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Abstract

Objective. To show that it is possible to determine segment masses and segment centers of mass by measuring manipulator-hand con-
tact forces and joint angles during upper extremity movement.

Background. The method serves as a quick subject specific body segment parameter evaluation technique. Clinically we see this
method as an alternative upper extremity body segment parameter evaluation study especially useful in rehabilitation treatment
activities.

Methods. The experiment is based on coupling the human arm with a robotic manipulator which is then used for imposing a specified
sagittal plane trajectory. Joint angles and forces in the contact point serve as input to the identification procedure. For verification pur-
poses the proposed identification procedure was first performed on a mechanical arm. Afterwards a low velocity trajectory was imposed
into all joints of the human upper extremity, with very small angular deviations. Within this small angular region the arm was assumed to
be represented as a linear system.

Findings. The outcome of the identification procedure is an estimate of masses and center of mass coordinates for the lower arm and
palm segments, their products for the upper arm and the passive moments around the measured angle of all joints in the sagittal plane.
The results obtained for three particular human arms are eventually compared to the average population based literature.

Conclusion. From the clinical point of view the study can become useful for biomechanical evaluation and for evaluating biomechan-
ical properties of lower extremities or other body segments. This method may also provide a foundation to measuring body segment

moments of inertia and joint viscoelastic parameters.
© 2006 Elsevier Ltd. All rights reserved.

Keywords: Segment mass; Segment center of mass; Upper extremity; Identification; Body segment parameter

1. Introduction

In many of today’s biomechanical studies there is a need
for estimating body segment parameters (BSP) such as
masses, centers of mass (COM) and inertial moments.
These parameters are often required for modelling pur-
poses as well as in studies which evaluate performances
in fields such as rehabilitation engineering or kinesiological
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studies (van de Hel et al., 2001; Hinrichs, 1985). Due to
obvious difficulties in determining these data for a particu-
lar person directly, authors usually refer to studies from the
literature. These state the desired parameters in the form of
regression curves as a function of easily measurable quan-
tities such as body masses and body heights. The oldest
studies were made in vitro on cadavers and only dealt with
a relatively small test group. The importance of such data is
indicated by the fact that the oldest comprehensive study
was already made in 1860 by Harless (1860). The most
comprehensive study including 152 living male and female
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subjects was performed by Bernstein (1947) utilizing the
method of reaction change where the subjects body seg-
ment COMs were measured in different configurations
while lying on a balance plate. Recently similar methodol-
ogy was used and put into context with other literature
studies by Pataky et al. (2003) who performed an analysis
of body segment masses on a group of 35 young athletes.
Among the still commonly cited in vitro studies are the pio-
neering works of Dempster (1955) and Clauser et al.
(1969). The former analyzed 8 male cadavers with an aver-
age age of 68.5 years, while the latter focused on a group of
13 male cadavers with an average age of 49.3 years. Today
most such studies are non-invasive, performed in vivo
involving a larger number of subjects. Among these a well
known study was made by Zatsiorsky and Seluyanov
(1983) who used the y-ray absorbtion method for measur-
ing average segment densities on a large group of 100
healthy young Caucasian male subjects. Data coming from
a slight modification of geometrical body segment coordi-
nates in this method, performed by de Leva (1995), is often
used in many present day biomechanical studies.

With technological progress in the last decades some
other non-invasive methods have also become avail-
able. The most significant ones are Computer Tomogra-
phy and Magnetic Resonance Imaging, which both give
detailed information concerning the distribution of internal
structures including tissues and bones in body segments. By
assuming the mean tissue density values and accounting for
the measured spatial distributions, it is then possible to
calculate the values of various BSPs. Several attempts in
this direction have already been made (Wei and Jensen,
1995; Martin et al., 1989; Mungiole and Martin, 1990; Rey-
nolds and Walt, 2002). Out of these only the study of Wei
and Jensen (1995) was performed on a larger group consist-
ing of 50 individuals. Others, however, do not give a com-
prehensive analysis on a large test group of individuals, but
it must be said that both methods offer good prospects for
future research.

Considering all these studies a question of estimated
regression curve accuracies arises. The body segment prop-
erties among various people may differ quite significantly
due to factors such as different body structure, age or
gender. For example, the average age of subjects involved
in the study of Zatsiorsky and Seluyanov (1983) was
approximately 24 years, whereas many of today’s studies
requiring BSPs focus on older individuals who have in
the past suffered from certain neuromuscular disorders.
Unsurprisingly, Hinrichs (1985) stated: “The use of indirect
estimates of body segment masses, centers of mass and
moments of inertia is arguably one of the biggest sources
of error in biomechanics research.”

Following the problem addressed above our study pro-
poses an alternative in vivo technique for determining val-
ues of some significant BSPs in the upper extremity by
utilizing an optimization curve fitting technique. In the pre-
sented experimental work, parameters were first estimated
on a mechanical arm to obtain the accuracy level of the

procedure. Afterwards the same process was performed
on upper extremities of three healthy young male individu-
als. The obtained data is then presented and compared to
literature studies.

2. Methods

The experiment is based on moving the upper extremity
along a specified trajectory with a robotic manipulator
(Fig. 1). The trajectory was chosen in a way which imposed
very slow (quasi-static) angular deviations into all joints
(Fig. 4). During this process joint angle data was collected
by means of an infrared marker based motion tracking sys-
tem (Optotrak® — NDI International, Ontario, Canada), as
well as forces in the contact point. Collection frequencies
in both cases were 50 Hz. An approval of the Slovenian
medical ethics commission was obtained prior to the exper-
iment. Ten measurements (acquired in one single trial on
one day) were performed on the left arm of three healthy
young male individuals.

The manipulator-hand contact forces and moments
F,=[F,,F., M.]" were measured with a strain gauge force
sensor. (JR3® — JR3 Inc., Woodland, CA, USA) Due to a
bearing at the robot attached handle, the torque value
M, was minimal.

The human arm was simplified as a 3DOF rigid body
planar structure in the sagittal plane with the following
notation (Fig. 2).

The segment lengths are denoted with a;, their COM
lengths from the proximal joint with /; while ¢; indicates
joint angle directions with respect to the zero position
(dashed line). The shoulder zero angle position was chosen
horizontally. The segment masses are presented with m;.

The inverse dynamics of the human arm can be
described as a relationship between the applied muscle pro-
duced torques t(u), environment joint contributions g,q
and the joint motion trajectory of mechanical joints (Sicili-
ano and Sciavicco, 1996):

TB(‘]) + TC(qv q) + tG(q) + Tvel(qa q, ll)
+ ta(sgn(q), g, u) = t(u) — Tena. (1)

Every one of the terms in Eq. (1) represents a three-dimen-
sional torque vector with the shoulder as first, elbow as sec-
ond and wrist as the third coordinate. t3(q) represents
inertial contributions, tc(q,q) the centrifugal — Coriolis con-
tributions and tg(q) the gravity effects on the arm dynam-
ics. The viscoelastic moments 7, (q, q, u) arise in every joint
as a consequence of various structures (e.g. tendons, liga-
ments, muscles). They are a non-linear function of adjacent
joint angles and muscle activation u (Hatze, 1997; Esteki
and Mansour, 1996; Riener and Edrich, 1999; Kodek and
Munih, 2003; Mansour and Audu, 1986). The dissipative
torques t4(sgn(q),q,u) represent the direction dependent
Coulomb friction components. On the right side of Eq.
(1) there are active muscle contributions t(u) and torques
caused by the environment t.q.
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Fig. 1. A side view of the experimental setup. The subject is seated on a strap equipped passenger type seat which minimizes trunk movements. Four
infrared markers were attached at joint rotation centers as recommended in de Leva (1995).
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Fig. 2. Geometric definitions for the assumed human arm structure,
consisting of three rigid body segments.

Kinematic variables q, q and ¢ represent the angle, angu-
lar velocity and angular acceleration transpose vectors.
Joint angles were obtained from acquired marker spatial
data while the angular velocity and accelerations were a
result of numerical derivation. All kinematic data was also
low-pass filtered at 5 Hz.

Our experimental analysis was done under two funda-
mental assumptions:

(1) All performed movements were very slow with angu-
lar velocities around 0.03 rad/s. After observing the
very small contributions of dynamic terms in Egq.
(1) under these conditions we have assumed that the
experiment was always performed under quasi-static
conditions.

(2) We decided to perform all experimental movements
with the upper extremity muscles in a relaxed condi-
tion. To exclude muscle activity due to gripping the
arm was lightly strapped to the robot. To prove that
the subject induced no voluntary action during the
course of the experiment we have observed the
EMG signals of four muscles in a typical elbow flex-
ion—extension movement prior to doing any experi-
mental work (i.e. biceps long head, biceps short head,
triceps and brachioradialis). The EMG signals showed
practically no muscular activity at all.

On the basis of these two assumptions we made the fol-
lowing simplifications:
7(u) = 0. (2)
By accounting for all these, the simplified version of Eq. (1)
can now be written as
TG(q) + Tp(q) = —Tend = _JT(q)Fend‘ (3)

Gravity vector tg(q) joint torque components can now be
expressed as

53=0, t7c=0,

T = ot [limy + a1 (my + m3)]ey
+ (Ioma + ayms)ciz + Ismscins},

4)

Ty = &ol(lama + axm3)ciy + lsmscins),

Tg3 = golsmscins.

71 stands for gravity shoulder joint contribution, 7., for
the gravity elbow joint contribution and 7,3 for gravity
wrist joint contribution. Please note that the following

notation was used: ¢; = cos(q), ¢j2 =cos(q; + ¢2), c123 =
cos(q; + ¢> + ¢3). go represents the gravity constant.
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In Eq. (3), 7,4 has been replaced with the passive
moments term 7,(q). These passive moments are no longer
velocity and muscle activation dependent but rather a non-
linear function of only the adjacent joint angles. By defini-
tion these torques include elastic and direction dependent
dissipative components and arise mostly due to passive
muscles surrounding joints (Mansour and Audu, 1986;
Riener and Edrich, 1999). The environment contributions
Tend are obtained by premultiplication of the manipula-
tor-hand contact force vector F.,q = [Fy,FZ,Mx]T with a
Jacobian matrix of a 3DOF planar manipulator J¥(q)Fenq
(Siciliano and Sciavicco, 1996).

2.1. Parameter identification procedure

Because angular deviations in all joints were small in all
measurements (A|g;| <12°) no large non-linearities have
been observed. We therefore concluded that the 7, non-lin-
earities were small enough to allow an assumption of sys-
tem linearity within this angular region. Following this
we can now express Eq. (3) as the following linear relation-
ship (An et al., 1988):

anj = ‘L'j, at tlme l,‘ (5)

Y, represents the regression vector for segment j, with
which we should multiply the corresponding vector of iden-
tification parameters m; to obtain t; which represents all
remaining known terms.

Let us now present the system in Eq. (5) with three con-
secutive linear equations, describing the inverse dynamics
of every particular joint at time ¢;.

o Wrist joint:

80C0S123M313 4 Tp3 = Tends

or in matrix form, (6)

Ysn; = [gocosias, 1][msls, Tp3]T =13

By accounting for ms/3 obtained from the wrist identifica-
tion vector 73 the elbow equation can now be written.
o Elbow joint:

gOCOSIQV}’Zzlz + g0a200512m3 + ‘CPZ = T2 — gocoslzmglg

or in matrix form,
T
o] =12
(7)

By accounting for msl/; obtained in step 1, myl, and m;3
from 7m, we can now write the shoulder joint equation

(Eq. (8)).
o Shoulder joint:

Yzﬂzz[goCOSu, 8pa2C0813, 1][”1212, ms,

gocoslmlll +g0alcoslm2 + Tpl = Tel — go(alcosl + azcoslz)m3
— 80COS 1My 1y — goCoS 3m3l3
or in matrix form,
T
1][}’}11[1, my, Tpl] = T].

Y7, = [gocosi, gaicosy,

(8)

From all three joint equations it can be deduced that the
identification vectors m; were chosen as m3 = [m3l3,r,,3]T,
Ty = [m2]2,77’l3,’5p2:|T and 3 = [mlll,l’}’Iz,‘Ep]]T. By consider-
ing Egs. (7) and (8), we can see that solving for every par-
ticular m; at N time instants ¢ represents a linearly
dependent problem since a, and a; are constants represent-
ing lower and upper arm lengths. Therefore the problem of
identifying vectors m; is described as an optimization prob-
lem, which minimizes the difference between both sides of
Eq. (5). At 1;, this difference can be expressed as the follow-
ing function:

Fu(m) =1 —Y;m, 9)

The algorithm calculates 7; as a result of a constrained non-
linear least squares optimization for all time samples
1 <t;<N using the Matlab™ 1lsgnonlin function
which solves the following minimization (Lawson and
Hanson, 1974):

N
min > F,(x;)?, such that Ib < x; < ub. (10)
TL,‘ 1

ti=

The constraints Ib and ub were chosen suitably for every
particular identification vector. It needs to be pointed out
that the algorithm was very insensitive to the value of these
limits.

2.2. Algorithm verification with a mechanical model

To verify the accuracy of the described algorithm, a pre-
liminary experiment was conducted using a CAD designed
2DOF mechanical arm. The segment lengths and masses of
the model were chosen comparably to the human arm
(Fig. 3). To simulate joint passive moments, screw-adjust-
able rubber brakes were attached at every joint. These
brakes produced a desirable Coulomb friction force by
pressing on stainless steel disks from both sides. The level
of the friction was arbitrarily chosen to have a significant
value. The friction force was directly measured with a load
cell mounted at a 45° angle, enabling the computation of
brake-produced passive moments as seen from Fig. 3.

The mechanical arm was coupled with the robot by
using a screw attached to a bearing. The motion trajecto-
ries and manipulator-hand contact forces were measured
in the same way as with a human subject.

The identification procedure we used, was the same as
the one described previously, the only difference being the
number of identification parameters. Since the model
now only consisted of two segments (upper and lower
arm), only two identification vectors m;z had to be deter-
mined, consisting of a total number of five identification
parameters: (7, = [Maglar, szR]T and 7,z = [m gl g, M2R,
Tle]T)~

The imposed trajectory was a flexion—extension move-
ment as seen in Fig. 4.
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Fig. 3. The 2DOF mechanical model used for algorithm verification. Two HBM type PW2FC3 one dimensional aluminium strain gage load cells were
used for measuring mechanical friction. To obtain masses comparable to the human arm, brass weights were properly attached to the aluminium segments.
The load cell signals were amplified, digitalized and processed together with manipulator-hand contact forces and Optotrak® motion data.
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Fig. 4. Two composite images showing the complete courses of the mechanical arm trajectory with shoulder and elbow angular ranges of +5.7° around
¢, = —36.6° and £5.7° around ¢, = 35.8° respectively (left). The trajectory of the human arm (right) during the measurement with shoulder, elbow and
wrist angular ranges of £6° around ¢; = —43.3°, £1.7° around ¢, = 29.5° and £0.9° around ¢; = 0.2° respectively.

The best optimization results were obtained when the
upper and lower optimization bounds (ub and 1b in Eq.
(10)) for passive moments 7,z were initially set to values
around zero as Tor = [Marhr,0]" and 7z = [mighg,
myg, 01"

Fig. 5 gives an insight into the horizontal and vertical
manipulator-hand contact force trajectories (left) and into
identified joint torques (right) of the mechanical model.
The identified joint torque 7z is represented with the cen-
tral continuous trajectory in the cases of both joints. This
trajectory clearly shows that the direction dependent 7,
and 1, visible in the measured torques were not accounted
for. The measured torques obtained from the force and
kinematic data was denoted with 7jmecasz With the Coulomb
friction components clearly visible.

The passive moment value 7,z was now obtained by
observing the absolute difference between all time samples
of the identified joint torque trajectory 7,z = Y;z7;z and the
corresponding measured trajectory Tjmeasr as

1 N
TpjR = N Z |ijeasR(ti) - TjR(ti)|- (11)
i=1

The same procedure was also used when determining pas-
sive moments in the human arm joints. The joint passive
moments 7,; were hence also presumed to consist only of
direction dependent dissipative contributions (Mansour
and Audu, 1986; Riener and Edrich, 1999), while the elastic
components were confirmed to lie around zero in the mea-
sured angular region by a previous study (Kodek and
Munih, 2003).
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Fig. 5. Ten measurement average horizontal (F,) and vertical (F.) manipulator-hand contact forces with measurement standard deviations shown for the
mechanical model (left). The right figure gives a comparison between the measured joint torques 7jmeqsg and the corresponding identified torques ;.

3. Results

The numerical results for segment parameter identifica-
tion are summarized separately for the mechanical arm
(Table 1 — upper part) and for the human arm (Table 1 -

Table 1

Significant parameters obtained for the mechanical arm

Parameter Xref X oy % (%)
maorh g (kgm) 0.130 0.125 0.001 3.8

myr (kg) 1.160 1.206 0.001 3.9

g (m) 0.115 0.104 0.001 9.8

gl g (kgm) 0.260 0.265 0.001 1.8

Tpor (Nm) 0.161 0.145 0.006 7.7

1z (Nm) 0.139 0.151 0.007 10.6

mslz (kgm) 0.047 0.088 0.002 89, (127, 95)
ms (kg) 0.663 0.719 0.002 8,(24,7)

/5 (m) 0.070 0.123 0.004 74, (83, 82)
oyl (kgm) 0.154 0.122 0.015 21, (10, 18)
m, (kg) 1.247 1.256 0.004 1, (9, 29)
> (m) 0.124 0.097 0.011 21, (1, 16)
myl; (kgm) 0.393 0.406 0.003 3, (43, 58)
7,3 (Nm) / 0.062 0.014 /

7,2 (Nm) / 0.277 0.014 /

7,1 (Nm) / 0.513 0.003 /

X denotes the average values from 10 measurements. Measurement stan-
dard deviations are denoted as o, and differences in relative form as “;—Yf”
o

The numbers in brackets in the lower table part give an insight into errors
obtained for the second and third subjects.

lower part). In the mechanical arm the variable x,r denotes
the CAD obtained parameters values, while in the human
arm this variable denotes literature obtained estimates
(Zatsiorsky and Seluyanov, 1983). The identified parameter
values are represented with x as average values from 10
measurements. The 10 measurement standard deviations
(o) and differences in relative form (*£L=*) are also given
in both parts of the table. Reference values of passive
moment parameters 7,; are not given for the human subject
because they are very subject specific (Kodek and Munih,
2003) and as such not available in literature studies.

4. Discussion

The proposed identification method enables a simulta-
neous computation of some significant BSPs in the human
upper extremity. The experimental procedure is friendly
from the subject point of view as it does not require any
special fixation mechanisms and can be performed quickly.

The motivation for the presented study also comes as a
result of new rehabilitation devices such as haptic robots
(van de Hel et al., 2001), where this approach could enable
an on-line parameter estimation technique used for evalua-
tion purposes during rehabilitation practice. This would
provide the physiotherapist with a new tool for evaluating
the rehabilitation training progress by observing changes
in body segment parameters (particularly joint passive
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moments) on a daily basis. It is in such an application that
we see the clinical use of the presented methodology. In
developing the mathematical procedure the inspiration also
came from mechanical segment identification techniques
used on robotic manipulators (An et al., 1988; Siciliano
and Sciavicco, 1996).

The accuracy of the method can be seen from results
obtained on the mechanical arm experiment (Table 1 —
upper part). The highest error rate of 10.6% can be observed
for parameter 7, g which may appear relatively high. This
figure originates mostly from a non-ideal mechanical model
where the passive properties are not only brake produced,
but arise also from a small amount of mechanical jitter
and non-smooth point to point robot motion. These effects
were observed from the load cell readings (not shown here)
and manipulator-hand contact forces (Fig. 5 — left). Other
errors can be attributed to similar reasons and are as high
as 9.8% in /, . When observing this error we need to be well
aware of the fact that it was obtained as ’"fnk—zi:R and therefore
includes errors in parameters m,gl g and m;z. Besides, the
error in m,gly is also a consequence of error accumulation
and also involves that of m3 and 7,,. (Eq. (7)) The same fac-
tor also explains higher errors in m,/, and especially m3/;3 in
the human arm.

The human arm parameter errors were given in relation
to literature estimates (Zatsiorsky and Seluyanov, 1983),
which can not be viewed as an objective source since the
errors there are of unpredictable nature. We speculate that
the main reasons contributing to these errors are the rigid
body the axial rotation and planar model simplifications
which were made (Fig. 2). The other important error factor
are inaccuracies in the measurement of joint angles and
manipulator-hand contact forces (Fig. 5). While the former
can be explained by an inaccurate marker fixation the later
comes from a worse repeatability of human arm trajecto-
ries in comparison to the model. The errors in mi3l3 and I3
are relatively high for all three subjects, while the other
parameters show more compliance to the literature. The
reason for errors in the palm segment may be contributed
to the fact that the wrist joint motion range was relatively
small (around 1.8°). Passive moment references for the
human subject were not given since they could not be reli-
ably obtained.

It needs to be pointed out that we were well aware of the
fact that the flexion extension movement of the upper
extremity in the sagittal plane is not fully planar in reality.
Nevertheless we think the results obtained in this study
show that a planar simplification may yield results which
are realistic.

When comparing this method to studies from the litera-
ture (Zatsiorsky and Seluyanov, 1983) a relatively good
parameter comparability may be observed. Our aim in this
paper was to show that an evaluation of some BSPs with
the presented method is possible while a statistical analysis

on a larger group of individuals remains the issue of future
research. Despite the fact that the upper arm segment BSPs
were only identified in a linear combination (m;/;) all
obtained BSPs still undoubtedly represent subject specific
data with obvious literature correlation (Zatsiorsky and
Seluyanov, 1983).

By using the same method it would also be possible to
perform an identification of segment moments of inertia
as a second step of the identification procedure. In this case
we would need to take the non-velocity and acceleration
related terms obtained in this study and insert them into
Eq. (1) by not discarding any terms. The trajectory under
which the second identification step should be performed
should then not be made under “quasi-static’’ conditions.

Apart from identifying upper extremity parameters the
same methodology could also be useful on lower extremi-
ties or some other body segments.

We also believe that the proposed procedures will be of
help in providing a number of higher accuracy personalized
human locomotion system parameters in the fields of reha-
bilitation robotic systems and diagnostic procedures.
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