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Abstract—Instrumentation able to estimate upper limbs kine-
matics has a lot of relevance in the context of rehabilitation
of stroke patients. The systems based on inertial systems seem
to be well suited for clinical environment and numerous authors
have presented wearable systems interesting in terms of accuracy
and easiness of implementation. These systems always require
an initialization procedure and the authors do not justify clearly
why they are using one method rather than another. In this paper
two common initialization methods are presented and they are
evaluated and compared on the basis of the kinematics tracking of
upper limbs daily living activities. The experimental results show
that an initialization based on functional axes is less sensitive to
the respect of initialization conditions than a static initialization.

Index Terms—Joint angle measurement, upper limb, MARG,
MIMU, IMMS, Inertial measurement, initialization procedure.

I. INTRODUCTION

TROKE that results in partial or complete hemiparesis is

the main cause of disability [1]. One of the goals of stroke
rehabilitation is to regain the highest level of motor function in
order to recover the highest independence daily living activities
(using lower and upper limbs). In this rehabilitation context,
instrumentation able to measure limb kinematics has mainly
two uses. On the one hand, such a device permits to obtain a
quantitative evaluation of rehabilitation and pharmacological
treatment effects by measuring residual motor skills. It also
allows to provide a quantified evaluation of the progress of
the patient [2]. On the other hand, such a device may serve as
an input for a virtual visual feedback which has demonstrated
benefits in motor recovery for patients after a stroke [3]-[5].
This paper is mainly concerned with the upper limb kinematics
estimation.

Many solutions exist and can be classified in three cate-
gories [6]: 1) Visual tracking (marker or marker-free based);
ii) Robot-aided tracking or; iii) Non-visual tracking (inertial,
magnetic and others). The fact that these kinematics measure-
ments are done in a clinical environment during revalidation
sessions imposes lots of constraints. The device must be
lightweight and wearable. In addition, it must not require
dedicated room and long calibration and installation time.
Considering these requirements and the survey established by
Zhou et al. [6], inertial systems seem to be the most suited
for an utilization during rehabilitation sessions.

Inertial solutions can be named as magnetic, angular rate
and gravity sensors (MARG) if they are composed of gyro-
scopes, accelerometers and magnetometers. Current solutions
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use effective fusion algorithms in order to obtain from these
sensors the absolute orientation in the Earth frame without
drift [7]. In recent years, many systems have been developed
for the ambulatory measurement of segment motion, e.g.
Picerno et al. [8], van Acht et al. [9] or Luinge et al. [10].

As the sensors can not be placed on the limb with a well
known orientation, an initialization procedure is mandatory
in order to find their relative orientation to the skeleton.
Four main initialization approaches emerge from the literature:
measuring the gravity vector and one functional axis [10],
measuring two functional axes [11], aligning the sensor rel-
ative to one patient segment and by measuring a functional
axis or a gravity vector [11] or by measuring anatomical axes
using a dedicated calibration device [8]. However, there is a
lack of justification about the choice to use an initialization
method rather than another.

In this context, this study aims comparing the initialization
methods regarding the error on the measurement of upper limb
kinematics taking into account non-idealities in the respect of
initialization procedures. The introduction of skin movement
artefacts could introduce unnecessary noise in the evaluation
of different initialization procedures and for this reason, they
are not discussed in this study. This paper is organized as
follows. Section II presents the model used for the upper limb
and the number and position of sensors on the body. Section III
provides a description of the implemented initialization pro-
cedures. Section IV describes how upper limb kinematics are
calculated and the Section V presents the experimental setup
and experimental methodology including the calculation of
kinematics errors. Finally, the Section. VI shows and discusses
the results obtained with both initialization procedures.

II. UPPER LIMB MODEL AND SENSORS POSITIONING

The kinematics must be measured in the bone frames while
the sensors measure orientation in the Earth frame. It is
therefore necessary to define an upper limb model in order
to project measures in the skeleton frame.

A. Representation

The representation of an orientation is based on a quaternion
q which has the advantage to describe any rotation in the most
compact manner and without singularities comparing to other
classical representations [17]. This representation is actually a
representation of an Euler rotation, i.e. a rotation of an angle
6 around a vector 7, Ty, 7, expressed in the initial frame.
The equivalent quaternion is then built by:

q= [008(5) rxsin(g) Tysm(i) rzsin(g)]. (1)



B. Upper limb model

The International Society of Biomechanics (ISB) has de-
scribed all links of a real arm where each link can be
represented by three angles [12]. Such a model is very complex
and is unnecessarily complicated for our application. Several
papers dealt with the simplification of a human arm model in
order to obtain a model able to describe precisely enough the
upper limb kinematics. Most of the consulted ones conclude
that a model composed of seven revolute joints without transla-
tion parts is sufficient enough to describe this kinematics [13]-
[15]. All of these models differ only by the Euler angles chosen
for the shoulder representation. According to the reference axis
defined in Fig. 1, this articular complex can be represented by
a X-Z-Y [13], a Y-Z-Y [14] or a X-Y-Z suite [16]. However,
to ensure consistency with the recommendations of ISB, we
opted for a Y-X-Y representation for the shoulder complex
illustrated on the Fig. 1.

OBP Rotational joint

¢ Rigid body

(»)

Fig. 1. (a) Model for the representation of the human upper limb. (b) The
four sensors are placed on rigid bodies A-B-D-F and measure q1, g2, g3 and
q4, the orientation of the Earth frame in their own frame.

C. Sensor placement

Inertial sensors could be mainly fixed on six different areas
on a real arm. Neglecting the skin movement, these areas
can be considered as rigidly linked to the skeleton chain of
the arm corresponding to rigid bodies A, B, C, D, E, F as
illustrated in Fig. 1. The sensor placement can be decided in
order to minimize their number. As each sensor measures only
its orientation relative to the Earth frame and if we assume
that a sensor placed on a rigid body does not move during the
acquisition period, two sensors can be separated from each
other at most by three revolute joints in the model. Since our
model has seven revolute joints at least, four inertial sensors
have to be placed on the upper limb. The first one is placed on
the trunk in order to act as a reference making the measures
independent of the Earth frame. The three others can be placed
on the upper limb following four configurations: A-B-D-F, A-
C-E-F, A-C-D-F and A-B-E-F. The configuration selection can
be guided by the necessity of avoiding singularities during
the inverse kinematics calculation. Indeed, when three angles
between two sensors are computed, a singularity, also called
a gimbal lock, arises from the indistinguishability of changes

in the first and third angle when the second angle is at some
critical value [17]. Due to the large workspace of the shoulder,
it is not possible to have an angle representation avoiding
gimbal locks if the two first sensors are fixed to bodies A
and C. Therefore, they must be placed on bodies A and B in
order to have only two angles between them. The third sensor
can be placed on bodies D or E. If it is placed on the body E
a gimbal lock is produced when the arm is along the trunk.
It should then be placed on body D. The last sensor can be
thus fixed on the hand, the body F, without any gimbal lock
encountered in the workspace.

III. INITIALIZATION PROCEDURES

As the sensors are disposed on the upper limb with an
unknown orientation relative to the model, the initialization
procedure aims to determine the initial sensors orientation
relative to the segment coordinate frame. This may be done
by measuring two axes of bone segment frames in the sensor
coordinate frames, the third one being deduced by vecto-
rial product. These axes can be obtained by measuring two
functional axes [11], by aligning one sensor relative to one
patient segment and by measuring a functional axis or a
gravity vector [11], or by measuring the gravity vector and
one functional axis [10]. In another way, these axes can be
obtained using dedicated calibration device [8]. In this paper,
the two first techniques are implemented, i.e. without any
additional calibration device, in order to find the quaternions
equivalent to the orientation of each sensor relative to the
patient segment, i.e. ¢4, ¢, ¢p and qp illustrated on Fig. 2.
Once these orientations are found, they are assumed to remain
unchanged during the acquisition session.
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Fig. 2. Definition of the different quaternions used for initialization and
kinematics calculation.

A. Init 1: Two functional axes using angular velocities

In this procedure all sensors are placed with a random
orientation on the rigid bodies. In a first step, two single DOF
movements are performed in order to deduce two functional
axes. These are calculated from angular velocities measured
by gyroscopes, as suggested Stokdijk et al. [18]. The first is a
continuous abduction-adduction movement and it is performed
for several seconds. If wp represents the angular velocity



measured by sensor node B, Zp is obtained from averaged
and normalized angular velocities data, then Zp = wp/||wg]].
In order to maximize the signal-to-noise ratio, a threshold of
the maximum measured angular velocity is applied (30 % as
presented in [7]). The second is a continuous antepulsion-
retropulsion movement and it is performed during several sec-
onds. As for the first movement, 25 = wp/||wg||. The equiv-
alent rotation matrix is finally obtained by Rp = [¢§ §% 2]
and the equivalent quaternion ¢p is obtained by trigonometry,
as explained in [17]. The second step aims to obtain the
orientation of the three others sensors. For this step, the
patient is placed in a reference position where the quaternions
q12, q23 and q34 are supposedly known. In our case, this
reference corresponds to the arm positioned along the trunk.
The quaternions q;2, g23 and gs4 are therefore equal to identity
and the orientations of the others sensors relative to their own
frame given by:

gda = 4B @ qABinit
4D = 94 @ CApinit (2
qr = qA @ CApinit

where gap, gap and g4 are the measurement of orientation

of sensors B, D, F relative to the sensor A and where
q* represents the inverse of quaternion gq.

B. Init 2: Vector gravity at first node

In this procedure the first sensor is positioned over the flat
area of the sternum so as to ensure that the vector z.4 is
aligned with the axis Z4. While the others sensors are fixed
on the arm with a random orientation. The first orientation axis
of the first sensor node is thus imposed. The second requires
in this first step of initialization that the patient is standing
or sitting with the trunk aligned with the gravity vector. In
this manner, the axis ¢4 is directly obtained by measuring the
gravity vector using accelerometers of first sensor during a
static trial of several seconds. The third axis & 4 is produced
by the cross product ¢4 X Z4. The equivalent rotation matrix
between the sensor A and the associated rigid body, i.e. the
trunk, is given by R4 = [¢% §% 27%] and the equivalent
quaternion g4 is obtained by trigonometry. The second step
is exactly the same as the one of the Init 1, but for obtaining
qB, qp and g through:

4B = 4A @ CABinit
qdp = qaA ® QZDz‘nit (3)
qr = qA @ Capinit

IV. KINEMATICS

The initialization procedures aim to deduce the orientation
of each sensor relative to the patient segments to which they
are attached. If we suppose these relative orientation kept
during the movements, the orientation of a segment relative
to the previous one in its frame can therefore be found by:

Q12 =4 ® 5 @ q1 D¢}y
23 =¢p R 3 V2 ® qp €]
9314 = qr @ q; ® g3 ® qp

Different kinematics data can be computed from these relative
orientations and particularly the upper limb angles and the
hand position.

A. Upper limb angles

The Euler angles are calculated by inverse kinematics from
the measured relative quaternions in the segment space. All
seven angles can be calculated [17]:

1) Shoulder : antepulsion-retropulsion ¢; and abduction-
adduction ¢s:

¢1 = atan2( — 2q12(2)q12(4) — 2q12(1)q12(3),
Ga(1) + q12(2) — gia(3) — qix(4))

¢ = atan2( — 2¢12(3)q12(4) + 2q12(1)q12(2),
Ga(1) — qi2(2) + 3o (3) — ¢i2(4))

2) Arm : humeral internal-external rotation ¢3 and elbow
flexion-extension ¢y4:

¢3 = atan2(2¢23(2)q23(4) + 2¢23(1)q23(3),
33(1) — 435(2) — g33(3) + g35(4))

$s = atan2(2q23( )q23(3) + 2(]23( )q23(4),
B3(1) — q53(2) + ¢33(3) — q33(4))

3) Forearm : pronation-supination ¢s, wrist abduction-
adduction ¢g and wrist flexion-extension ¢r:

¢s = atan2( — 2¢34(3)q34(4) — 2¢34(1)g34(2),
Ga(1) — 634(2) + 634(3) — 34(4))

¢ = asin (2¢34(2)q34(3) + 2g34(1)q34(4))

¢7 = atan2( — 2¢34(2)q34(4) + 2¢34(1)g34(3),
G34(1) + 434(2) — 434(3) — ¢34 (4))

B. Hand position

The cartesian position of the hand’s center of mass relative
to the glenohumeral joint in the trunk frame can be calculated

from:
3

XYZ:E:ﬂ“ 5)
=1

where v7" are the expression in the segment frame of v;, the

vectors of norm equal to the limb lengths aligned with limb
segments. These are linked through the relations:

rot

= (12 ® V1 ® qi2
Uéd (g23 ® q12)" @ V2 ® (g23 ® q12) (6)

0

U3 = (¢34 ® 23 ® q12)" ® V3 ® (¢34 D G2z ® q12)

V. EXPERIMENTS

This section gives some details about the hardware and
the software implementation of the instrumentation. It also
presents the test bench, the method and the performance
criteria used to evaluate the initialization procedures.



A. Hardware and software implementation

We opted for MARG sensors from the X-io company
(UK, Bristol). These sensors were packaged with a battery
and can be fixed on the arm using Hook-and-loop fasteners.
One packaged MARG sensor weighs 42 [g] and has size
of 69x43x17 [mm?] (Fig. 3). The sensors are filtered and
calibrated on-board and the filtered orientation is sent in a
quaternion representation to a computer via Bluetooth.

Fig. 3. Package containing a x-IMU MARG sensor and a battery. One side
is equipped with Velcro for fixing.

The initialization procedures, the measurements, the kine-
matics calculations and the graphic interfaces are implemented
in real-time in C#, using the C# source code and API’s
provided by the X-io company. The receiving computer is
equipped with a master Bluetooth modem and all commu-
nication data flows through four emulated COM ports.

B. Test bench

The evaluation of the instrumentation and the initializations
procedures were performed on an artificial arm rather than
on a real one in order to evaluate the proper functioning of
the algorithms without taking into account or discussing about
the impact of skin artefacts on the initialization procedure or
the inaccuracy of the arm model used. An artificial anthro-
pomorphic arm has been designed and prototyped (Fig. 4).
Its structure is exactly the same as the model presented in
Fig. 1. The segments are made from aluminium and are long
as the human mean segment lengths found in [19]. Segments
are linked together by friction hinges equipped with absolute
encoders of 4096 pulses per revolution which define the
reference of angular position.

Fig. 4.
encoders.

The artificial anthropomorphic upper limb equipped with absolute

C. Method

Five trials were performed. For each trial, the MARG
sensors were first placed with a random orientation on the
upper limb as specified in Sect. II-C. Next, four different
initialization procedures were performed:

1) “Ideal Init 1” as exposed in Sect. III-A: the initialization

procedure was respected as best as possible.

2) ”Non-ideal Init 1”: the two initialization movements
were performed with a 10° coupling with an another axis
and the upper limb was positioned with an abduction of
10° during the recording of the reference position.

3) “Ideal Init 2” as exposed in Sect. III-B: the initialization
procedure was respected as best as possible.

4) “Non-ideal Init 2”: the upper limb was positioned with
an abduction of 10° during the initialization procedure
and recording of the reference position.

When the four initialization procedures were done, four Ac-
tivities of Daily Living (ADL) movements were performed in
order to evaluate the performance of the kinematics tracking
in real conditions:

1) Reach a glass above the transversal plane of shoulder
and drink it several times.
2) Do perineal care several times.
3) Comb hair several times.
4) Achieve a triple extension position from a triple flexion
position (shoulder, elbow and wrist maximally flexed).
These ADL movements were selected from [20] and [21]
for their diversity and their complementarity regarding the
workspace exploration. These were executed manually on the
artificial arm for each new trial.

D. Performance criteria

The quality and the robustness of the initialization pro-
cedures on the upper limb joint angles and on the hand
position estimations are evaluated through two criteria. The
first is the root mean squared error (RMSE) of the joint angles
deduced from the MARG sensors measurement and the angles
measured by the coders:

T

S R I

k=1

RMSE,; =

where the subscript ¢ refers to the joint, the superscripts M and
C refer to the measures obtained from the MARG sensors and
from the coders respectively and the variable k is the sample
number. The second criteria is the RMSE of the distance
AXY Z between the distal position calculated from MARG
sensors measurements and the distal position calculated using
coders represents the distal position error. The distal position
measured by MARG sensors is computed by using Eq. 5 and
the averaged human male segment lengths presented in [19]:
arm is 28.2 [cm] long, forearm is 26.9 [cm] long and hand
is 8.6 [cm] long. The RMSE of this distal position is then
directly calculated by:

T
1
RMSExyz = |7 > AXY Z(k)? (8)
k=1



VI. RESULTS AND DISCUSSION

Fig. 5 shows the estimations of the joint angles and of the
norm of the error on the hand position for the ’reach and
drink’ movement according to the four initialization proce-
dures. These results show a strong correlation between the
joint angles measured by the MARG sensors and the coders.
However, they also reveal deviations for both initialization
procedures, even with the ideals. The most important are
observed on the internal/external rotation of the shoulder and
the pronation/supination of the forearm. These deviations can
be attributed to the accuracy and the precision of the sensor of
course, but they also highlight that the initializations can not
be perfectly executed even in the best conditions. Relative to
the ideal Init 1, ideal Init 2 shows more important deviations.
This lead us to believe that this initialization is intrinsically
more difficult to perform properly or is more sensitive to the
strict observance of its procedure. Finally, it can be observed
on Fig. 5 that the Init 1 remains better than Init 2 even when
the initialization procedures entail obvious non-idealities.

These observations are confirmed by the Fig. 6 that provides
a statistic analysis of the performance criteria on twenty ADL
movements, i.e. five trials of four ADL. In this figure, the
median values are illustrated by a ©®, the inter-quantile ranges
are represented by the upper and lower limits of the broad
line, the full ranges are represented by the upper and lower
limits of narrow lines and the outliers are illustrated by a o. In
accordance with Fig. 5, the Init 1 is more accurate than Init 2
for the computation of the hand position (p < 0.001) and of
the joint angles, except for pronation/supination. Performing
an Init 1, the RMSE on the hand position does not exceed
4.36 [cm] while it reaches 8.70 [cm] for Init 2. On the other
hand, Fig. 6 shows that the two initialization procedures have
almost the same sensivity to non-idealities.

In addition to these observations, it is important to underline
that the Init 1 procedure requires two movements and does not
require any aligning of trunk or upper limb with gravity which
can be an additional source of error during Init 2.

VII. CONCLUSION

In this study, two initialization procedures has been de-
scribed and compared for upper limb kinematics estimations
using MARG sensors. Their robustness regarding the non
perfect execution of the procedures was also discussed. Skin
movement artefacts inherent in any human kinematics esti-
mation was not included because they affect the different
calibration methods in the same way. Their inclusion would
therefore complicate unnecessarily the discussion about the
choice of an initialization procedure rather than another.

The results have shown that an initialization made through
functional axes is less dependent to the strict observance of the
initialization procedure. However, initialization made through
alignment on gravity vector could make sense for weak
patients because it does not requires any movements which
can be a source of error if they are not correctly executed by
weak patients. Given that and the analysis presented, it seems
clear that an initialization made through functional axes is the
recommended procedure if functional movements can be done
by the patient.
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Fig. 6. Box plot of the RMSEs of measuring upper limb kinematics (joint angles and distal position).




