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ABSTRACT

Aim. The aim of this study was to measure differences in segment centre of mass position,
velocity and acceleration in elite race walkers using two different body segment parameter
models. Knowledge of how results differ between models can inform researchers as to the

appropriate choice with regard to their own participants.

Methods. Video data of thirty men and thirty women race walkers were recorded during
competition using two camcorders operating at 50 Hz. Two popular body segment parameter
models (Dempster and de Leva) were applied individually to the digitised data. Positional,
velocity and acceleration values were obtained for each participant at four relevant points

during the gait cycle.

Results. The whole body centre of mass vertical position was significantly lower when using
the de Leva model compared to Dempster. The vertical position of the centre of the mass of
the thigh was also significantly lower in women when using the de Leva model. The upper
arm provided significantly different velocity and acceleration data at particular points between
the models. The actual difference between positions of the centre of mass of the foot tended to

be quite small.

Conclusion. The analysis showed that the position of centres of mass (in the vertical
direction) was most affected by choice of body segment parameter model. Differences in
linear velocity and acceleration were largely non-significant, but extra care is advised when
analysing the upper arm segment. Usage of de Leva’s model is recommended, particularly

when analysing women participants.
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TEXT

Introduction

Body segment parameter (BSP) models are used in biomechanical analyses in order to
provide positional and inertia data.> Typical BSP models that are used provide average data
for segment centre of mass positions, segment length and mass proportions, and moments of
inertia.>* These data can then be used in descriptive kinematics (e.g. foot velocity) as well as
both forward and inverse dynamics analyses.® However, the models used are usually

estimated from cadavers of elderly subjects ©

or geometric shapes modelled from these
original data ! and these may provide inaccurate data in specific populations such as young
adults.” Previous research has chiefly looked at the accuracy of BSP models in normal
walking > 88 and running,® but there remains a need to identify the importance of BSP model
variations in other forms of locomotion.® This is particularly the case as Rao et al. ° found

significant differences between joint moments calculated using six different BSP models at

three gait speeds.

Studies on the accuracy of BSP models have typically used laboratory-based methods;
researchers using data from less-controlled environments such as outdoor competitions often
apply BSP models to kinematic data and need to know what effect, if any, different models
have on the measures obtained. It is seldom practical to place markers on athletes in
competition, which prevents the usage of BSP models based on rarely-used landmarks (such
as Zatsiorsky et al.’s ) as opposed to more familiar joint centres. Also, the reliance of
geometric models such as Hanavan’s on individual anthropometric data points ° precludes
their usage on large numbers of athletes in a competitive setting, where performing the

required measurements may not be possible.



One form of locomotion that has not been previously studied in the usage of BSP models is
race walking. Race walking is an abnormal form of gait which arises as a function of the rules
that govern it.}2 As a competitive event that is part of the Olympic Games and other major
athletics championships, studies of both internal and external parameters are essential to
understanding how to improve performance and reduce the risk of injury. With regard to the
analysis of race walking gait, there are two levels of analysis available: primary and
advanced. Primary analysis includes the most fundamental variables such as step length and
walking velocity. Primary analysis variables, apart from horizontal CM velocity, are not
affected by choice of BSP models. This is because temporal factors such as cadence are not
affected at all by BSP selection, while stride length is the same whichever model is chosen.
Because joint angles can also be calculated without reference to BSP models, it is clear that
this primary kinematic analysis of race walking (and other competitive gait) can be achieved

with any of the popular models available.

However, more complex analyses rely on other basic kinematic parameters which can be
affected by the choice of BSP model (e.g. segment linear acceleration is required in
calculations of muscle moments). Previous research has measured the muscle moments, joint
powers, and energy transfer between segments during race walking.'? ** 1415 The accuracy of
these results may be affected by the choice of BSP model chosen, particularly if the model is
being applied to a sample quite different from the original sample. This may occur, for
instance, where the model is based on men (e.g. Dempster 2) but the study participants are
women. Hoga et al. > * used a BSP model ¢ specific to Japanese athletes in their studies on

elite race walking but such models are often not well known or used. In general, it is very



difficult for researchers to employ or develop bespoke models for their own specific group of

participants.

It is important for researchers of all forms of gait, including competitive gait such as race
walking, to know if using a selected BSP model will lead to significant differences from using
others. This is especially important if the researcher is restricted to using a certain model, for
example where it includes or excludes data on specific body segments of interest. Also,
researchers may only have the opportunity (for convenience / time constraints / competitive
settings) to use just one or a limited number of BSP models and it would be practical to know
the range of values that may be expected to result from using different models. The BSP
models defined by Dempster and de Leva are commonly used in sports biomechanics due to
the availability of the data and ease of use. The purpose of this study was to measure
differences in kinematic data in elite men and women race walkers when using these two

popular BSP models.

Materials and methods

Participants

The study was approved by the Faculty’s Research Ethics Committee. Video data were
collected at the 23" IAAF World Race Walking Cup held in Cheboksary, Russia in 2008.
Thirty competitors from the 50 km men’s race were analysed as they passed the 28.2 km
point, and thirty women competing in the 20 km race were analysed as they passed 14.2 km.
Participants’ heights were self-reported and along with their dates of birth were obtained from
the IAAF.Y For the 50 km men, the mean age was 30 yrs (+ 6) and stature 1.78 m (z .07); for

the 20 km women, mean age was 31 yrs (£ 5) and stature 1.64 m (£ .05). Nineteen of the men



represented European nations, seven represented Central / South American nations, two
represented Asian nations, and there was one athlete each from the USA and Australia. In the
women’s race, twenty-one athletes represented European nations, four represented Central /

South American nations, three athletes represented Australia and two represented the USA.

Procedures

Two stationary 3CCD DM-XL1 cameras (Canon, Tokyo) were placed on one side of the
course where it was completely straight and there were no obstructions such as water stations.
The cameras were mounted on rigid tripods and placed at approximately 45° and 135°
respectively to the plane of motion. The sampling rate was 50 Hz and the shutter speed 1/500
s. The resolution of each camera was 720 x 576 pixels. The reference volume was 5.20 m
long, 2.00 m wide, and 2.01 m high. This volume was used later for calibration for 3D Direct
Linear Transformation.’® Calibration rods of known length were digitised within the
calibration volume and compared to their known lengths. The root mean square (RMS) of the
difference between the known and calculated values was 0.2% of the rod’s length in the x-

direction (length), 0.5% in the y-direction (height) and 0.6% in the z-direction (width).

Data analyses

The video data were downloaded and digitised to obtain kinematic data using motion analysis
software (SIMI, Munich). The recordings of the two cameras were synchronised using event
synchronisation (typically both toe-off and initial contact). All trials were digitised by a single
experienced operator. Marker dropout occurred on the left hand side of the body on some
occasions and estimations were made by the operator. All body segment data presented in this
study are from the right hand side of the body where no dropout occurred. The seventeen

digitised points of the body were the centre of mass of the head, shoulder joints, elbow joints,



wrist joints, third finger, hip joints, knee joints, ankle joints, and distal tips of the feet. The
digitised data were smoothed using a cross-validated quintic spline. The digitised data were
filtered as follows: a cross-validated quintic spline was used to smooth the data prior to
displacement calculations whereas a recursive second-order, low-pass Butterworth digital
filter (zero phase-lag) was employed to filter the displacement-time data of each marker prior
to the calculations of the 1% and 2" derivatives.’® 2 The cut-off frequencies were selected
based on residual analysis and values for the variables included in this study ranged from 4.0

~9.1Hz%

In order to ensure reliability of the digitising process, repeated digitising (two trials) of one
race walking sequence at the same sampling frequency was performed with an intervening
period of 48 hours. Three statistical methods for assessing reliability were used: 95% Limits
of Agreement (LOA), Coefficient of Variation (CV) and Intraclass Correlation Coefficient
(ICC). The data for each tested variable were assessed for heteroscedasticity by plotting the
standard deviations against the individual means of the two trials. If the data exhibited
heteroscedasticity a logarithmic transformation of the data (loge) was performed prior to the
calculation of absolute reliability measures.??> Therefore, depending on the presence of
heteroscedasticity the LOA and CV values were expressed in either original or ratio scale.
The results which relate to the most important biomechanical variables considered in this
paper showed minimal systematic and random errors and therefore confirmed the high

reliability of the digitising process with regard to the overall group of athletes.

Each of the sixty video sequences was digitised, after which the seventeen digitised segment
endpoints were used to create models of the human body using two BSP models. With regard

to analysing individual athletes, the BSP models were applied to sequences which only



needed to be digitised once, and so any differences were due to choice of BSP model, rather
than a result of digitising differences. These models were based on the data provided by
Dempster 2 and de Leva.® Dempster’s data were based on cadavers of elderly men aged
between 52 and 83. De Leva’s data are re-estimations of segment parameters based on
Zatsiorsky et al.’s * original data of one hundred male and fifteen female Caucasian physical
education undergraduates (their mean ages were 24 and 19 respectively) as adjusted to
familiar body landmarks. The locations of the centres of mass for the whole body (CM),
upper arm, forearm, thigh, lower leg and foot were calculated using both of these BSP
models. Dempster’s one BSP model was used to analyse both men and women; however,
there are separate models for men and women provided by de Leva and in this study the male

model has been applied to the 50 km men, and the female model to the 20 km women.

The position of the centre of mass of the upper arm, forearm, thigh, lower leg and foot
segments were defined as a proportion of their length from the proximal joint position, as
presented in Table I. The proportion used by the SIMI program for the foot when using
Dempster’s model appears to be based on Plagenhoef’s 2° presentation of these data. This
figure has been reported elsewhere 2*; however, this figure of 0.5 for the foot did not appear in

Dempster’s “ original paper.

Variables considered important in analysing race walking were measured in this study. These
included stride velocity, which was calculated as the average horizontal velocity over the
course of one stride, and is the most important variable in predicting race success. A stride
was defined as the distance from toe-off of one foot to the next successive toe-off of the same
foot. The important variables also included the horizontal and vertical coordinates, velocities

and accelerations for the centres of mass of each segment, which are important in further



calculations of muscle moments, energy transfer and joint power. These were calculated at

four separate times during the race walking stride cycle. These times are particularly relevant

to race walking analysis with regard to the rules regulating the event. They were defined as

follows:

« Initial contact: the first visible time during stance where the athlete’s right foot clearly
contacts the ground.

« Toe-off: the last visible time during stance where the athlete’s right foot clearly contacts the
ground.

« Midstance: the point where the centre of mass of the athlete’s right foot was directly below
their body’s CM, used to determine the ‘vertical upright position’ (IAAF rule 230.1).%

« Midswing: the point during right leg swing where the athlete’s right knee was adjacent to

their left (stance) leg.

Although both midstance and midswing are often used to describe longer periods of these gait

phases (e.g. Whittle),? they are used here to describe single postural instances.

Statistical analyses

The data are presented as means and standard deviations. Only those variables which showed
significant differences between models have been displayed. Independent t-tests were
conducted on each set of data to establish differences between models, with adjustments made
if Levene’s test for equality of variances was less than 0.05. Alpha was set at 0.05 for these

tests.



Results

Certain differences between BSP models were found for height, velocity and acceleration for
the whole body CM, upper arm, thigh, and foot. The differences for the thigh were only found
in the women’s data. No differences were found for the forearm or lower leg. The horizontal
velocity of the CM was not found to be different between models in either men or women at

any time of analysis, or as an average over the entire stride.

The average paths of the height of the whole body CM, upper arm and thigh during one full
stride are shown in Figure 1 (men) and Figure 2 (women). The whole body CM height was
found to be lower by about 3 cm using the de Leva model compared with Dempster for both
men and women at all four measurement times (P<0.001), but no other whole body centre of

mass variables were found to differ.

The de Leva model estimated the centre of mass of the thigh to be between 2 and 3 cm higher
in women than the Dempster model at each measurement time (P<0.002), and horizontal
acceleration of the thigh at toe-off in women was also found to differ between models
(Dempster: 12.13 + 2.46 m-s?; de Leva: 10.78 + 2.37 m-s?) (P=0.035). However, no
differences between mean values for velocity and acceleration of the thigh were found

between models for men.

With regard to the upper arm, there was no difference in the height of the centre of mass at
contact for either men or women, but lower values for the de Leva model of approximately 3
cm did occur at midstance (men: P=0.008; women: P=0.004), toe-off (men: P=0.008; women:

P=0.009) and midswing (men: P=0.029; women: P=0.016). The other values of the upper arm



found to differ between models are summarised in Table Il. The fact that velocity and
acceleration were not different between models at all four analysis times was due to

alterations in upper arm orientation as the shoulder flexed and extended.

The vertical coordinate data for the foot are shown in Table Ill. There was no difference in the
height of the centre of mass of the foot at contact between models for either men or women.
However, the height of the centre of mass of the foot was different between models for
women at midstance (P<0.001), toe-off (men and women: P<0.001), and midswing (men:

P=0.032; women P=0.001).

Discussion

The aim of this study was to measure the differences in segment centre of mass position,
velocity and acceleration in elite men and women race walkers using two different BSP
models. These models were Dempster’s (based on cadaveric data of elderly men) 2 and de
Leva’s (adjustments to original data from gamma ray scanning on young, living men and
women).® The whole body centre of mass variables as well as those of five body segments
were compared between the models and two of these (lower leg and forearm) showed no
significant differences. The thigh also showed no significant differences in the male group.
Overall, the de Leva model tended to locate the whole body CM, the upper arm CM and the
foot CM higher than Dempster’s, but the de Leva model located the thigh CM lower than

Dempster’s.

The de Leva model for both men and women consistently located the whole body centre of
mass 3 cm below the Dempster model throughout the gait cycle. This is not particularly

important in race walking but may be worth noting in other activities (such as high jumping)



where vertical displacement is a key variable. The differences in location of the CM between
models did not affect any horizontal direction variables nor velocity and acceleration in the

vertical direction.

De Leva’s model was the only one that provided different BSP data for men and women, as
Dempster’s is based only on male cadavers. As a result, applying the Dempster model to the
women’s group led very noticeably to a discrepancy in the location of the thigh centre of
mass, with the de Leva model placing it between 2 and 3 cm higher. This is possibly a result
of the differing distribution of body fat and shape of the pelvic girdle in males and females
and obviously needs to be taken into account when analysing women participants. Although
this difference was expected due to the data on the location of centres of mass (from Table 1),
the only difference found for CM velocity or acceleration in either horizontal or vertical
directions was for horizontal acceleration at toe-off. The presence of only one significant
difference for velocity and acceleration means that the choice of BSP model may not affect
applied research of sporting gait adversely. However, for more clinical studies or those
measuring local moment of inertia values, the difference in thigh centre of mass location

between models may have a significant effect.

The upper arm was the source of most differences between BSP models. The location of the
centre of mass was considerably further from the proximal joint in both male and female de
Leva models compared with the Dempster model. Apart from significant differences in upper
arm height, the models also gave significantly different values for the key variables of
velocity and acceleration at various times of the gait cycle. For each of these variables, the de
Leva model always provided higher magnitudes due to the effect of the longer radius of

rotation. The maximum differences were 0.28 m-s* for horizontal velocity, 2.58 m-s? for



horizontal acceleration, 0.14 m-s® for vertical velocity, and 2.07 m-s? for vertical
acceleration. Although movement of the upper limbs is not analysed in gait as often as the
lower limbs, it may be important in gait analysis with regard to energy transfer between the
upper and lower body. These differences are also particularly noteworthy for any other

sporting analysis involving the arms (e.g. throwing).

The location of the centre of mass of the foot is less easy to locate than in other segments.
This is due largely to sagittal plane movements at the metatarsophalangeal joints during gait,
where the actual distance between the ankle and heel and the toes shortens compared to the
anatomical standing position. As noted earlier, the proportional position of the centre of mass
of the foot as being 0.5 of total length in the Dempster model was not published in
Dempster’s 2 original paper but has been given elsewhere 2% 2 and was used by the computer
software utilised in this study. The 0.5 figure led to the y-position of the foot’s centre of mass
to be significantly lower in the Dempster model compared to de Leva’s at three different gait
instances. However, the actual difference was often very small (less than a centimetre) and
neither velocity nor acceleration in either horizontal or vertical directions was significantly
different. A researcher using the foot as a single segment can therefore be confident using

either BSP model when conducting kinematic analyses.

Because this study aimed to compare kinematic parameters between BSP models using
participants in competition, it was not possible to establish or mark estimated joint positions
and this could have affected the accuracy of digitising. Nonetheless, the models were applied
to the same digitised data (by one single experienced operator) and hence any differences
found between models are due entirely to differences within them and not to differences in

digitising accuracy. Further, it was not the aim of the study to establish the accuracy of the



models per se, but rather to ascertain whether using one over another resulted in differences
so significant that they would affect descriptive kinematic analyses and further inverse

dynamics studies.

The two models compared in this study were based on samples of Caucasian participants.
Most of the participants in this study were Caucasian (primarily from Europe) but a small
number came from East Asian countries. This may have slightly affected the results of these
particular individuals. In general, it is important to apply the most appropriate model as
possible; for example, Dempster’s model may be more suitable for use with elderly Caucasian

men than de Leva’s.

The most important variable in an applied analysis of race walk competitors, average velocity,
did not differ significantly between models. The overall effects of the differences between
models, such as those of velocity and acceleration, are relatively small and researchers can be
confident that the model chosen will not significantly affect their results and conclusions.
Where the small number of differences did occur, researchers in all activities should note their
extent and choose a BSP model carefully, and particularly if analysing the upper arm in all
participants and the thigh segment in women. This is particularly important if the location of
the centre of mass of a particular segment affects other calculations in secondary analysis, e.g.
local moment of inertia, which is used in calculations of muscle moments or angular
momentum. Men and women have different body shapes and this difference can affect the
validity of using a model based on male participants on women, and vice versa. Future
research should therefore take care when analysing women to ensure a female-specific model
such as de Leva’s is used, with the same logic applied if studying particular groups, e.g.

young children.



Conclusions
This analysis of elite male and female race walkers has shown that for a primary kinematic
analysis the differences were so small that the choice of model would not affect results or
conclusions significantly. Commonly researched variables in race walking such as stride
velocity and stride length are not affected by choice of model. The positions of the centres of
mass in the vertical direction were most affected. These differences are not very noteworthy
in an event that occurs mostly in the horizontal direction, but may be more important in
vertical activities such as high jumping. Differences in linear velocity and acceleration were
largely non-significant, but studies on throwing events such as javelin and shot putt need to
take note that the upper arm demonstrated most differences and extra care is advised when
analysing this segment. Research on the effects of using different BSP models in other

sporting activities is recommended.
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TABLE |. —Position of the centre of mass of selected segments as a proportion of the overall

segment length from the proximal joint.

Dempster (1955) de Leva: male (1996)  de Leva: female (1996)

Upper arm 0.436 0.5772 0.5754
Forearm 0.430 0.4574 0.4559
Thigh 0.433 0.4095 0.3612
Lower leg 0.433 0.4459 0.4416

Foot 0.500 0.4415 0.4014




TABLE Il. —Selected values of velocity and acceleration (mean + SD) of the upper arm.

Dempster de Leva

Midstance

Contact

Toe-off

Contact

Contact

Midstance

Midswing

Men

Women

Men

Women

Men

Women

Men

Women

Men

Men

Women

Women

Horizontal velocity (m-s™)

4,99 +0.31 5.27 £ 0.32**

4.88 +0.37 5.12 + 0.38*

Horizontal acceleration (m-s?)

832+1.71 10.01 £ 1.96**

945+1.71 11.22 + 1.84***
-14.29 + 2.37 -16.80 + 2.53***
-15.19+3.10 -17.77 £ 3.59**

Vertical velocity (m-s™)
-1.07£0.23 -1.20 £ 0.26*
-0.99+£0.24 1.13+£0.27*

Vertical acceleration (m-s?)

-15.17 £ 3.07 -16.92 + 3.48*
19.68 +£2.90 21.75 + 3.38*
18.21 + 2.87 19.95 + 3.25*
10.21 £ 2.56 11.23 +£2.99*

*, *F*x Fx% Significant differences at P<0.05, P<0.01, and P<0.001, respectively




TABLE Ill. —=Y-coordinates (mean £ SD) of the foot.

Dempster (cm) de Leva (cm)
Contact Men 13+1 13+1
Women 13+1 12+1
Midstance Men 61 6+1
Women o1 6+ 1***
Toe-off Men 11+1 12 + 1%**
Women 9+1 11 + 1%**
Midswing Men 13+1 14 + 1*
Women 13+1 15 + 1**

* **x k%% Significant differences at P<0.05, P<0.01, and P<0.001, respectively
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Fig. 1. —The path of the y-coordinate of the CM of the whole body, upper arm and thigh in the

men participants.
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Fig. 2. —The path of the y-coordinate of the CM of the whole body, upper arm and thigh in the

women participants.



