
movements; as well as rehabilitation sessions files, 
where user information and motion angles are stored. 
It also introduces an assisted mode, where feedback 
regarding the correctness of the movements is given 
to the user. These session files can later be employed 
to evaluate the user’s progress. A toolbar with the 
most used buttons was also included, as well as 
LEDs indicating that learning session or 
rehabilitation is being recorded. Fig. 3 presents the 
main window of the developed software. 

 
 

 
 

Fig. 3. Application interface. 
 
 

4. System Evaluation 
 
Advances have been made regarding the 

application described in [24]. At this point, the 
developed real-time 3D Java application not only 
evaluates the motion capture capabilities of the 
system, but can also provide movement feedback. 
The goal is to develop a home-based rehabilitation 
system that, through constant monitoring of the 
movement, is capable of interacting in real-time with 
the user. The purpose of this interaction is to assist 
the user to perform the prescribed exercises correctly. 
Poorly executed exercises can delay the rehabilitation 
process, or even cause more damage. 

Thus, the created application can serve as a 
personalized exercise reference to a prescribed and 
firstly assisted session, or even generic movement 
body amplitudes; or merely serve to assess the 
patient’s progress through the registration of 
rehabilitation log sessions (if desired, both can be 
performed simultaneously). This personalized 
exercise reference system has three stages. The first 

stage consists of a learning mode (Section 4.1), 
where it is showed to the patient how to perform the 
exercise according to its specifications (special needs 
he may have). This stage can be replaced by a known 
generic amplitude movement (correct patient 
positioning and plane of motion for the moved body 
joints), as the ones seen in [2]. Generic amplitude 
movements such as shoulder flexion and extension, 
shoulder abduction, shoulder internal and external 
rotation, elbow flexion, and more, are already 
incorporated into the application. The second stage 
(Section 4.2) is characterized by the personification 
of each patient movement into an individual model. 
Finally, in the third stage (Section 4.3), the patient 
can perform the prescribed exercises at home, 
through the guidance of the assisted mode.  

The learning mode and personalized model will 
be further discussed in the Section 4.1 and Section 
4.2 respectively. Section 4.3 will focus on the 
assisted mode and a more detailed explanation of 
how this assisted mode is achieved is described in 
Section 4.3.1. Finally Section 4.4 deals with the 
rehabilitation sessions. 

 
 

4.1. Learning Mode 
 
Within this phase the patient is taught, by a 

medical specialist, the correct movement that shall be 
replicated at home during the assisted mode. This 
method creates a text file, which serves, later on, to 
learn and create a motion model of a correctly 
performed exercise.  

Each type of performed exercise creates a unique 
motion model, depending on the type of exercise and 
subject. Hence, every recorded movement is saved on 
a text file, containing the angles between each 
module present in the network and the planes of 
motion of the global axis system and/or the reference 
sensor node.  

Within the learning file, a header (common to all 
files) is created containing the learning session 
number, transmission period (superframe duration), 
number of samples per period, date of session and a 
record of the angles saved to the file (the angle name 
given below depend on the specific movement, in 
this case arm): 

 
#(angle chestTranversePlane 
#chestCoronalPlane chestSagitalPlane 
#armTranversePlane armCoronalPlane 
#armSagitalPlane forearmTransversePlane 
#forearmCoronalPlane forearmSagitalPlane 
#armOrientation forearmOrientation) 

 
The angle mentioned in the header file it is the 

angle made between two segments of the body. 
Taking as an example the arm, the angle made 
between the arm and the forearm. Chest angles with 
the motion plane are set with the global axis  
system; arm and forearm angles are set with  
chest as reference. armOrientation and 
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forearmOrientation are direction angles, 
calculated with the chest reference. Section 4.3.1 
explains with more detail how these angles are 
calculated. Later these angles will serve as a means 
to create the motion model to an exercise. The 
process of creating a new learning file is initiated by 
the user and/or the physiotherapist. This process is 
protected by a password in order to prevent recording 
false movements. Every new reading (corresponding 
angle calculation) from the sensors represents a new 
line in the text file. 

 
 

4.2. Personalized Motion Model 
 
The goal of this phase is to obtain, for the 

individual subject and for each exercise, a 
personalized model of one motion cycle, which will 
serve as reference to the assisted exercise phase 
(Section 4.3). After opening the file, a motion model 
is immediately created. This motion model is not 
more than the processing of the angles recorded into 
a text file during the learning phase. 

At this moment the application only deals with 
uniform movements, that is, simple movements, as 
the ones seen in [2], such as: shoulder flexion and 
extension; shoulder abduction; elbow flexion; hip 
flexion, knee flexion; hip abduction; hip flexion, 
knee extension; knee flexion; hip internal and 
external rotation. The current motion model uses a 
global threshold system of maximum and minimum 
limits that an angle can take with respect to the 
motion planes (global axis system and reference  
axis system). 

 
 

4.3. Assisted Mode 
 

The replication of movement through the 3D 
model of the human body is inherent to the 
application. It is as simple as attaching a sensor node 
in the body segment which the user wants to 
reproduce the movement. On the other hand, the 
creation of logs of rehabilitation sessions and 
learning processes must be initiated by the user. In 
contrast to these processes, the assisted mode 
depends on the pre-existence of a learning file, so 
that a motion model can be created. This assisted 
mode consists in comparing the performed motion to 
a stored reference motion model of the same 
movement (learning file). The result of this 
comparison is translated to a visual feedback to the 
user. To start the assisted mode, the user must first 
open the correspondent learning file. After opening 
the file and the correspondent motion model creation, 
the assisted mode and visual feedback can begin. 

At home, when using the assisted mode, the 
application should be able to inform the user whether 
the movement performed previously with the 
caregiver is being well executed. Fig. 4 demonstrates 
the capabilities of the human 3D model and 
application to provide feedback to the user about the 

correctness of the movement. The yellow and red 
colors are used to inform the user that the allowed 
limits for the motion were exceeded (yellow for the 
first threshold and red for the second threshold). A 
detailed view of the angles that are exceeding their 
thresholds is shown in the bottom right side of the 
window, which presents the values of the angles that 
the segment makes with each motion plane. For this 
test, a learning file was created, based on a simple 
flexion and extension of the right arm, and then the 
user was asked to replicate the previously taught 
movement. 

 
 

 
 

Fig. 4. Application interface in assisted mode. 
 
 

4.3.1. Assessment of Range of Motion 
 
In [2], the author provides guidelines to assess the 

efficacy of treatment procedures, to determine the 
biomechanical cause of impairment and to document 
the integrity of a joint range of motion. According to 
the author, normal range of motion (ROM) varies 
based on age, obesity, gender, conditioning and 
genetics. Moreover, men have a more limited range 
when compared to women, depending on age and 
specific joint action. In order to better assess the 
motion, passive ROM tests should be performed by 
the examiner, thorough all planes of motion, in a 
relaxed patient. On the other hand, active ROM tests 
through all planes of motion should be performed by 
the patient without assistance from the examiner, in 
order to simultaneously evaluate muscle strength, 
coordination of movement and functional ability. 

The range of motion is measured with a universal 
goniometer and should be performed prior to strength 
testing. The developed system depicted here can 
serve as a test goniometer to assess patient range of 
motion and correctness of movement. The planes of 
motion mentioned earlier consist in a division of the 
human body into three cardinal planes, as shown in 
Fig. 5. The sagittal plane divides the body into left 
and right halves. The frontal (coronal) plane divides 
into anterior and posterior halves. Lastly, the 
transverse plane divides the body into superior and 
inferior parts. 

The planes of motion are defined according the 
coordinate system as follows: the transverse plane is 
delimited by the x and y axis; the sagittal plane, by 
the y and z axis; and the coronal is bounded by the x 
and z axis. Using this global coordinate system 
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(static coordination system), or planes defined by the 
axis position of a reference module with respect to 
other module at the time of the movement (dynamic 
coordination system), it is possible to calculate the 
range of motion along the planes. 

As an example, the chest module can serve as a 
reference for the arm modules. The coordinate 
system used to calculate the three orientation angles 
was the right-handed. The forward orientation of the 
module is set to be along the y axis, with pitch 
defining the rotation on the x axis (ܴ௫ሺ∝ሻ), the roll 
on the y axis (ܴ௬ሺߚሻ) and yaw on the z axis (ܴ௭ሺߛሻ), 
according to Equations 1, 2 and 3 respectively. After 
the matrix multiplications (rotations), the final matrix 
of the module’s orientation is found in Equation 4. 
This matrix is needed in case the reference for the 
motion planes is another sensor node; within this 
matrix the module’s axis can be found. In those cases 
where the reference is the global system, the axes are 
set to its origin: x axis to [1 0 0]; y axis to [0 1 0]; 
and z axis to [0 0 1], equal to the identity matrix. 

 
 

 
 

Fig. 5. Cardinal planes of motion (adapted from [2]). 
 
 

The module’s orientation vector is given by 
multiplying the final rotation matrix by its original 
position [0 0 1], x axis, y axis and z  
axis, respectively. 

 ܴ௫ሺ∝ሻ = ൥1 0 00 cos ∝ − sin ∝0 sin ∝ cos ∝ ൩ (1) 

 ܴ௬ሺߚሻ = ൥ cosߚ 0 sin 0ߚ 1 0− sin ߚ 0 cosߚ൩ (2) 

 ܴ௭ሺߛሻ = ൥cos ߛ ߛ݊݅ݏ− ߛ݊݅ݏ0 ߛݏ݋ܿ 00 0 1൩ (3) 

 ܴሺఉ,∝,ఊሻ = ܴ௬ሺߚሻܴ௫ሺ∝ሻܴ௭ሺߛሻ (4) 
 

The orientation vector for the reference node 

(sensor node or not) is given by the perpendicular 
vector (normal vector) of the plane we want to 
calculate. In other words, if we want to calculate the 
angle between one module orientation vector and the 
transversal plane, the orientation vector of that plane 
is its z axis. The angle ( ߮ ) between the two 
orientation vectors is calculated using Equation 5. 
Therefore, the mentioned angle defines the angle 
between a given module orientation vector and a 
plane of motion [25]. 

 ߮ = ݊݅ݏܿݎܽ ቆ ሬܸԦ௥௘௙ ⋅ ሬܸԦ௙௢௥௘௔௥௠ฮ ௥ܸ௘௙ฮฮ ௙ܸ௢௥௘௔௥௠ฮቇ (5) 

 
So far, the three planes of motion gave us three 

angles to each module in relation to its reference(s), 
but a fourth angle can be calculated, the torsion 
angle. This angle reflects the difference between the 
one module and its reference(s) direction. As an 
example, if both modules are presented northwards, 
the angle between them is zero. This angle must be 
calculated with another module as reference, because 
otherwise there would be no way to predict the initial 
state (or direction) of the patient. The plane used in 
the reference module is the sagittal, and on the side 
of the other module it is used its direction, y axis. 
The angle is calculated using Equation 5, with the y 
axis being considered the orientation vector of the 
module; this value was obtained in the final rotation 
matrix of the module. The purpose of calculating all 
of these possible angles for each module, relative to 
the motion planes, is to better assess the user’s 
performance. 

 
 

4.4. Rehabilitation Session 
 
This rehabilitation session mode was created in 

the application in order to create session logs that can 
later serve to gauge the patient’s progress during the 
rehabilitation process. A new rehabilitation session 
must be initiated by the user; only this way the 
application will automatically create the new session 
file. 

Several experiments were carried out to evaluate 
the developed system. The one presented in this 
paper had three sensor nodes attached to the body, 
two of them on the right arm (upper arm and 
forearm) and one on the chest. The goal was to verify 
the replication of the body movement in the 3D 
model present in the application and, at the same 
time, produce a rehabilitation session file. Fig. 6 and 
Fig. 7 exemplify these experiments by means of 
photographs taken while the movement was being 
executed. 

Fig. 8 presents the angle between the upper and 
forearm along the time. The user was requested to do 
a simple movement, flex and extend the arm, 
multiple times. Information regarding the user name, 
session number, type of rehabilitation, superframe 
period, number of samples per superframe and date 
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of session can be seen on the left side. In the future, 
more body angles will be added to the chart, 
according to the performed movement and including 
only the most relevant angles from those recorded on 
the text file. 

 
 

 
 

Fig. 6. Right arm movement replication, first position. 
 
 

 
 

Fig. 7. Right arm movement replication, second position. 
 
 

 
 

 
 

Fig. 8. Chart of the angle of the articulation. 
 

5. Energy Consumption 
 
This present section provides a description of the 

current consumption of the sensor nodes as a 
function of time for the developed prototype. Results 
include both consumption of the CC2530 and the 
sensors. The evaluation scenario is composed by a 
base station and one sensor node in steady state 
operation mode (already associated to the base 
station and transmitting sensor data). The superframe 
period was set to 100 ms, with a sensor sampling rate 
of 30 Hz, which gives 3 samples per superframe. The 
aggregated sensor data combined with the protocol 
overhead results in a packet length of 84 bytes. 
Table 1 presents the parameters related to the system 
network. The PHY overhead corresponds to the 
physical preamble and header of the IEEE 802.15.4, 
whereas the MAC overhead is due to the MAC 
header and trailer.  

 
 

Table 1. Network parameters. 
 

Parameter Value 

PHY data rate 250 kbit/s 

PHY overhead 6 bytes 

MAC overhead 11 bytes 

Payload length 67 bytes 

Superframe duration 100 ms 

Sensors sampling rate 30 Hz 

 
 

The current consumption of the microcontroller 
with the transceiver off and sensors and peripherals 
on is about 9.6 mA. The consumption with the 
transceiver on increases to about 34 mA (at 
4.5 dBm), when in Tx mode, or 24 mA, when in Rx 
mode [20]. 

The current consumption within one superframe 
is illustrated in Fig. 9. During the superframe, it is 
clear the reception of the beacon (Rx) and the data 
transmission (Tx).  

 
 

 
 

Fig. 9. Current consumption of a sensor node during  
a superframe of the eLPRT protocol. 
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The magnetic reading signal (MRS) is obtained 
using the continuous measurement mode with a 
sampling rate of 75 Hz (13.3 ms spaced out 
readings). The periodic register reading (PRR) is the 
periodic attempts from the MPU-6000 to read the 
values of the 3-axis at the magnetic registers (7 ms 
spaced out attempts). At certain points in time these 
processes overlap, explaining the higher than 
expected current consumption. 

A closer look at the current consumption on the 
sensor node, when during the process of transmitting 
the collected information to the base station is 
depicted in Fig. 10. In order to provide a better 
understanding of what is going on during 
transmission, it is break down into different stages. In 
the first stage (1), the transceiver is off and sensors 
and peripherals are on. By the time of stage 2, the 
microcontroller, in accordance in eLPRT MAC 
protocol, turns on the radio to transmit its readings. 
In stage 3, the radio is on in mode Rx idle (the radio 
is set to Rx mode with -100 dBm input power [20]). 
Stage 4 consists on the radio being turn from the Rx 
mode to the Tx mode. The data transmission itself 
takes place in stage 5. Stage 6 is the same as 4, but in 
this case the radio is switching from Tx mode back to 
Rx mode. When the switch is over the radio briefly 
goes back to Rx idle (stage 7). Finally, in stage 8, the 
microcontroller is preparing to turn off the radio. 

The same strategy is used to explain the beacon 
reception (Rx) at the sensor nodes in Fig. 11.  

 
 

 
 

Fig. 10. Current consumption of a sensor node during  
the transmission process of the eLPRT protocol. 

 
 

Stages 1, 2 and 3 are the same as the ones 
explained earlier for the transmission process. The 
beacon reception occurs in stage 4, where the radio is 
in Rx active, Rx mode at -50 dBm (average) of input 
power [20]. When the beacon reception ends, the 
radio returns to idle (stage 5) where the 
microcontroller is processing the data it has just 
received. Finally, in stage 6, the microcontroller is 
preparing to turn off the transceiver and go back to 
current consumption levels with the transceiver off 
and sensors and peripherals on.  

According to the conducted tests, the average 
current consumption of a sensor node over a 

superframe period (Fig. 9) is 13.3 mA. Therefore, the 
expected battery lifetime of a node with a fully 
charged 120 mAh battery is about 9 hours. 

 
 

 
 

Fig. 11. Current consumption of a sensor node during  
the reception of a beacon of the eLPRT protocol. 

 
 

6. Conclusions 
 

This paper outlines the design and development 
of a wireless sensor network based on wearable and 
flexibly placed sensor nodes, which is applied to 
monitoring of physical activities in clinical settings 
and home environments. Such a system has 
tremendous potential application to complement and 
enhance physical rehabilitation procedures. An 
application capable of collecting data from the 
sensors and present them in a real-time 3D model of 
a human body is under development, focusing on the 
special case of assisting elderlies in the practice of 
physiotherapy at home. 

The main objective of this project consists in 
developing a home-based rehabilitation system that, 
through constant monitoring of the movement, is 
capable of interacting in real-time with the user. The 
purpose of this interaction is to assist the user in 
performing the prescribed exercise correctly. The 
rehabilitation process can be delayed or even cause 
more damage if the exercise is poorly performed. 
Therefore, this system can help medical specialists to 
take into account physical limitations of the patients 
in the preparation of physiotherapy sessions,  
and to set well-defined objectives with regard to 
patient outcomes.  

With this system, the caregiver presence is not 
required during the home-based sessions (assisted 
mode), but only in the first session (learning mode). 
Unlike camera-based systems, the patient can freely 
move anywhere under the coverage of the WSN.  

As future work, it is intended to create graph 
sessions providing more useful information, such as 
other meaningful angles, in order to create 
rehabilitation session files that can better serve the 
caregiver when assessing the patient’s progress. 

Another feature under study is the compensation 
of misplacement of the modules in the human body, 
if the sensor nodes are not attached correctly to the 
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chosen body segments, through the automatic 
detection and correction of angle offsets with respect 
to the correct position.  

Studies are also being carried out in order to 
improve the existing motion model. So far, a global 
thresholds technique is being used, which places 
limits to the angles which are used throughout the 
movement and provides feedback to the user about 
the correctness of his motion. Although this solution 
works for simple movements, it is not able to account 
for more complex movements. Therefore, a new 
motion model based on local thresholds and state 
machines is currently being implemented. 
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