Estimation of Whole Body Moment of Inertia
Using Self-imposed Oscillations
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Abstract— Able-bodied segment moment of inertia (MOI) can b
determined from anthropometric tables and different models.
These methods cannot be used for special populatiossich as
obese subjects, elderly individuals, etc. The objgees of this
study are to estimate the personalized in vivo mome of inertia

of the whole body using three-dimensional (3-D) irerse dynamic
and angular momentum approaches and compare theirasults to
five other methods (Hanavan'’s model, photogrammetry two
anthropometric tables, and inverse pendulum) testedn seven
individuals. With respect to the modified Zatsiorsky method, the
inverse dynamic approach values were within 3.7% ofthose
along the all principal axes while the other four nethods were off
by 3.4%. The angular momentum method values were wiin

2.0% of the modified Zatsiorsky method for all three axes of
rotation. It appears that the proposed methods codl be applied
to estimate the personalized in vivo moment of inéa of people
with different body morphology.
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I.  INTRODUCTION

Body segment moment of inertia values are irequto
estimate the joint muscle moments during clinicadleations,
sport activities, ergonomic tasks, etc. to identifg underlying
mechanical determinants that facilitate or compsami
mobility. Most often these values are estimatedmfro
anthropometric tables obtained from cadaver pojmnst
They do not represent accurately the majority efabolescent
population or the non-abled individuals. Data frafmldren
could not be used to estimate those in a developpigal
deformity.

The segments MOI can be determined by varioois-
clinical techniques. The pendulum technique (directd
inverted) has been used to calculate the momeirteofia in
cadavers and applied by Breniére [2]. This metleaplired the
calculation of a constant that included the mdsesnioment of
inertia of the whole body and the distance of tl@\Cto the
ground. Though the moments of inertia can be catedlin the
antero-posterior and transverse axes, the modsl| mmepermit
its estimation along the vertical axis. A more coefmgnsive
clinical method to estimate the personalized 3-3smaoment
of inertia is needed. Moiré techniques and othdeeibased
surface topography methods are used for measurody b
surfaces as well as the changes when subjectesfdontation,

stress, etc. These are particularly suited for baokface
measurements, especially for spinal deformity. They
meanwhile provide only a rough estimate of the mutrrodf
inertia of the trunk because of the uncertainty the
physiological parameters (density values for bomeascles
and other soft tissues). Other methods such competeaxial
tomography are relatively accurate to estimatentioenent of
inertia but can not be considered since they as#ycdime-
consuming and invasive for a regular clinical fattap.

The objectives of this study were to estimdte
personalized in vivo moment of inertia of the whdledy
using three-dimensional (3-D) inverse dynamic anduar
momentum approaches and compare their resultsdgcother
methods (Hanavan’s model [5], photogrammetry [&}o t
anthropometric tables [3], [4], inverse pendul®#]) fested in
seven individuals. Fig.1 shows the three-dimensionerted
pendulum model [1].
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Figure 1. Inverse pendulum representation ofX@ of the human body
oscillating about a point lying midway between #mkles (Barbier, 2003)



II. THREE-DIMENSIONAL INVERTED PENDULUM

MODEL OFTHE COM

The proposed method consists of tracking besyments
during self-imposed rotations about the ankles ®ams of a
high resolution video-based system of six camenakfarce-
plate data. Two analytical avenues are to be egglorhe first
one deals with equations of motion and calls f8r inverse
dynamic model to described the self-imposed osicta of
an inverse pendulum. The second avenue applies3ibe
angular momentum equations to the body segmeritaatstl
from video data and the angular impulse calculdtech the
force-plate data.

Our 3-D inverse dynamic pendulum model wasdue
estimate the trajectory of the COM (Barbier et 2D03). In
this paper we have shown that the body moves agdabrody

during both quiet standing posture and seIf-imposeQ’|

oscillations. Using this model, it is possible tstimate the
moment of inertia of the body (excluding the feat)en the
subject oscillates about the ankles. Normally, thascle
moments and the joint reaction forces are normalig
unknown values in an inverse dynamic calculationt By
substitution, the muscle moments can be eliminaaed
another parameter can be chosen as an unknowmaheent
of inertia in this case. These are articulated aintpC
representing the center of rotation at the ankellshown in
Fig. 1. It is located at the midpoint between tive malleoli.
The position of point C in the summation of momedugs not
affect the COM excursion since the moment transfians will
be taken in the summation of moments of the COMhef
body less the feet. Consequently, setting the obigitween the
ankles does not exclude conditions involving indiddls who
usually do not stand with 50% of their weight orcledoot.
Euler's equation of motion is applied to the fiXedt segment
to estimate the ankle moment at point C

Cott * Mg+ My =0 (1)
whereCp.yr, Mggn, andM,; are the ankle muscle moments,
reaction force moments, and weight of the feet mume
respectively. By rearranging (1), the ankle musolements
can be expressed as

Cootit =-Mpgi - M )

Afterwards, body moments except feet are takeheatihkle.

Cipt +Myrs =1 a 3)
whereM 4, | and a are weight body less the feet moment,
moment of inertia tensor, and angular acceleratfcthe body
less the feet, respectively. SinCgy = - Cyp.s and combining
the above equations the unknown muscle moment
eliminated.

Megn + My + M s =1 a

(4)

In (4), all the parameters are known exdefithe reaction
forces are obtained from force-plate data; the wteaf the
feet is determined form the weight of the body gsin
conventional anthropometric tables; body weighbli¢ained
by weighing and the lever arms are given by marlerated
on the feet and body measured by an six cameras-idsed
kinematics system and anthropometric tables.

The second model based on the three dimernsiorerse
pendulum model calls for the angular momentum equoat
The first step is to calculate the whole body COikear
velocity vector(v). Since the distance between the origin and
the COM of the body less the feet is assumed todmstant
and of lengthr, and mass of the body less the feet (m) is
calculated by anthropometric tables [4], the angula
momentum of the whole body less the feet aboutattide
o) is calculated by

Ho=r*(m*v)

()

since

(6)

whereao is the angular velocity of the whole body COM, and
I, is the whole body less the feet MOI about the ankle

. METHODS

Seven able-bodied male subjects participated the
experiments. Their average age and weight were933.25
years and 85.81+10.79 kg, respectively. Their heighs
1.80+0.06m. Subjects had no previous orthopedineait or
neurological disorders that could affect his stagdposture
and the three self-imposed oscillations.

Seven methods were applied to estimate the momfent o
inertia of the whole body. These were 1) the trtedtacone
model (Hanavan, 1964), 2) photogrammetry method 38]
cadaver (Dempster, 1955) and 4) generalized in-vivo
anthropometry (de Leva, 1996), 5) personalizedivo-model
(Breniere, 1996), 6) inverse dynamic, and 7) angula
momentum procedures.

Hanavan's model (1964) is the often used nuktho
estimate body segments inertias in three-dimensibwenty-
five anthropometric measurements of the subje@snaeded
to estimate the mass moment of inertia of each lsedgynent.
The photogrammetric method is based on the assongptiat
the body is composed of elliptical zones of twotteaters in
width and that the segments densities are knowre Th
dimensions of the zones were obtained by digitizing
photographic records taken simultaneously from ldteral
and frontal views of the subjects.

Anthropometric tables derived from cadavedigs and in-
Vivo investigations have been applied widely tdreate the
segments moment of inertia. In the study, the sugjevhole
body MOI about the center of mass was estimatetgudata
from Dempster (1955) and de Leva (1996).



Breniére’'s method [2] provides personalizedvivo
inertial parameters. To obtain them, the subjeesevasked to
oscillate back and forth about their ankles in trgero-
posterior (AP) and medio-lateral (ML) axes respetyi. For
each type of oscillations a constant that inclutiesmoment
of inertia was calculated. This method can not jyalied for
the vertical axis.

The proposed inverse dynamic and angular mamen
methods give also personalized in-vivo inertias fouteach
axis. The subjects were fitted with eight 2.5-cmrkees to
define the feet and whole body COM. The COM of thet
was estimated by putting four reflective markerghat right
and the left fifth metatarsophalageal joints andhblateral
malleoli. The vertical position of the COM in uphigstanding
was calculated by the reaction board method. The#dPML
positions of the whole body COM were measured leyftince
plate. The subject stands at about the centereofdite plate
in quiet standing position, while the feet weregtlet to each
other with a distance of 100 mm from the centethef force
plate. The mean value of the COP coordinates wasidered
as the position of whole body COM with respectte tenter
of the force plate. Then, four reflective markemsrevput over
the trunk at the height of the COM aligned to itfoont, back
and both sides of the trunk. These markers were fise
tracking the COM of the whole body during differérials.

Six video cameras were located around thecfplate at a
distance of about 3 m from its center. During aquésition,
video and force plate data were collected simutiasly at 60
Hz for a of 20-second period. Afterwards, video dacte
plate data were filtered with a fourth-order zehage lag
Butterworth filter having a cutoff frequency of & kb reduce
the noise.

The subject was evaluated for
conditions. The first was a self-imposed AP ostdla of
about 15 degrees corresponding approximately 1@ocr@0s
followed by a self-imposed ML oscillation performéd the
same range of the AP oscillations. The third expent was a
rotation of 20° about the vertical axis of the bodljiere were
five trials for each condition and the mean valweswsed to
calculate MOI. Particular care was given that thenk and
lower limbs oscillate in unison to avoid double-gaelum

motions where the hips and shoulders move in opposi

directions. Equation (4) and (6) were applied tbneste the
moment of inertia of the whole body less the fe#hwespect
to the ankle and then transposed to the body CONyubke
parallel axis theorem.

IV. RESULTS

Table | represents the estimated MOI of tHgests for the
seven methods applied in the study. The momennettia

average value about AP axis at the whole body CO&s$ w
14.85+2.16 kg.rh The lowest value was estimated by the

angular momentum method (14.00+2.03 Kj.nwhile the
highest was from the Breniére model (17.86+4.56nky.The

MOI estimated based on Hanavan's model (14.28+1.9

kg.nf), de Leva anthropometric table (14.28+1.78 1§y, mnd

three experiatent

photogrammetry (14.10+1.93 kgf)rwere close to the mean
MOI value. The nearest MOI to the average valueuadd®
was estimated based on inverse dynamic method943.82
kg.n?). This value was produced while the subjects’ COM
acceleration were located in a given range (e.ilewhe first
subject's COM acceleration had an average 0.82srad/
(ranging from 0.43 to 1.33 rad)s

The average value about ML axis based orhalimethods
was 13.65+2.13 kg.m The lowest value was obtained with
the photogrammetry method (13.17+1.82 K.while the
highest was from the Breniére model (14.46+3.6nky.The
MOI values based on Hanavan’s model (13.56+1.98%g.
Dempster’s anthropometric table (13.57 +1.79 Ky.ole Leva
anthropometric table (13.46 +2.02 kd)minverse dynamic
method (13.72+#3.31 kg®) and angular momentum
procedure (13.54+1.97 kginwere close to the mean value.

In the self-imposed oscillation about vertiaals, the MOI
average value was 1.44+0.27 k§.an the subject’'s COM. The
lowest value was estimated by angular momentum adeth
(1.36%0.29 kg.rf) while the highest one was based on the
inverse dynamic method (1.51+0.77 k& nThis value based
on Hanavan's model (1.42+0.28 kd)m photogrammetry
(1.45+0.29 kg.f), and de Leva anthropometric table
(1.41+0.26 kg.f) was considerably close to the average
value.

There was no statistical difference betweea MOI
estimated by the different methods applied in theys

V. DISCUSSION

The objectives of this pilot study were to dep a 3-D
inverted pendulum model to calculate the persoedlin-vivo
moment of inertia of the human body and to comphese
values to those obtained by five given methodsgdiR, ML,
and vertical axes. These methods were Hanavanimefecal
model [5], photogrammetry method [6], anthroponeetaibles
(de Leva [3], and Dempster [4]), and Breniére’shoet[2].

Both methods based on the inverse dynamicaamplilar

momentum approaches gave values in the same ofder o

magnitude as the other classical methods. SinceMox
estimations based on de Leva (1996) anthropomédiite
were among the highest and lowest ones and claséhnet
average of the subject’ moment of inertia througé COM
along all the three axes, it can be considered a®ans of
comparison with the others. For such a case, tHaesa
obtained with the angular momentum were only 2.0 o
compared to the other methods (3.4% or more). Thargage
of the angular momentum method over the de Lev®§)L9
technique resides in individualized in vivo valuesher than
estimations obtained from tables. Furthermores tb¢hnique
can easily be applied in special populations suctelderly
persons, obese individuals and other groups fochvtables
are not available. In addition, with respect to thedified
Zatsiorsky method [3], the inverse dynamic approaalues
were within 3.7% of those along the all three ppat axes
hile the other methods were off 3.4%.
oefficient of correlation between the MOI estintatby
inverse dynamic and angular momentum appemcand

The Pearson



TABLE I. AVERAGE VALUES OF SUBJECTS’ WHOLE®DY MOI (KG.M? AT THE CENTER OF MASS FOR DIFFERENT METHODS.

Methods | Truncated Photographic Cadaver or generalized Personalized in-vivo model
Axis cone model | ellipsoidal model in-vivo anthropometry
Breniere
Hanavan Dempster de Leva _(1996) inverse angular
(1964) (1955) (1996) (inverse dynamic momentum
pendulum)
AP 14.28+ 14.10+ 14.28+ 17.86x 14.59+ 14.00+
1.90 1.93 1.78 4.56 3.92 2.03
ML 13.56+ 13.17+ 13.57+ 13.46+ 14.46+ 13.72+ 13.54+
1.93 1.82 1.79 2.02 3.67 3.31 1.97
Lon 1.42+ 1.45+ 141+ 151+ 1.36%
0.28 0.29 0.26 0.77 0.29
those estimated by de Leva anthropometric tablddBfach
axis are given Table Il. These are well over 0.9.
VI. CONCLUSION
Two personalized methods based on a threerdiimeal REFERENCES

inverse pendulum model were developed to estimiatkeoin

vivo moment of inertia of the whole body using #hrself-  [1]
imposed oscillations. The inverse dynamic methedtdgd the
moment of inertia along all three principal axeghivi the
range of the other methods. The same situatiormeddy the [
angular momentum procedure. Both methods were #ble
provide a good estimation of the MOI values comgaséth  [3]
mean values estimated by all the methods appli¢iokirstudy.

For all three testing conditions, the coefficieafscorrelation  [4]
of the MOI estimations were high between the botidehts

and the de Leva [3] anthropometric table. It appehat the o
proposed methods could be applied to estimate the
personalized in vivo moment of inertia of peoplethwi g
different body morphology.

TABLE Il. PEARSON COEFFICIENT OF CORRELATION OF THH#OI
ESTIMATED BETWEEN THE DE LEVA ANTHROPOMETRIC TABLE
AND THE MODELS. DATA FOR THE THREE TEST CONDITIONS
ALONG EACH AXIS

de Leva (reference) anthropometric table
Axis AP ML Lon
Methods (antero- (medio-lateral) (longitudinal)
posterior)
Inverse 0.97 (0.00) 0.97 (0.00) 0.97 (0.00)
dynamic
Angular 0.97 (0.00) 0.99 (0.00) 0.94 (0.00)
momentum
Photogrammetry 0.98 (0.00) 0.99 (0.00) 0.98 (0.00)
Hanavan 0.99 (0.00) 0.99 (0.00) 0.98 (0.00)
Breniére 0.71 (0.00) 0.92 (0.00)
Dempster 0.97 (0.00)

Barbier, F., Allard, P., Guelton, K., Colobert, Bind Godillon, A.P.,
“Estimation of the 3-D Center of Mass ExcursionrrBorce-Plate Data
During Standing,” IEEE Transaction on Neural Systeand
Rehabilitation Engineering, Vol. 11, No. 1, pp. 34-March 2003.

Breniere, Y., “Why we walk the way we do,” J. of M&ehav., 28, pp.
291-298, 1996.

de Leva, P., “Adjustments to Zatsiorsky-Seluyanasegment inertial
parameters,” J. of Biomech. 29 (9), pp. 1223-3@619

Dempster, W. T. Space requirements of the seatedatmp. WADC
Technical Report (TR-55-159), Wright-Patterson Borce Base, OH,
1955.

Hanavan, E. P., “A Mathematical Model of the Hunody,” AMRL.
Technical Report 64-102. Wright-Patterson Air FdBeesse, OH. 1964

Jensen, R. K., “Estimation of the biomechanicapprties of three body
types using a photogrammetric method,” J. of Bidmédd, pp. 349-358,
1978.



