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Abstract—The development of a wireless sensor network
(WSN) that measures joint angles of the human body is reported.
Its principle of operation is based on measuring the alignment
of the different segments of the limb being tracked with the
earth’s gravity and magnetic fields. The focus is on measurements
at the shoulder and elbow joints. These are tracked with 3
and 2 degrees of freedom respectively. In order to validate the
accuracy of the proposed WSN, experiments are performed with
arm movements on each degree of freedom and the WSN’s
measurements are compared with those of a professional motion
capture (mocap) system that uses infra-red (IR) cameras and
markers. The average root mean square error (RMSE) across all
degrees of freedom was found to be 1.39o and 2.18o when tested
on a spherical coordinate system and human arm respectively.
Finally, the causes for this increase on the RMSE are discussed
in terms of the effects of the arm’s skin and muscles on the
alignment of the sensors. It is found that when the user performs
the greatest efforts to make the movements, the WSN deviates
the most from the IR mocap system. In the degree of freedom
that is most affected, the RMSE increases from 0.96o to 2.62o.
This is an increase of 173%.

I. INTRODUCTION

This paper presents the design, implementation, and exper-

imental evaluation of a WSN for human motion capture. The

network consists of wireless sensors worn by the user that

measure the alignment of the user’s limbs with respect to

the gravity and magnetic fields of the earth. Based on this

alignment, the angles formed at the different joints of arms

and legs can be measured. The focus of this paper is on the

shoulder and elbow.

Mocap technologies have received great interest in recent

years due to their broad range of applications, which in-

cluding haptics, gaming, physical rehabilitation, and human-

machine interaction among others. Application examples in

the transportation industry include safety improvement [1]

and humanoid robots capable of driving [2]. As a result

of this interest, different motion-tracking systems have been

developed using different technologies. These technologies

include IR cameras [3], ranging sensors [4], electro-magnetic

propagation through the human body [5], indoor maps and

proximity measurements from indoor static sensors [6], e-

textiles [7], linear encoders [8], inertial/magnetic units (IMUs)

[9], and the fusion of two or more of these technologies.

The WSN developed in this paper is based on wireless

sensors with IMUs worn by the user. These sensors measure

the earth’s gravity and magnetic fields and transmit these

measurements wirelessly to a receiver connected to a laptop

computer. The measurement data are then processed in order

to determine the joint angles of the user wearing the sensors1.

Experimental results show that the system is able to measure

arm movements with 5 degrees of freedom (DoF) and with a

root mean square error (RMSE) no greater than 2.18o.

The organization of the paper is as follows. The related work

and contributions are discussed in Section II. The architecture

and operation of the proposed mocap system are presented

in Section III. It includes the mathematical model of an

upper-limb (i.e., shoulder, upper arm, elbow, and forearm),

the architecture of the WSN, the client-server architecture to

process the live measurements, and the algorithm to calculate

the angles of the upper-limb model. The experimental evalua-

tion of the mocap system is presented in Section IV. Finally,

Section V presents the conclusions and future work.

II. RELATED WORK

Wireless sensors are devices with sensing and communica-

tion capabilities. In [9], the development of a wireless sensor

with an IMU is presented. The wireless sensors used in our

mocap system are Shimmer2r 9DoF IMUs [10]. Each of these

sensors has a tri-axial accelerometer, a tri-axial gyroscope, and

a tri-axial magnetometer, which is known as a 9-degrees-of-

freedom (9DoF) sensor. Also, the wireless sensors are capable

of transmitting the measurements wirelessly to a receiver that

connects to a computer. The development of smaller IMUs is

part of the future work in [9], [10] and references therein.

Several mocap systems have been developed using IMUs.

To the best of our knowledge, the development process of

wireless IMU-based mocap systems has been reported in [11],

[12], [13], [14], [8]. In [11], a mocap system of 5 wireless

sensors (i.e., 2 sensors on one arm, 2 sensors on one leg,

and 1 sensor on the torso) is developed. The experimental

results show the RMSE of measurements of the pitch, yaw, and

roll2 of any single sensor when compared with a stereopho-

togrammetric motion analyser. The RMSE is 0.4o, 0.4o, and

0.2o respectively in static conditions. In [12], the problem of

1The source code of the proposed mocap system (i.e., wireless-sensor
firmware, data-communication protocol, and data-processing algorithm) is
available at http://myweb.lmu.edu/gvejarano/WIMUMocapSystem.zip

2The pitch, yaw, and roll refer to the angles of rotation of an object in a
three-dimensional (3D) space. For example, in flight dynamics, they provide
the orientation of the airplane.
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data communication is addressed when the number of wireless

sensors increases. The experimental results show the RMSE of

measurements of the pitch, yaw, and roll of any single sensor

and data-communication delays when the number of sensors

increases up to 48. The RMSE is 0.65, 0.56, 0.57 respectively

under dynamic conditions of rotational speed of 4.3o/s. The

RMSE was obtained by compairing the measurements with

the rotational angles of a stepper motor. The placement of

the sensors on the human body is not discussed in [12]. In

[14], a mocap system of 6 wireless sensor nodes is developed.

The experimental results involve measurements on dancers and

baseball players. However, the accuracy of the measurements

are not validated. In [13], a mocap system is developed to

measure the stroke rate of swimmers only. The experimental

results consider 5 swimmers. The results were compared with

the stroke rate obtained from video recordings of the swim-

training sessions.
In [8], a different approach is followed. The sensor units

consist of an optical linear encoder and a tri-axial accelerom-

eter. Three of these sensors are used on the shoulder, elbow,

and wrist respectively. They all connect with a transceiver

by means of a wired bus using the controller-area-network

(CAN) protocol. With this wired setup on the user, the system

measures arm movements with 4 DoF: shoulder, elbow, and

wrist flexion, and wrist rotation. The experimental results

are based on the difference of measurements of joint angles

performed with the proposed system and a goniometer. The

average error range between the measurements is 2.8o.
It should be noted that work has been done on techniques

for improving the accuracy of measurements of mocap systems

using IMUs [15], [16], [17] under high dynamic conditions

without taking into consideration the effects of the user’s skin

and muscles. These techniques are based on the concept of

quaternions and the use of gyroscopes and Kalman filters.

In this paper, we focus on the effects of the user’s skin and

muscles on the accuracy under low dynamic conditions. High

dynamic conditions will be considered in our future work.
Based on the ideas and results obtained with the previous

systems, we make the following contributions in this paper.

• A mocap system is developed that measures angles of

human joints using 1 sensor per joint. The focus of this

paper is on the shoulder and elbow which are measured

with 3 and 2 DoF respectively (i.e., 5 DoF in total).

• The proposed system is experimentally validated in two

scenarios by means of RMSE measurements on each of

the 5 DoF. The first scenario involves measurements on

a spherical coordinate system. The second scenario is

on a human arm. This validation is done by comparing

the measurements of the proposed system with the mea-

surements given by a Vicon mocap system [3], which is

a commercial mocap system that uses IR cameras and

reflective markers.

• It is demonstrated that when the user makes the greatest

efforts to make body movements, the RMSE of the mocap

system is affected. The location of the IMU on the limb

and the user’s skin and muscles increase the RMSE.

Fig. 1. WIMU Mocap System and IR Mocap System

III. MOCAP SYSTEM DESCRIPTION

The proposed mocap system consists of a mathematical

model of the limb to be tracked, a number of wireless sensors

(i.e., one sensor per joint), and a software application that

processes the measurement data in order to find the joint an-

gles. The system is shown in Fig. 1 on a skeleton mannequin.

Two wireless sensors are placed on each arm. The sensors

connect wirelessly to the laptop forming a WSN, and the WSN

connects through the Internet to the desktop computer where

the joint angles are calculated3. We refer to this system as the

wireless IMU (WIMU) mocap system.

Fig. 1 also shows the IR mocap system that is used to

determine the RMSE of the WIMU mocap system. The IR

cameras connect to the desktop computer. The cameras send a

live-video stream of reflective markers on their view. A marker

is a sphere of 7-mm radius covered with IR reflective tape, and

markers are placed on the limbs whose joints are to be tracked.

The live-video streams are sent to the desktop computer where

the 3D coordinates of the markers are determined. This 3D

coordinate system is referenced to a point on the floor which

can be set during calibration.

A. Human-Joint Angle Model

The arm model adopted for the WIMU mocap system is

based on the recommendation of the International Society of

Biomechanics on joint coordinate systems for the reporting of

human joint motion [18]. The arm model consists of angles

α1, α2, α3, σ1, and σ2 as shown in Fig. 2.

Movements of the upper arm relative to the thorax (i.e., at

the shoulder joint) can be approximated with three rotations

[18] that we represent with α1, α2, and α3 as shown in Fig. 2a.

These are rotations of the humerus bone (i.e., upper arm) at

the glenohumeral rotation centre (i.e., shoulder joint). When

3The angles can be calculated in the laptop computer as well. We are
currently using the desktop computer in order to facilitate the software
development of the system as more than one computer can connect to
the WSN. Therefore, more than one developer can work on the system
simultaneously.
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(a) Shoulder angles:
α1, α2, α3

(b) Elbow angle: σ1 (c) Elbow angle: σ2

Fig. 2. Arm Model

Fig. 3. Wireless Sensor Node (Shimmer2r)

the user is standing straight on the floor, the elevation of the

humerus as it moves away from and toward the thorax is α1,

the cardinal direction of the humerus (i.e., north, south, east,

west) is α2, and the axial rotation of the humerus4 is α3.

Movements of the forearm relative to the humerus (i.e., at

the elbow joint) can be approximated with two rotations [18].

One of them is the flexion and hyperextension at the elbow

that we represent with σ1 as shown in Fig. 2b. The other is

the axial rotation of the forearm that we represent with σ2 as

shown in Fig. 2c.

B. Wireless Sensor Network

The WSN consists of a number of wireless sensors, each

with an IMU. The total number of sensors depends on the

number of joints to be tracked. There needs to be one sensor

node per joint. This number of sensors is denoted by M . A

wireless sensor is shown in Fig. 3. The IMU of the sensor is

referenced to the 3D coordinate system shown in Fig. 3. The

accelerometer and magnetometer measure the earth’s gravity

and magnetic fields on the X , Y , and Z dimensions at a rate

Rs that is configurable. We denote the n-th measurement of

the fields by sensor i with the following vectors.

�gi[n] � (gi,X [n], gi,Y [n], gi,Z [n]) (1)

�mi[n] � (mi,X [n],mi,Y [n],mi,Z [n]) (2)

4If the humerus is thought of as a cylinder with an axis between the centers
of any two circumferences of the cylinder, the axial rotation is the rotation
along this axis.

Each sensor in the network has an identification (ID) and

transmits packets5 to the receiver connected to the laptop com-

puter at a rate Rt that is also configurable. In our experimental

evaluation, Rt and Rs are equal. Therefore, each packet carries

one sample of each field (i.e., gravity and magnetic) only. A

packet also carries the node ID, packet length, packet number,

and received signal strength indicator6 (RSSI). The ID is used

to identify which node has been placed on each joint. The

packet length and number are used for debugging purposes,

and the RSSI is used to guarantee that the user is close enough

to the receiver so that the wireless links are reliable.
The wireless sensors and the receiver connected to the

laptop are all programmed using TinyOS [19], which is an

operating system designed for low-power wireless devices. A

TinyOS server application runs on the laptop computer that

receives all packets. This server forwards all packets to every

client application that connects to it through the Internet. In

the WIMU mocap system, the client application runs on the

desktop computer. Once it connects to the server, it receives a

stream of all packets transmitted by the sensors and calculates

α1, α2, α3, σ1, and σ2 from this stream. The client is written

in C#. Its operation is explained in the section that follows.

C. Calculation of the Joint Angles
In order to determine the joint angles, the WIMU mocap

system needs to be calibrated first. The calibration consists

of determining the maximum and minimum values when each

dimension of the sensor (Fig. 3) is aligned in the direction and

the opposite direction of each field respectively. For example,

in order to calibrate sensor i’s X coordinate, the X axis of

the sensor is aligned with the gravity by pointing it down and

pointing it up to determine the maximum and the minimum

measurements respectively, which we denote by gi,Xmax and

gi,Xmin. In order to have a better estimate of the maximum and

minimum, the values of gi,Xmax and gi,Xmin are determined

by averaging a total of 100 samples while keeping the node

aligned up and down respectively. This process needs to be

performed on every dimension of �gi[n] and �mi[n], which is a

total of 12 different alignments per sensor, i.e., two alignments

per coordinate per sensor. Once all sensors are calibrated, a

calibration file is saved in the desktop computer’s file system

for later use.
The angles are all updated with every packet reception

according to the algorithm in Fig. 4. Before executed, the

algorithm requires that all sensors be calibrated. The input

to the algorithm is the last N received measurements Gi[n]
and Mi[n] of every sensor as defined below and the ID of the

node that transmitted the last received packet. The output of

the algorithm is the current joint angles α1[n], α2[n], α3[n],
σ1[n], and σ2[n].

Gi[n] � (�gi[n], �gi[n− 1], . . . , �gi[n− (N − 1)])

5The sensors follow the IEEE 802.15.4 data communication protocol.
6The RSSI field is populated by the receiver connected to the laptop once

the packet is received. This capability is part of TinyOS [19], and it is a
measurement of the packet’s received power.
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Require: WIMU mocap system is calibrated

1: procedure CALCJOINTANGLES(ID, Gi[n], Mi[n])
2: for i ← 1,M do
3: if i = ID then
4: (gi,x, gi,y, gi,z) ← NORMGRAVITY(Gi[n])
5: (mi,x,mi,y,mi,z) ← NORMMAGNET(Mi[n])
6: (oi,p, oi,y, oi,r) ← PITCHYAWROLL(gi,mi)

7: end if
8: end for
9: O ← (o1, o2, . . . , oi, . . . , oM )

10: (α1[n], α2[n], α3[n]) ← SHOULDER(O)

11: (σ1[n], σ2[n]) ← ELBOW(O)

12: end procedure

Fig. 4. Algorithm to calculate joint angles: α1, α2, α3, σ1, and σ2

Mi[n] � (�mi[n], �mi[n− 1], . . . , �mi[n− (N − 1)])

The algorithm operates as follows. The sensor that transmit-

ted the received packet is identified first. The measurements

performed by this sensor on every dimension are then normal-

ized (see line 4 in Fig. 4) as follows7, where subscripts x and

X denote normalized and non-normalized measurements on

the X dimension.

gi,x =
1
N

∑N−1
m=0 gi,X [n−m]− 1

2 (gi,Xmax + gi,Xmin)
1
2 (gi,Xmax − gi,Xmin)

Therefore, all coordinates vary in the interval (−1, 1) indi-

cating the alignment of the axis with the corresponding field.

After the normalization, the orientation of the node is updated

(see line 6 in Fig. 4). The orientation of sensor i is given

by its pitch oi,p, yaw oi,y , and roll oi,r which are calculated

from the normalized gravity and magnetic-field measurements

(gi,x, gi,y, gi,z) and (mi,x,mi,y,mi,z) as follows.

oi,p = cos−1(gi,x) (3)

oi,r = sin−1

(
gi,y

sin(oi,p)

)
(4)

oi,y = tan− 1

(
mi,y cos(oi,r)−mi,z sin(oi,r)

mi,x + cos(Θ) cos(oi,p)

)
(5)

The proof of (3), (4), and (5) is based on the angles formed

between the earth’s gravity and magnetic fields with the X ,

Y , and Z axes of the sensor. An intuitive explanation is given

below8.

According to (3), the pitch of the sensor is given by the

angle between the sensor’s X axis and the earth’s gravity field.

7For the sake of brevity, only the normalization of the gravity measurement
on dimension X is explained. All other dimensions, including the magnetic
field, are normalized similarly.

8For the sake of brevity, we do not provide formal proof of (3), (4), (5).

For example, if the X axis points down, gi,x is close to 1, and

the pitch is close to 0o, and if the X axis is perpendicular to

the gravity field, gi,x is close to zero, and the pitch is close

to 90o.

According to (4), the roll of the sensor is given by the

angle between the sensor’s Y axis and the earth’s gravity field.

However, the pitch oi,p is also considered in order to account

for changes on the projection of the earth’s gravity on the Y
axis when only the pitch changes.

According to (5), the yaw of the sensor is determined from

these two projections:

• Projection of the earth’s magnetic field on the Y Z plane:

The roll oi,r is considered because the Y Z plane rotates

with it.

• Projection of the earth’s magnetic field on the X axis:

Given that this projection changes when the pitch changes

while keeping the yaw constant, it needs to account

for oi,p. The constant Θ is the downward inclination

of the earth’s magnetic field which increases with the

geographical altitude, i.e., the inclination is 0o at the

equator. We measured this inclination to be 41o.

Once the sensors’ orientation is updated (see line 9 in

Fig. 4), the joint angles are calculated. In this paper, we

calculate joint angles of the shoulder and elbow only. A similar

approach can be followed to measure other joint angles.

The sensor assigned to the shoulder joint needs to be placed

on the lower end of the upper arm as shown in Fig. 2. In this

way, α1, α2, and α3 are estimated with the pitch, yaw, and

roll of the sensor. Therefore, shoulder angles are (see line 10

in Fig. 4): α1[n] = oi,p, α2[n] = oi,y , and α3[n] = oi,r.

The sensor assigned to the elbow joint needs to be placed

on the lower end of the forearm as shown in Fig. 2. The

estimation of σ1 involves the pitch and yaw of this sensor

and the shoulder sensor as well. Without loss of generality,

let the IDs of these two sensors be 1 and 2 respectively. The

elbow flexion σ1 is calculated as follows. Let the direction

of the upper arm and forearm be represented by unit-length

vectors �v1 and �v2 respectively, whose spherical coordinates are

(1, o1,p, o1,y) and (1, o2,p, o2,y). The angle between �v1 and �v2
is then σ1, and it can be calculated as follows, where �v1 and

�v2 need to be given in cartesian coordinates:

σ1[n] = cos−1

(
�v1 · �v2
|�v1||�v2|

)
.

Finally, the forearm’s axial rotation (i.e., σ2) is estimated

with the difference between the roll of the elbow and shoulder:

σ2[n] = o2,r − o1,r.

Remark. When the user moves fast enough that the accelera-

tion he/she applies to the sensors is comparable to the gravity

acceleration, the calculation of the pitch, roll, and yaw in (3),

(4), and (5) is not accurate, which in turn makes the estimation

of joint angles inaccurate. This is due to the assumption in

(1) that the tri-axial accelerometers of the sensors are capable

of measuring the gravity only. However, under high dynamic
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TABLE I
CONFIGURATION OF THE WIMU MOCAP SYSTEM

Parameter Value
Sampling Rate: Rs 20 Hz

Packet Rate: Rt 20 Hz
Number of Sensors: M 2

History Size: N 5
Magnetic-Field Inclination: Θ 41o

conditions, the accelerometers measure the summation of the

acceleration vectors of both the gravity and the user-generated

acceleration, so the measurements are no longer equal to the

gravity only. Solutions to this problem have been proposed in

[15], [16], [17]. These are based on the concept of quater-

nions and the use of gyroscopes and Kalman filters, where a

quaternion is an alternative mathematical representation of the

pitch, yaw, and roll (oi,p, oi,y, oi,r). In this paper, we focus on

the estimation of joint angles and the effects of the skin and

muscle shapes under low dynamic conditions, which, to the

best of our knowledge, have not been evaluated experimentally.

Remark. Metallic objects near the sensors affect the measure-

ment of the earth’s magnetic field. This causes an inaccurate

calculation in (5) of the yaw of all affected sensors. Therefore,

in order for (2) to be valid, this limitation needs to be avoided.

IV. EXPERIMENTAL EVALUATION

The WIMU mocap system was configured with the parame-

ter values given in Table I. In order to evaluate the performance

of the system, the joint-angle measurements obtained with the

WIMU system were compared with those of the IR mocap

system. We refer to the difference between the measurements

of the two systems as the error of the WIMU mocap system.

The measurements were performed on the following joint

movements whose objective is to vary one and only one of

the angles α1, α2, α3, σ1, and σ2. The error is shown in

Fig. 5 as a function of these variations.

• α1 (Fig. 5a): The arm is always kept straight (i.e., the

elbow is not flexed). The arm’s initial position is to point

down to the floor, and then, the arm moves at the shoulder

in order to raise it. When the arm points straight to the

user’s front, α1 is 90o.

• α2 (Fig. 5b): The arm is always kept straight. The arm’s

initial position is to point to the user’s right, and then, the

arm moves at the shoulder towards the user’s left. When

the arm points north, α2 is 0o.

• α3 (Fig. 5c): The arm is always kept straight and point-

ing to the user’s front. In the initial position, the user

performs on his upper arm a clockwise axial rotation

to its maximum. The user then rotates the upper arm

counterclockwise. When the Y axis of the shoulder sensor

is parallel with the floor, α3 is 0o.

• σ1 (Fig. 5d): The upper arm is always kept pointing to

the user’s front. The forearm’s initial position is such that

the elbow is not flexed, so the forearm also points to the

front. The elbow is then flexed as shown in Fig. 2b. When

the forearm points up, σ1 is 90o.

• σ2 (Fig. 5e): This movement is similar to the one per-

formed for α3 with the difference that the rotation is

performed at the elbow as shown in Fig. 2c.

Both mocap systems were used for measurements on two

different experiment setups. In the first setup, the previous

movements were emulated using a board with a printed circle

of radius 16 cm. The board was placed vertically aligned with

the gravity by means of a level. The circle had radius lines

every 10o. We refer to this setup as spherical coordinate in

Table II and s-difference in Fig. 5. The objective of this setup

is to evaluate the error without the effects of the arm’s skin and

muscles. In the second setup, the previous movements were

performed with an arm as shown in Fig. 2 in order to evaluate

the effects of the arm’s skin and muscles on the error.
In order to measure any angle using the IR mocap system,

4 markers were used. With the 3D coordinates of 2 markers,

the equation of the line that crosses them was determined,

and 2 lines per measurement were necessary as shown in

Fig. 2b. The angle between these two lines corresponds to our

measurement using the IR mocap system. For the spherical-

coordinate experiment, the markers were placed on the radius

lines of the printed circle. For the human-arm experiment,

the markers were placed on lines as shown in Fig. 2. In this

way, it was guaranteed that the markers were aligned with the

center lines of the upper-arm and forearm. The equations of

these lines are the reference used to determine the error of the

WIMU mocap system.
Table II lists the mean, standard deviation, and RMSE of

the error of each angle and the average of these metrics

across all angles. For comparison, the RMSE in the related

work has been included in Section II. In Table II, the mean

errors that are different from zero on α1, α2, and α3 in the

spherical-coordinate setup are a consequence of misalignments

of the IMUs on the chip with the external borders of the

sensor’s case and the accuracy of the calibration process. Any

inaccuracy in these two aspects of the system cause constant

errors. The mean error of σ1 and σ2 is lower, which leads

us to conclude that since these two angles involve the two

sensors, the constant errors add destructively in the spherical-

coordinate setup and constructively in the human-arm setup.

Interestingly, the mean error of α1, α2, and α3 improved in the

human-arm setup. One possible explanation is that the arm’s

skin and muscles have a constant misalignment effect that

added destructively with the constant error. However, further

testing is necessary to test this hypothesis.
With respect to the error variation quantified by the standard

deviation and RMSE, the arm’s skin and muscles had a sig-

nificant effect. The average RMSE across all angles increased

from 1.39o to 2.18o. This is an increase of 57%. The worst

case scenarios are α3, σ1, and σ2 whose RMSE increased by

69%, 173%, and 57% respectively. In order to explain these

results, it is necessary to observe the change in direction of

the sensors due to the stretching/compressing of the skin and

muscles. In Fig. 5, the error departs from zero at the joint

angles that require an effort from the user. With the exception

of σ1 in Fig. 5d, the s-difference line departs from zero at the
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(a) Shoulder angle: α1 (b) Shoulder angle: α2 (c) Shoulder angle: α3 (d) Elbow angle: σ1 (e) Elbow angle: σ2

Fig. 5. Experimental Error Evaluation

TABLE II
ERROR ANALYSIS OF THE EXPERIMENTAL EVALUATIONS ON THE SPHERICAL-COORDINATE-SYSTEM AND HUMAN-ARM

Experimental Setup Error Parameter α1 α2 α3 σ1 σ2 Average

Spherical Coordinate
Mean 0.87o 0.25o 0.56o −0.02o 0.21o 0.37o

Standard Deviation 1.83o 1.34o 1.02o 0.96o 1.41o 1.31o

RMSE 2.03o 1.37o 1.16o 0.96o 1.42o 1.39o

Human Arm
Mean −0.50o 0.18o 0.16o −1.86o 1.22o −0.16o

Standard Deviation 1.79o 1.34o 1.96o 1.85o 2.87o 1.96o

RMSE 1.85o 1.35o 1.96o 2.62o 3.12o 2.18o

extreme values of the joint angle. These are the angle values

that require the highest effort from the user according to the

previous description of the movements that were performed.

For the case of σ1, the s-difference line departs the most from

zero when the elbow is being flexed from 30o to 90o which

are the positions that require the highest effort (Fig. 2b).

V. CONCLUSIONS AND FUTURE WORK

A wireless sensor network was developed that measures

joint angles of the human body. The focus was on mea-

surements at the shoulder and elbow with 3 and 2 degrees

of freedom respectively. The code of this system has been

made publicly available. Its principle of operation is based

on measuring the alignment of the different segments of the

limb being tracked with the earth’s gravity and magnetic

fields. The accuracy of the system was validated by comparing

its deviation or error from a professional motion capture

system that uses infra-red cameras and markers. The root mean

square error was found to be 1.39o and 2.18o when tested

on a spherical coordinate system and human arm respectively.

Finally, the causes for this increase on the error were discussed

in terms of the effects of the arm’s skin and muscles on the

alignment of the sensors.

Future work includes the development of a quarternion-

based mathematical model of the effects of the skin and

muscles under low and high dynamic conditions. The objective

of the model is the minimization of the increase on the error

due to the stretching/compressing of skin and muscles.
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