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Abstract. The estimation of the centre of mass position in humans is usually based on biomechanical models developed from
anthropometric tables. This method can potentially introduce errors in studies involving elderly people, since the ageing process
is typically associated with a modification of the distribution of the body mass. In this paper, an alternative technique is proposed,
and evaluated with an experimental study on 9 elderly volunteers. The technique is based on a virtual chain, identified from
experimental data and locating the subject’s centre of mass. Its configuration defines the location of the centre of mass, and is
a function of the anatomical joint angles measured on the subject. This method is a valuable investigation tool in the field of
geronto-technology, since it overcomes some of the problems encountered with other CoM estimation methods.
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Abbreviations mi mass of the ith segment of the body
M total mass of the body
CoM Centre of Mass 0; anatomical joint angles (ankle, knee, hip)
CoP Centre of Pressure ri length of the ith segment of the SESC
SESC Statically Equivalent Serial Chain R vector of the parameters r; of the SESC
T; homogeneous transform matrix between n number of degrees of freedom of the model
link i — 1 and link i and of the SESC
A; rotation matrix between link i — 1 and link { m number of static poses used for the identification
Aj aggregation of rotation matrices A; of the SESC
B aggregation of matrices A} CoM,, CoM, coordinates of the projection of the CoM on
Dt pseudo-inverse of the matrix D the ground
d; translation vector between link i — 1 and link i Fy, Fy, F; forces measured by the force platforms
¢ position of the CoM of the i link expressed My, My, M; moments measured by the force platforms
in its reference frame RMS Root Mean Square
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1. Introduction

The ability to maintain balance in upright stand-
ing is a basic requirement during daily activities. It
is a pre-requisite for independent living, but can be
challenging for elderly people due to inevitable trans-
formations associated with ageing: increase in reaction
times, deterioration of visual and sensory feedback,
and modifications of the biomechanical properties of
the muscles [9, 14, 23-25]. Poor balance capabilities
can result in falls in the elderly, possibly requiring hos-
pitalization, surgical intervention and rehabilitation.
Research has also highlighted long term psycholog-
ical consequences: the fear of falling can lead to a
deterioration of the quality of life, as the individ-
ual limits the range of activities that he or she feels
safe to autonomously perform [11, 17]. Understand-
ing the mechanisms underlying human balance, and
their modifications due to the ageing process, is of fun-
damental importance in research aimed at improving
the quality of life by increasing independence in later
life. In fact, such information could guide the devel-
opment of assistive devices, fall prevention tests and
rehabilitation procedures.

The study of balance capabilities in humans is often
conducted by considering the variation of the Cen-
tre of Pressure (CoP) or the Centre of Mass (CoM)
positions during a movement of interest [3, 18], or
in response to a chosen perturbation [12, 21]. The
CoP can be directly computed from force platform
measurements, but can only provide limited informa-
tion since its position is defined in a two dimensional
space corresponding to the the plane of the plat-
forms [16]. The CoM can be estimated from the
joint angles, measured with electrogoniometers or a
motion capture system, provided that the parameters
(i.e. the mass and CoM position) for each segment
of the body are known. Typically, this information
is obtained from anthropometric tables, notably those
published by Zatiorsky, Winter, Dempster and De Leva
[7, 8, 26, 27]. These works have been of fundamental
importance in the field of biomechanics, since they
provided data which are essential for any study of the
dynamics of human gesture. Moreover, they allowed
for the variations in the body parameters due to dif-
ferences in body-build. However, they only account
for variations within a relatively small category of
subjects (e.g. healthy young adult Caucasians as in
Zatsiorsky and Seluyanov [27]). Several authors have
highlighted this limitation, and tried to improve the

anthropometric tables to make them more realistic,
for example, for infants [19] or specific ethnic groups
[22].

The use of anthropometric tables is particularly
problematic when dealing with individuals character-
ized by an atypical distribution of the body mass; the
higher the deviation from the “nominal” distribution,
the higher the modelling error. For example, Galli et al.
proposed the introduction of corrective factors to take
into account such deviations, and applied this con-
cept in an investigation on the obese population [10].
The estimation of these corrective factors, however,
remains difficult to validate. Other authors employed
more complex (and computationally expensive) mod-
els, based on Finite Elements Modelling techniques
(e.g. the study on injury risk during pregnancy [15]).
Researchers working in the field of Functional Electri-
cal Stimulation in paraplegia faced the same difficulties
while trying to develop appropriate biomechanical
models for the paraplegic population. In fact, the
changes induced by a spinal cord injury (lack of mobil-
ity, changes in the metabolism, etc.) usually lead to
an increase in the mass of the upper part of the
body (because of fat accumulation or muscle hyper-
trophy) and a decrease of the mass lower limbs due to
atrophy.

With the goal of predicting the CoM location of an
articulated system of bodies, especially while the sys-
tem is moving, the literature contains several methods
dedicated to this task. The most common approach
is to estimate the horizontal location of the CoM by
recording the CoP, generally using data generated via
a force platform, and then using this information in
manipulations of Newtons equations. Following Shim-
bas work [20], King and Zatiorsky have proposed a
method utilizing the double integration of the horizon-
tal ground reaction forces [13]. The challenge posed
by this method is the determination of the initial con-
stants of integration, a difficult problem in light of force
platform sampling rates. Breniere et al. detail the rela-
tionship between the CoM and the CoP in the frequency
domain, but it is a relationship best suited to address-
ing periodic motions [1, 2]. These methods produce
acceptable CoM estimation error but remain restricted
to horizontal CoM estimation and constrain the subject
to stay on the force plates. These methods are conse-
quently not usable in our study where the aim is to
produce spatial estimation of the centre of mass.

In previous studies [5, 6] a new method, produc-
ing a spatial estimation of the CoM for humanoid
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robots and humans, was presented and validated. The
method, based on the concept of the Statically Equiv-
alent Serial Chain, or SESC, requires the acquisition
of force platform data and joint angles during an ini-
tial set-up phase, in which the subject under study
is asked to maintain a certain number of static pos-
tures. The data collected during this phase are used
to find the parameters of the SESC which defines the
position of the CoM. Once the SESC is defined,
the position of the CoM only depends on the con-
figuration of the SESC, which is a function of the
joint angles measured on the human subject. This
means that the position of the CoM can be esti-
mated from the measured values of the joint angles,
but without incurring in the potential limitations of a
biomechanical model developed using anthropometric
tables.

The advantages offered by the new technique make
it particularly suited for studies aimed at improving the
quality of life for elderly people for two main reasons.
The first is related to the changes in the body-build due
to ageing, as elderly and young subjects differ both
in the body mass index (BMI) and the mass distri-
bution. Hence, any method relying on anthropometric
tables will introduce unknown errors in the estimation
of the CoM position, which are likely not to be negli-
gible. The second reason is that the method proposed
here only requires the measurement of joint angles
to provide a single, compact variable (the CoM posi-
tion) suitable for a study on balance capabilities. Such
measurements can be obtained from a motion cap-
ture system, but also from portable, minimally invasive
devices such as electrogoniometers and gyroscopes.
The only other information required consist in the mea-
surement of the ground reaction forces and moments,
but these readings are only necessary for the initial
set-up phase. Therefore, this method will allow inves-
tigations considering experimental data collected in
a home environment, and during activities of daily
living.

This paper is structured as follows: firstly, a review
of the SESC modeling technique and its experimental
identification is presented considering a general three
dimensional case. Subsequently, the method is applied
to the elderly population: a simplified model, appro-
priate for the specific study considered, is described
Finally, the estimated of the CoM are discussed in the
light of a comparison with the results which would be
obtained if a method based on anthropometric tables
were to be used.

2. Estimation process

This section contains a review of the notations,
equations, and previous results that will prove useful
to a discussion about the estimation of the centre of
mass of a human subject.

2.1. Statically equivalent serial chain modelling

A simple example will be used to show how a
mechanical system with a tree or chain structure can be
transformed into an equivalent serial chain, locating its
centre of mass. The same concepts will be applied in
section 3, to transform the anthropometric structure of
an elderly subject to a serial chain locating the subject’s
centre of mass, see Fig. 1.

2.1.1. Kinematic and static parameters
The systems under study are assumed to be com-
posed of rigid bodies, called links, connected by
revolute or spherical joints. As such, each link is fully
described by its geometric and mass properties. Thus,
for each link, the mass and the location of the centre
of mass are known, as are the locations of all joints.
Homogeneous transforms, denoted T, are used to
relate the reference frames attached to any two bodies
in the system,
A; d;
T; = { o ] (1)

where Aj; is a 3-by-3 rotation matrix, d; is a 3-by-1
displacement vector, and the 0 represents a /-by-3 vec-
tor of zeros. A 3-by-1 vector ¢; is used to locate the
CoM of an individual body in the local reference frame
attached to body i, or relative to T}. Finally, the mass
of body i is given by m; where the total mass of the
system is M = > m;.

2.1.2. SESC modelling

A brief review of the main steps in the development
of the statically equivalent serial chain of the exam-
ple chain depicted in Fig. 2(a) is now presented. The
centre of mass of any multi-link chain, CoM, with a
serial or a branched chain structure, can be expressed
as the end-effector of a SESC. Figure 2(b) illustrates
this point for the branched chain depicted in Fig. 2(a).
The process begins with the definition of the centre of
mass of a collection of bodies, or the weighted sum of
each body’s centre of mass location, Equation (2).
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Fig. 1. These pictures illustrate the transformation process going from the subject (a) to her kinematic model (b) and finally her SESC
(c) locating her CoM.

T,

o\
\
«m,
®

(a) Tree Chain (b) SESC

Fig. 2. (a) represents a four degree of freedom tree chain and (b) represents the statically equivalent serial chain locating the CoM of the original
chain (a).
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Expanding,
ry = (micy + mady + (m3 + my)ds) /M

r3 = (mac2) /M @
CoM =dy+ A1ry + A1Aors + A1A3sry ry = (m3cs + mady) /M

+A1A3A4rs (3) rs = (macq) /M



S. Cotton et al. / Estimation of the centre of mass from motion capture and force plate recordings 71

Observe that with a complete knowledge of the kine-
matic and static parameters of the system, the r; vectors
in Equation (4) are known. Moreover, for a system con-
nected by only revolute and spherical joints, the d; are
constant and, thus, the r; are too. Letting A% = Aq,
A5 =A1A5, A5 =A1A3, and A} = A1A3A,,
the similarity between the expression in Equation (5)
and the forward kinematics of the serial chain depicted
in Fig. 2(b) is noted,

CoM =dq + Airz + A§r3 + A§I‘4 + AZ"S 5)

The result is that the CoM location of the origi-
nal branched chain is modelled by the end-effector
location of an appropriately sized spatial serial-chain,
maintaining the same DOF as the original branched
chain.

For the purposes of estimating the centre of mass
location, Equation (3) is manipulated in yet another
way,

dy

r2
CoM=[I A% A% A} Ail{r ©6)

r4

rs

where I is the 3-by-3 identity matrix. This concept
can be applied to any multi-link chain. If the multi-
link chain contains only revolute and spherical joints,
the vector composed from the concatenation of the r;
vectors is a constant. Thus, Equation (6) can be written
in the form:

dq

r

CoM =[1 A% ... A%] =BR (1)

Tn+1

where n is the degrees of freedom of the original
chain, the vector R is constant, and the matrix B is
3-by-3(n+1) for the spatial case.

2.2. Statically equivalent serial chain estimation

Assuming that the mechanical parameters of the sys-
tem under study are partially or totally unknown (as in
the case of a human subject), the SESC parameters
(r; vectors) are also unknown. However, they can be
estimated from multiple recordings of the system in
different configurations. Consequently, the CoM can
be estimated.

2.2.1. Constructing the SESC from CoM data

For simplicity, assume that the fixed frame of the
system is aligned with the first joint, or d; = 0, and
Equation (7) simplifies to:

r

CoM =[A% ... AL] —=BR (8)

Tn+1

For this case, the matrix B is 3-by-3n. For a given
configuration of the body, configuration i, the position
of the CoM can be expressed as CoM; = B;R. Hence,
for m configurations of the body, with m >n

CoM; B
: = - | R=DR. ©)

CoM,, Bm
The matrix D is 3m-by-3n. Even though D is not full
rank, the vector containing the center of mass locations
is in its range space, and there exists a solution for R or,
to be more precise, many solutions for R. One of these

solutions may be determined using the pseudo-inverse,
and determines the parameters of a SESC.

CoM;
R=D" : (10)
CoM,,

Given R, Equation (8) could then be used to deter-
mine the CoM for any other configuration of the body.
The non uniqueness of the SESC is due to the fact that
several choices of kinematic parameters yield serial

chain manipulators capable of producing the same end-
effectors location.

2.2.2. Onstructing the SESC from partial CoM data

The problem with the procedure previously des-
cribed is that the general CoM is not readily known.
However, it is possible to determine the vector R if
some information on the position of the CoM is avail-
able; for example if the coordinates of its projection
on the ground are known. Consider the known com-
ponents to be in the x and y directions, i.e. horizontal
directions (where there is no indication of the z com-
ponents of the CoM, i.e. vertical component). Ignoring
the unknown component, Equation (8) becomes

r2
CoMy | _ [Af,Aix]) T U _[Bx]p
CoMy [ — | A7, ALy (| By
: , rs
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where the matrices Bx and By, are /-by-3n. For 3m
known CoM components corresponding to 3m differ-
ent postures, Equation (12) is obtained.

CoM,
COM1’y Bﬂi’x
= R =DR (12)
CoM3y, x gm,y
COM3m’y
Finally,
COMLX
CoM, y
R=DT" : (13)
CoM3, x
CoMs3,

Again, given R, Equation (8) determines the CoM
for any other configuration of the body. The collection
of 3n pieces of data, in theory, is enough for the pro-
cedure to work. Due to the vagaries of the actual data
collection in practice, many more such readings are
needed (m > n). Additionally, with planar systems, the
multiplier of 3 in the above equations is replaced by 2.
That is, in Equation (11) and (12), Bx is /-by-2n, and
D is 2m-by-2n. Intriguingly, this matrix in the planar
case is full rank. Again, due to vagaries in the col-
lection of data, many more points are used and the
pseudo-inverse remains a necessity.

2.3. Data collection

Two sources of information, over different static
postures, are required to produce an estimation of the
SESC of the subject. The first one is the collection of
the joint values of the subject and the second one is the
collection of the horizontal components of the subject’s
centre of mass. As this work is devoted to care-needed
and more especially elderly people, a priority was to
use common devices, easy to use but, more impor-
tantly, not invasive for the subject. To this aim, joint
values were collected through motion capture equip-
ment while centre of mass components were collected
with force plates.

2.3.1. Joint values

Although several types of equipment are available to
compute the joint values of a subject, a motion capture
system seems one of the best suited to record joint val-
ues. In fact, human joints are complex. They are not

only revolute but often spherical joints, and in some
cases a translation is also associated with their move-
ment. Consequently itis difficult to find equipment able
to render accurately the complex rotation of a joint.
Thus, we opt for a system capable of analysing the envi-
ronment of the joint, rather than measuring directly the
rotation value. A motion capture system does not mea-
sure directly the value of the joint rotation (as would be
the case if an electrogoniometer were used) but tracks
the position of reflective markers in the space. Knowing
the instantaneous position of these markers, attached
to the skin of the subject under study, the value of
the joint angles can be computed. Figure 3(a) shows
a typical subject equipped with markers for a motion
capture session. For example, to measure the elbow
angle, the two segments used will be the upper arm
and the forearm. The motion capture system used for
the experiment conducted in this paper is depicted in
Fig. 3(b).

2.3.2. CoM horizontal components

In subsection 2.2.2, it has been shown that the cen-
tre of mass of a subject can be estimated even if its
position is partially known (two of the three compo-
nents are available). This knowledge can be obtained
using force plates to measure the forces (Fy, Fy, F;) and
moments (M, My, M;) exerted by the subject on the
ground. Such information allows the computation of
the Centre of Pressure (CoP) position, using Equation
(14):

COPfP — _(M)";f:x*zo) + XO
(14)
FP __ (Mx‘i’Fy*ZO)
COPy = T =+ Y()

where X, Yo and Z are the force plate offsets. The
CoP given by Equation (14) is expressed in the force
plate reference frame (Co Pf P ), and hence a translation
is necessary to express it in the reference frame of the
subject (i.e. the frame used to express the position of
the CoM). The concept is illustrated by Fig. 4, which
shows the two reference frames.

In perfectly static conditions, the projection of the
CoM corresponds to the CoP, but this is never achieved
in practice due to the postural sway typical of human
standing. However, when a subject is asked to main-
tain a chosen posture, the amplitude and frequency of
the postural sway are very low, and so is the accel-
eration of the body. As a result, the forces induced
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(a) Markers placement

Force
Plates

S

(b) Devices for the CoM Estimation

e

Fig. 3. Experimental environment: (a) Marker locations on the subject. (b) Motion capture and force plate devices used to estimate

the CoM.

Fig. 4. Difference between force plate and subject reference frames.

by the dynamic of the movement are negligible when
compared to those induced by gravity; hence, the
CoM projection on the ground is quasi equal to the
CoP.

Consequently, the centre of mass horizontal com-
ponents (CoM, y) are given by Equation (15), where
(Xs, Ys) are the coordinates of the subject reference
frame in the force plate frame.

CoM, ~ CoPS = CoPIP — X,
(15)
CoMy ~ CoP§ = CoP[" — ¥,

2.3.3. Static period tracking

During the practical experimentations, the partici-
pating volunteers were asked to maintain a few chosen
poses (described later, in section 3.4.), for five seconds
each. This ensured that the CoP position computed
from the force plate signals was quasi-equal to the CoM
projection on the ground, under the assumption that
the subject was indeed maintaining a static posture.
In order to verify this assumption, the CoP position
computed from the recordings for each pose was anal-
ysed to identify the time window with the minimal
standard deviation (a time window of 500 ms was con-
sidered, see Fig. 5). The posture was deemed static
if the standard deviation of the CoP position was less
than 1 mm. Finally, on this segment of time, the mean
of the joint values and the mean of the centre of pres-
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Fig. 5. Static period tracking. (a) CoP position recorded while the subject is maintaining a static position. (b) Enlarged signal view: the red box
indicates the period considered for the SESC identification.

sure were realized. This process was repeated for each
static pose.

3. CoM estimation of elderly people

3.1. Study objectives

The present study considered the estimation of the
centre of mass on the sagittal plane. The human body
is appropriately modelled on this plane with an open
kinematic chain with three rotational links correspond-
ing to the ankle, knee and hip. After applying the
estimation process presented in the previous section, a
minimal set of required postures, allowing an accurate
estimation of the CoM, is presented. Estimation results
are finally compared to the classical CoM calculation
using anthropometric tables.

3.2. Experimental activities

Experimental tests were conducted on 2 youngs
(under 35 years of age) and 9 elderly (over 65 years of

age) volunteers. The characteristics of each subject are
reported in Table 1. After being briefed on the test pro-
cedures and the goals of the study, the subjects signed
a consent form to confirm that they had freely agreed
to participate.

Table 1
Data collected for a subject on six static poses

Age Gender  Weight  Height BMI
(years)  Gender (Kg) (m) (Kg/m?)

Subject 1 71 F 68.66 1.59 27.16
Subject 2 70 F 58.87 1.50 26.16
Subject 3 75 M 69.91 1.75 22.83
Subject 4 84 F 74.34 1.54 31.35
Subject 5 68 M 71.41 1.54 30.11
Subject 6 34 F 55.53 1.49 25.01
Subject 7 75 M 80.76 1.61 31.16
Subject 8 78 F 62.34 1.57 25.29
Subject 9 66 F 69.41 1.54 29.27
Subject 10 75 M 56.77 1.54 23.94
Subject 11 23 M 80.00 1.84 23.62
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Each volunteer was asked to maintain each of the
6 static poses represented in Fig. 7 for five seconds.
A motion capture system was used to record the move-
ment of the body, and two force plates (one under each
foot) were used to measure the moments and the forces
exerted on the ground.

The motion capture system (Hawk Digital, Motion
Analysis Inc.) recorded the position, in 3D space, of
30 passive reflective markers attached to the skin of
the subject with double sided, medical grade tape. The
high number of markers was required by another inves-
tigation on the sit-to-stand movement. However, only
a subset of markers was used in this study, where a
simplified planar model was considered. The markers
considered were those placed on the heels, the malle-
oli, the first metatarsal heads, the tibial plates, the great
throchanters and the acromions. Their position was
acquired at a frequency of 200 Hz, and low-pass filtered
at SHz via software (Evart v 5.04, Motion Analy-
sis Inc.). The analog outputs of the force platforms

CoM, 0 sin(0;) sin(6; + 62)
T |1 cos(B1) cosB; +6)

CoM,

(AMTI BP400600-1000) were amplified (using two
AMTI MiniAmp MSA-6 amplifiers) and converted
using an A/D converter (National Instruments USB-
6218), which also ensured synchronization with the
motion capture system. These signals (3 forces and
3 moments for each force plate) were sampled at
2kHz, and low-pass filtered at 40Hz with a 21d order
Butterworth filter implemented in Matlab (The Math-
works). Data were recorded not only while the subject
maintained the static poses, but also during the tran-
sitions between each pose and the following one.
This effectively produced two sets of data: one was
used for the identification of the SESC (data recorded
during the static poses), and the other was used for
the comparison of the technique with a “traditional”

CoM, | _ | sin(01) sin(61 + 62)
| cos(91) cos(B; + 6)

CoM,

method for CoM tracking (data recorded during tran-
sitions).

3.3. Three degrees of freedom model

Generally, elderly people cannot perform difficult
static poses (on one foot for example) and often their
motions amplitude is limited. Consequently they have
a poor range of available static poses. To this aim a
simple model should be used. As one of the long term
goals of the experiment conducted on these elderly
subjects is to study their sit-to-stand motions, an esti-
mation of the variation of the centre of mass in the
sagittal plane seemed the most appropriate. With these
constraints, three joints have been selected to describe
the subject motion: ankle, knee and hip. Figure 6 shows
the recorded joint values and the associated kinematic
model.

The first step in the estimation process described in
section 2 consist in expressing the CoM of this three
degrees of freedom model as if the mechanical parame-
ters were all perfectly known. The CoM position given
by the SESC model is:

sin(01 + 6 + 63) r

16
cos(601 + 62 4 63) r3 (16)
r4
where
ry =do(my +my +m3) /M +mo/M =~ dy
= (micy +di(my+m M
2 = (m1cy +di(ma 3)/ (17)

r3 = (macy + dodams) /M
r4 = (m3c3) /M

Note here that, as reported in Table 5, the mass of
the feet counts only for 2.9% of the total mass of the
body, and therefore can be considered negligible. As
a result, 1 can be considered equal to dy. As dp, the
height of the ankles, is defined by the markers on the
malleoli, the complexity of the system can be reduced
and, consquently, the number of required postures for
the identification can also be reduced. Equation (16)
becomes:

sin(61 + 62 + 63) 2 0
cos(6; ~|—92~|—93)] {r3 } + {do} (18)

r4

For the purpose of estimation, Equation (18) is
manipulated according to section 2.2.2

r
CoM, = [sin(01) sin(0; +62) sin(61 + 0, + 63)] { r3 } (19)

r4
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RS x Force Plate

Fig. 6. Kinematic model of the subject used to produce the estimation of its CoM.

With the data collected on the six postures,

CoM
CoMg
Finally,
CoM,
R=D" 21
COM6,x

Given R, Equation (18) determines the CoM for any
other configuration of the subject.

3.4. Required postures

Theoretically, with the subject’s mechanical param-
eters unknown, three different static postures (three
unknowns remain in Equation (18)) are sufficient to
estimate his/her centre of mass location. However
due to the vagaries of the data collection more static
postures are needed. To ensure an accurate estima-
tion, six different postures were selected, see Fig. 7.

sin(0)) sin(0] +60)) sin(0] + 61 + 61)

r
: {r3 } =DR (20)
sin(0%)  sin(0® +6%)  sin(6$ +65 +65)1 ‘74

The first is a normal standing posture, with the upper
limbs placed alongside the trunk (the same upper body
posture is maintained in all the 6 positions). The second
posture consists in a backwards extension of the trunk,
with the lower limbs perpendicular to the ground. The
third is a plantar dorsiflexion, resulting in a forward
lean of the whole body, with all the joints (except for the
ankle) fixed at the same angle adopted during standing.
The fourth is a knee flexion, with the trunk perpen-
dicular to the ground, and the fifth is a forward trunk
flexion, maintaining the lower limbs as in the standing
position. Finally, the sixth posture is obtained through
a concomitant flexion of the knees and forward flex-
ion of the trunk. These postures were selected taking
into account the poor range of available static poses of
elderly people and using the sensitivity analysis of the
estimation process presented in [5].
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Fig. 7. Six static poses required to identify the SESC locating the subject’s CoM.
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3.5. Experimental results

The SESC of each subject was estimated from the
data collected on the six static poses. Only the hori-
zontal component of the centre of mass can be read
from force plates. Table 2 gives an example of the
data collected for a subject, which were used to esti-
mate its statically equivalent serial chain. Table 3 gives
the segment length of the estimated SESC of each
subject.

3.6. Validation of the estimation process

As described in previous publications [5, 6], the
CoM estimation technique based on a SESC was
validated on a HOAP3 humanoid robot. This was a
particularly appropriate platform for the estimation
validation, because the mechanical parameters of the
robot and thus its CoM location are exactly known
(from manufacturer data). Clearly, in the case of an
application to human beings as the one presented in
this paper, such a direct comparison of estimated and
real CoM positions is not possible. However we can
compare the estimated CoM horizontal components to
the CoP in static cases and to other estimation tech-
niques in non static cases. The vertical component will

Table 2
Data collected for a subject on six static poses
Pose Ankle Knee Hip CoP (mm)
1 2.1651 -3.0141 13.6797 52.1
2 2.3168 39114 15.8258 110.5
3 -8.4628 5.1964 45.1664 51.8
4 3.5903 -5.4899 4.6462 29.2
5 40.8426 —67.7563 39.4578 104.3
6 28.8505 -57.4122 70.5949 107.6
Table 3
Segment length of the estimated SESC of each subject

Subject do(cm) ra(cm) r3 (cm) r4 (cm)
1 7.7 38.4 29.0 15.6
2 6.9 41.5 46.4 17.7
3 7.5 43.8 34.8 20.3
4 7.0 42.2 39.1 19.5
5 6.1 32.6 33.3 17.2
6 6.3 35.8 314 18.1
7 7.9 30.0 26.7 20.2
8 6.3 35.5 33.8 16.1
9 7.1 31.8 28.3 14.7
10 7.1 23.8 25.2 14.2
11 7.5 53.4 434 17.6

be compared to results obtained from anthropometrice
tables (Winter, Table 5).

3.6.1. Validation of the estimation of the CoM
horizontal components

In order to test if the CoM estimation performed in
this study was acceptable, the projection on the ground
of the estimated CoM (with anthropometric tables and
with the method presented here) were compared with
the CoP obtained from the force platforms on new static
poses. Figure 8 illustrates typical estimation results.
CoP and CoM estimated with SESC method always
coincide while anthropometric tables introduce a large
error in the CoM estimation.

The CoM estimation was also validated and com-
pared to other well-known estimation techniques
during an oscillating motion with a frequency of 0.4 Hz
in the sagittal plane. As indicated in the introduction,
two methods are able to estimate accurately the CoM
horizontal component of a subject during a motion.
These methods are the Low Pass Filter (LPF) [2] and
the Second Integral (SI) [13]. However these methods
are restricted to horizontal CoM estimation and con-
strain the subject to stay on the force plates (Subject is
not free to move like with the CoM estimation based on
the SESC). Figure 9 shows typical estimation results
during the oscillating motion. One more times, CoM
estimation based on SESC, LPF and SI, gives sim-
ilar results while anthropometric tables introduce an
estimation error.

To check the validity of the CoM estimation on all
the subjects, the distance between the real CoP com-
puted from the platforms and the projection of the CoM
estimated from the joint angles was considered as an
index of acceptability for the estimation. Such a dis-
tance was computed for each of the subjects and for
each of the new static positions. Table 4 shows the
Root Mean Square (RMS) of the difference between
CoP and CoM (computed over 6 new static postures).

Consequently, with such RMS, the estimation pro-
cess is able to locate accurately the centre of mass in
static cases for all the subjects.

Table 4
RMS of the difference between the projection of the estimated CoM
on the ground and the CoP computed from the force platforms, on
siX new static poses
Subject 1 2 3 4 5 6 7 8 9 10 11

RMS (mm) 0.79 1.2 1.6 29 59 23 33 1.8 3.0 52 0.6
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Fig. 8. CoP vs two methods to estimate the CoM on twenty static poses. Only CoM estimation method based on SESC gives accurate results.
CoM estimation based on anthropometric tables (Winter, Table 5) introduce large errors.
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Fig. 9. CoM estimation during an oscillating motion. LPF = Estimation based on Low Pass Filter method. CV = Estimation based on SESC
method. TA = Estimation based on anthropometric tables. SI = Estimation based on Second Integral method.

3.6.2. CoM estimation using anthropometric Table 5
tables vs the SESC method Mechanical parameters for the classical CoM calculation
The only other estimation technique available for Segment  Segment  Segment  CoM/Segment
providing horizontal and vertical centre of mass loca- Weight Length Length
. . . . a
tions is the classical formulation of the centre of mass Foot 0.0145M 0.039H 0.5
. Leg? 0.0465M 0.246 H 0.567
based on t.he knowledge O.f the mechanlc.;al parameters Thigh? 0.100M 0.245H 0.567
of the subject. The estimation presented in this paper is HAT® 0.678 M 0.470H 0.374
now compared to the classical centre of mass calcula- aTheir weight is counted twice.

tion, the latter using anthropometric tables to determine Head, Arms and Trunk.
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a subject’s mechanical parameters. The anthropomet-
ric tables selected were those from [26] which are
largely used in biomechanical studies.

The CoM position is estimated with the two methods
foreach of the 11 subjects who participated in the study,
during a dynamic movement consisting of the contin-
uous transition from one of the static poses required
by the identification process to the following one. Fig-
ures 10-12 show typical results for elderly and young
subjects. For each subject, three plots are reported: the
CoM estimation on the horizontal axis with the two
methods (Fig. 10(a) and (b)), the CoM estimation on
the vertical axis (Fig. (¢) and (d)) and the RMS of the
difference bewteen the two methods (in this case com-
puted in each instant of time), for the two axes (Figure
(e) and (f)). The three plots consider the whole duration
of the dynamic movement. The difference between the
two estimations was computed over the whole dura-
tion of the dynamic movement, in the horizontal and
in the vertical direction. Subsequently, the Root Mean
Square (RMS) and the standard deviation of each dif-
ference were computed. The values for each subject
are shown in Figs 11 and 12.

4. Discussion

The error in the estimation of the CoP using the
SESC method was found to be comparable to that
obtained in previous study where the same technique
was employed [6]. The RMS of the difference, reported
in Table 4, ranges from a value of 0.79 mm (subject 1)
to 5.9 mm (subject 5). All these values are in an accept-
able range; the subject to subject variation may be due
to measurement errors. It is important to note that the
algorithm for the identification of the SESC uses as
inputs the joint angles and the CoP position obtained
from platform data. These are used to estimate the CoM
position, and its projection on the surface of the force
plates is compared to the CoP position used as input.
Therefore, the process is insensitive to any error in the
measurement taken with the force plates, and the only
source of the error reported in Table 4 is the measure-
ment of the joint angles, which were obtained from the
3D markers positions acquired with the motion capture
system. The error associated with the marker position
depends partly on the motion capture system (this part
of error is the same for all the subjects), and partly
on factors which are subject-specific: positioning of
the markers, soft tissue motion artifacts, physiologi-

cal variations in the position of the reference points
(malleoli, femoral epycondyle, etc.).

The validity of the estimation given by the SESC
could potentially depend on the ability of the subject
to maintain the 6 poses required by the identification
procedure. In particular, such poses should be static,
and characterized by joint angles which are well dif-
ferentiated among the poses, so that no pose is too
similar to another. This could be a potential problem for
elderly people, due to a restricted range of motion and
increased difficultly in maintaining static equilibrium
and prolonged isometric muscle contractions. Inter-
estingly, the results reported in Table 4 do not show
a dependency of the performance of the SESC based
method from the age of the subject. In fact, the RMS
of the error for the young subject (subject 6) was not
lower than those found for the elderly subjects. This
shows that the method can be used with success even
in a study on the elderly population, despite the lim-
itations on the range of static postures which can be
safely employed.

The comparison of the CoM estimation conducted
with the proposed SESC based method and a clas-
sical method based on anthropometric tables reveals
an interesting result which is not specific to a study
on elderly people. In fact, the use of anthropomet-
ric Tables produces an error in the CoM estimation
which is higher in the vertical direction than in the
horizontal direction (in some cases the difference is as
high as an order of magnitude, see Figs 11 and 12).
Such a result should be taken into consideration in any
study involving CoM estimation using anthropomet-
ric tables. Therefore, it may be of interest for a wider
scientific audience, and not only for researchers in the
field of gerontology.

The results of the comparison also show that the
method based on anthropometric Tables introduces an
error in the CoM estimation which is not homogeneous
across the different subjects.

In the light of the results of previous studies [5, 6],
the CoM estimation obtained with the SESC method
can be considered as a reference in the comparison with
an estimation based on anthropometric tables. There-
fore, estimation errors between the two methods can
be interpreted as a measure of the discrepancy between
the body mass distribution predicted by the tables and
the real mass distribution for the specific subject. The
data presented in this paper show that, at least for the
sample of elderly subjects considered in the study (see
Fig. 12), there was a high variability of the estima-
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tion error. This is in line with the observations of other which are not homogeneous across individuals. This
authors [4], suggesting that the changes due to ageing result in a higher variability on body proportions of the
produce modifications in the body mass distribution elderly, making the use of anthropometric tables par-
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ticularly problematic in biomechanical studies on the
elderly.

Not only are the current anthropometric tables inap-
propriate, but they would be difficult to modify to ac-
curately describe such an heterogeneous population.
Therefore, the estimation of the CoM position based
on a SESC is particularly advantageous in biome-
chanical studies in the field of gerontology. Finally,
it is interesting to note that the variation of the error
between subjects is not linked to the accuracy of the
SESC method evaluated alone (Table 4): the subjects
for whom the SESC gives better results (low value in
Table 4) are not those for whom the CoM estimation
error between the two methods is higher (higher value
inFig. 12. This means that the values reported in Fig. 11
and 12) are not introduced by the SESC based method.

The typical plots of CoM estimation with the two dif-
ferent methods reported in Fig. 10 support the findings
described above. In particular, the higher error intro-
duced in the CoM estimation in the vertical direction
is evident from the plots of the RMS of the errors bet-
ween the two methods in the two directions (Fig. 10(e)

and (f)).
5. Conclusions

In this paper, a novel technique for the estimation of
the CoM in human subjects has been applied to a study
on an elderly population. The technique, based on the
identification of a statically equivalent serial chain, or
SESC, allows the estimation of the centre of mass of
a subject, from joint angle values, without resorting
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to anthropometric tables. The method proposed relies
on an identification process, to be conducted at the
beginning of a test, which requires the measurement
of joint angles and forces exerted on the ground during
6 static poses.

The SESC based method offer several advantages
over other methodologies for the estimation of the CoM
in human subjects. Considering the estimation of the
CoM projection on the ground, the SESC method gives
results which are comparable to those obtained using
other validated methods, such as LPF and SI. How-
ever, these have some important limitations, which are
overcome by the SESC approach. Firstly, the SESC
method is suitable for a use in real time, and for move-
ments which are not necessarily periodic. Secondly,
and more importantly for the scope of this study, it
can be used in test situations requiring the subject to
change his or her location in the space. Since LPF and
SI are based on force plate measurements, they cannot
be used for an estimation of the CoM projection during
a displacement. An alternative solution in such a case
would be to rely on an estimation based on anthropo-
metric tables and on the measurent of the joint angles,
but this method is characterized by a higher estima-
tion error (as reported in previous publications by our
group, and summarized in this paper).

The use of anthropometric tables is also the only
known alternative to the SESC method when an esti-
mation of the CoM position in the space (and not only
its projection on the ground) is required. However,
the SESC allows for a real subject-specific estimation,
hence not relying on the hypothesis that the subject
under study has the same body proportions and mass
distribution as those indicated in the tables. The effec-
tiveness in the SESC method for the 3D estimation of
the CoM position can be shown on a humanoid robot,
for which the CoM position can be precisely computed;
in the case of human beings, such validation is not pos-
sible, since the CoM position is unknown. However, the
comparison between the method based on the SESC
and the method based on anthropometric tables for the
2 dimensional case (i.e. projection on the ground) has
shown the higher precision of the former. Since the
error in the two dimensional estimation is inevitably
propagated to the spatial case, the SESC will allow for
a more precise 3D estimation as well.

This study presents the first application to the
elderly population, and provides two important, prac-
tical results. Firstly, it was found that the technique
can be successfully employed on the population con-

sidered. This is not a trivial conclusion, since only a
practical experimentation could show that the SESC
identification process was suitable for elderly subjects.
In fact, it was initially hypothesized that elderly people
would find it difficult to maintain the static postures
required by the identification, due to the restricted
range of motion and the decreased ability to maintain
equilibrium. Secondly, the study showed that the tradi-
tional method for the estimation of the CoM based on
anthropometric tables introduces an error which char-
acterized by a high subject-to-subject variability. This
suggest that anthropometric tables cannot provide an
accurate estimation of the parameters of a biomechan-
ical model for elderly people. Hence, not only ageing
induces a modification of the distribution of the body
masses with respect to younger age, but also a higher
variability of such a distribution between subjects.

Therefore, studies on the control of the CoM in later
life will particularly benefit from a method character-
ized by a subject-specific model identification which
does not take as inputs only the height and weight
(which is the case of anthropometric tables).

The work presented in this paper can be considered
as a basis for further investigation on the study of the
CoM in elderly people. The use of a SESC method
allows a more accurate estimation of the CoM posi-
tion, and only requires the measurement of the joint
angles of interest. Such a measurement can be obtained
with a motion capture system, as in the case presented
here. However, it can also be obtained with a sys-
tem based on electrogoniometers or gyroscopes. These
devices are minimally invasive for the subject, and rel-
atively easy to use for the researcher. This means that
the SESC method allows an accurate tracking of the
CoM position to be obtained during daily activities, and
not necessarily in a closed environment. Therefore, the
proposed technique opens new possibilities for further
investigations on the CoM control in elderly people, in
the typical environments encountered in everyday life.
Further knowledge in the field could be of interest, for
example, for researchers working on falls prevention.
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