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Abstract

Centre of mass is a fundamental anatomical and biomechanical parameter. Knowledge of centre of mass is
essential to inform studies investigating locomotion and other behaviours, through its implications for segment
movements, and on whole body factors such as posture. Previous studies have estimated centre of mass
position for a range of organisms, using various methodologies. However, few studies assess the accuracy of
the methods that they employ, and often provide only brief details on their methodologies. As such, no
rigorous, detailed comparisons of accuracy and repeatability within and between methods currently exist. This
paper therefore seeks to apply three methods common in the literature (suspension, scales and digital
modelling) to three ‘calibration objects’ in the form of bricks, as well as three birds to determine centre of
mass position. Application to bricks enables conclusions to be drawn on the absolute accuracy of each method,
in addition to comparing these results to assess the relative value of these methodologies. Application to birds
provided insights into the logistical challenges of applying these methods to biological specimens. For bricks,
we found that, provided appropriate repeats were conducted, the scales method yielded the most accurate
predictions of centre of mass (within 1.49 mm), closely followed by digital modelling (within 2.39 mm), with
results from suspension being the most distant (within 38.5 mm). Scales and digital methods both also
displayed low variability between centre of mass estimates, suggesting they can accurately and consistently
predict centre of mass position. Our suspension method resulted not only in high margins of error, but also
substantial variability, highlighting problems with this method.

Key words: biomechanics; centre of gravity; inertial properties; mass properties; validation; volumetric
modelling.

Introduction

Centre of mass (CoM) is a fundamentally important
anatomical and biomechanical parameter. At the level of
the whole organism, it is a key determinant of stability at
rest and in motion, and is therefore crucial in determining
posture and limb kinematics (Gatesy & Biewener, 1991; Car-
rano & Biewener, 1999; Attwells et al. 2006; Young et al.
2007; Loverro et al. 2015). Knowledge of CoM and other
mass properties (i.e. mass and moment of inertia) of individ-
ual body segments is also essential in determining how a
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whole organism can move. These mass properties are essen-
tial inputs in research seeking to quantitatively characterise
the spatial translations and rotations of segments, the mus-
cular forces required to achieve any given motion and the
associated energetic costs (Kilbourne, 2013). As such, mass
properties are primary input parameters in biomechanical
approaches investigating locomotion using both inverse
and forward dynamic assessments of movement. Through
its consequences for segment movements and for the whole
organism, CoM therefore has a highly significant impact on
determining the locomotor capabilities of an organism, as
well as its wider behaviours and ecological role. The impact
of CoM on behaviours such as posture and locomotor capa-
bilities has been assessed through various sensitivity analy-
ses (Hutchinson, 2004b; Gatesy et al. 2009; Bates et al. 2010;
Hobbs et al. 2014), which found CoM position to have a
substantial impact on these traits, further highlighting the
importance of accurate estimates of CoM. Given its funda-
mental importance, it is unsurprising that CoM position has

© 2017 The Authors. Journal of Anatomy published by John Wiley & Sons Ltd on behalf of Anatomical Society
This is an open access article under the terms of the Creative Commons Attribution License, which permits use,
distribution and reproduction in any medium, provided the original work is properly cited.


http://orcid.org/0000-0001-8076-1667
http://orcid.org/0000-0001-8076-1667
http://orcid.org/0000-0001-8076-1667
http://creativecommons.org/licenses/by/4.0/

been estimated in a variety of species, from primates and
equids to dinosaurs (e.g. Sprigings & Leach, 1986; Crompton
et al. 1996; Allen et al. 2009). Indeed, CoM is of particular
interest in extinct taxa where it provides a valuable indirect
route to information that cannot be directly observed. For
example, on the locomotor habits of long extinct species,
especially those possessing disparate body forms unlike
those of living animals such as dinosaurs (e.g. Alexander,
1985; Henderson, 2004; Hutchinson et al. 2007; Sellers et al.
2013).

Historically, a range of physical methods have been
employed to determine CoM position for whole organisms
(e.g. Alexander, 1983, 1985; Henderson, 2003, 2006; Cle-
mente, 2014), as well as organisms divided into their major
component segments (e.g. Dempster, 1955; Sprigings &
Leach, 1986; Crompton et al. 1996; Nyakatura et al. 2012;
Andrada et al. 2013) (for overview, see Nigg & Herzog,
2007). Three primary physical methods are present in the lit-
erature, each having been applied to a range of species.
Balancing approaches have been applied to whole organ-
isms and to individual segments (e.g. Dempster, 1955;
Dempster & Gaughran, 1967; Vilensky, 1979; Crompton
et al. 1996; Myers & Steudel, 1997; Hutchinson, 2004a;
Goetz et al. 2008). This has been done most frequently
using forms of balance boards (Dempster, 1955; Vilensky,
1979), but also using knife edges (Goetz et al. 2008). Sus-
pension techniques rely on the same physical principles, but
involve the suspension of specimens (or body segments)
from one point, where they are either allowed to hang nat-
urally (Dempster, 1955; Dempster & Gaughran, 1967; Chan-
dler et al. 1975; Fedak et al. 1982; Alexander, 1983, 1985;
Rubenson & Marsh, 2009), or the position of the support is
moved until they come to rest in alignment with a defined
axis (Nauwelaerts et al. 2011). This process is repeated from
multiple suspension points, from which results are overlaid
(often with the help of photography, Fedak et al. 1982).
The point of intersection of the lines of suspension then
gives the CoM of the object under study. The third tech-
nique uses a scale, or scales, over which a specimen is sup-
ported to determine the moment arm of the specimen’s
weight that is acting on the scale at one end of the support
system. Published variants of this approach include using
scales at only one end of the system (Lephart, 1984; Sprig-
ings & Leach, 1986; Walter & Carrier, 2002) or scales at both
ends of the system with the organism lying on a support
(Henderson, 2003; Kilbourne, 2013; Clemente, 2014) or rest-
ing directly on the scales (Henderson, 2006). It has been sug-
gested that this technique is most effective when the CoM
is only to be investigated along one axis at a time (Eshbach
et al. 1990), though this is also the case for some variants of
the suspension method. It should be noted that the balanc-
ing and suspension methods both work based on the same
physical principles — that an object will only come to rest if
it is supported through its CoM. In the case of suspension,
an object left to hang freely will come to rest with its CoM
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in line with the string it is suspended from; i.e. the vector of
its weight and the vector of tension in the string are parallel
and collinear, passing through the CoM. In the case of bal-
ancing methods, a plate (and any object placed upon it) will
only balance on a support if the combined CoM of the sys-
tem lies directly above the support; i.e. the vector of com-
bined weight, passing through the combined CoM of the
system, passes through the support.

Very few studies investigating CoM position using physi-
cal methods such as those described above include any form
of assessment of the accuracy of their methods. Although
the physical principles behind each of the methods are
sound, any physical experimentation method has the
potential for error, at the very least human error, in the set-
up, capture and recording of data. Assessing the accuracy
of the scale-based technique, Lephart (1984) found mean
absolute percentage errors of 0.03% in their estimations of
CoM position (37 test objects ranging from 316 to 30 426 g,
unknown geometries). The balance board technique
employed by Sprigings & Leach (1986) resulted in a pre-
dicted CoM position within 2 mm of the geometric centre
of their test object (an Olympic standard weightlifting disc:
20 kg, 450 mm diameter). Nauwelaerts et al. (2011)
assessed the accuracy of their suspension method on test
objects with simple geometries, finding that accuracy was
dependent on the length and radius of their objects, and
overall determined their method to be precise to within
approximately 1 cm of the true CoM for a number of test
objects of unknown geometries. Although some attempts
have been made to compare results across studies (e.g. Nigg
& Herzog, 2007), such comparisons are hindered by the
often extremely limited descriptions of the methodologies
used in many cases.

Recent advances in computing technology have seen digi-
tal modelling used more and more frequently as a method
for calculating CoM position (e.g. Henderson, 1999;
Hutchinson et al. 2007; Ren & Hutchinson, 2008; Amit et al.
2009; Bates et al. 20093, 2016; Allen et al. 2013; Maidment
et al. 2014; Park et al. 2014; Paxton et al. 2014; Nyakatura
et al. 2015; Peyer et al. 2015). Digital models offer some
advantages over physical methods including ease of data
sharing and simple manipulation for sensitivity analyses and
repeatability analyses, in addition to the advantages of
scanning procedures such as computed tomography (CT).
Models based on CT scans or similar data enable internal
and external anatomy to be visualised and used as the basis
for model generation, therefore incorporating a greater
amount of the anatomical data available into models. It has
been suggested that the detail of digital models is con-
strained more by researcher time than by technology limits
(Allen et al. 2009), highlighting the extensive opportunities
and challenges presented by this medium.

It is, however, frequently recognised that the validity of
any methodology employing digital modelling techniques
should be assessed before further application, and before
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any higher conclusions are drawn (Hutchinson, 2011). Com-
parisons are often made between physical measurements of
body mass and values predicted from digital volumetric
models (e.g. Henderson, 2006; Hutchinson et al. 2007; Allen
et al. 2009; Bates et al. 2009, 2015), where in some cases
the discrepancies are appreciable (for example up to 16% in
extant taxa, Allen et al. 2009b). However, assessing the abil-
ity of a model to predict body mass accurately does not
indicate how accurately the model is able to predict CoM.
The CoM estimates produced by digital models are rarely
checked (with some notable exceptions; e.g. Henderson,
2003, 2006; Hutchinson et al. 2007), in part due to the rela-
tive difficulty of physically measuring CoM in comparison
with body mass. Considering the fundamental importance
of CoM in biomechanical and functional analyses (e.g. for
dinosaurs: Gatesy et al. 2009; Bates et al. 2010; Allen et al.
2013), and the ever-increasing usage of digital models, the
current lack of a comprehensive assessment of the accuracy
of these digital modelling techniques in their ability to pre-
dict CoM is problematic.

This study aimed to assess the accuracy of three com-
monly used methods for estimating CoM by application to
a set of objects with known geometries, as well as biologi-
cal specimens. Two physical methodologies for CoM estima-
tion and a digital volumetric approach were applied to
each object. Due to the similarities between suspension and
balancing methods, only one was investigated here. A ver-
sion of the suspension method was selected over balancing
for inclusion in this study because it did not require the fab-
rication of specialist equipment, and it has been more
widely applied across disciplines and species, for example in
studies of both extant (Dempster & Gaughran, 1967; Chan-
dler et al. 1975; Fedak et al. 1982; Hutchinson et al. 2007;
Nauwelaerts et al. 2011) and extinct (Alexander, 1985;
Koehl et al. 2011) taxa. A variant of the scales method was
also included. The comparison of results from these three
methodologies to the geometric centres of the test objects
enabled an assessment of absolute accuracy for each
method. By comparison with each other, the relative accu-
racies of these commonly employed methods were then
investigated. Application of each of these approaches to

the same three biological specimens allowed absolute CoM
predictions to be compared, in addition to enabling an
examination of the differences in repeatability and logisti-
cal limitations between the methodologies.

Methodology

Specimens and background

Six specimens were studied here — three intact cadavers of birds (as
specimens of biological interest) and three bricks. Bricks were
selected due to their simple, known geometries, and therefore pre-
dictable CoM positons. The bricks acted as standards by which the
absolute and relative accuracy of our methodologies could be
assessed, and therefore aided our interpretation of the results
obtained from biological specimens. The three birds studied here
were a leghorn chicken (Gallus gallus domesticus, Leghorn), com-
mon buzzard (Buteo buteo) and mallard duck (Anas platyrhynchos),
selected to represent a range of different avian body plans and
locomotor types. The linear dimensions and masses of the six speci-
mens studied here are presented in Table 1.

As it was our aim to compare results from physical and digital
methodologies, it was necessary to transfer the results of physical
methods to digital space. This could be achieved in a variety of
ways, such as a series of still photographs, or through the creation
of photogrammetric models. Such methods have their merits
(namely, that they are cheap and require no specialist equipment
or knowledge to operate) and would be valid solutions to this prob-
lem. Here, however we opted to use an Oqus 7 Qualisys infrared
motion capture system (www.qualisys.com), as the technology
offered a quicker solution than photogrammetry, a more complete
record of testing than still photographs and was not adversely
affected by any movement of the specimens occurring during cap-
tures (e.g. during suspension testing). Calibration of the Qualisys
system was performed before each data collection session to ensure
that capture accuracy was suitably low, i.e. approximately 1 mm
(mean error across cameras, across data collections: 1.32 mm). This
represents an additional benefit over other potential methods, for
which the error margins may be poorly investigated, and may vary
considerably between trials. The Qualisys system used here con-
sisted of 12 cameras, positioned around a large laboratory space
usually used for capturing human gait trials. The Qualisys system
enabled the 3D coordinates of a series of reflective spherical mark-
ers (12.7 mm diameter) to be captured and transferred to digital
space. All raw data (including Qualisys and CT data captures), data

Table 1 Data on body mass and approximate dimensions for the six specimens studied here.

Specimen Mass (kg) Dimensions (mm)* Additional information

Brick1 3.13 216 x 99 x 67

Brick2 2.37 214 x 102 x 65

Brick3 4.26 203 x 210 x 133

Chicken (Gallus gallus domesticus) 1.08 500 x 250 x 570 Leghorn chicken, male, 14 weeks

Buzzard (Buteo buteo) 0.69 475 x 230 x 980 Common buzzard, gender and age unknown
Duck (Anas platyrhnchos) 1.12 545 x 150 x 610 Mallard duck, female, age unknown

*Brick dimensions are listed along the axes EF x CD x AB (see Fig. 4 for

listed along the axes cranio-caudal x dorso-ventral x left-right.

more information on brick axes), and bird dimensions are
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at key stages of processing, and final data produced here are avail-
able online at http://datacat.liverpool.ac.uk/310.

For the bricks, six markers were attached, one on each face
(Fig. 1A). The faces were designated as A-F, as identification was
essential for running later tests. Seven markers were attached to
the birds in the following positions: cranial surface of the head, lat-
eral surface of the torso at the junction with the neck, lateral sur-
face of the torso at the junction with the tail, one on each wing tip
(on the ventral and dorsal surfaces respectively; corresponding to
the distal phalanges rather than the flight feathers) and two on the
left and right distal tarsometatarsi (Fig. 1B). Markers were affixed
to the skin (e.g. distal hindlimb) or to the outer surface of the birds’
feathers and secured with tape to minimise movement of markers
between testing runs. In all cases, markers were placed to give maxi-
mal coverage of the whole object under study, including the geo-
metric extremes.

Consistency of posture for the ex vivo bird specimens was crucial
in preventing CoM shifts relating to postural changes, which could
affect comparisons between methodologies (Allen et al. 2009).
Before testing, all bird specimens were therefore thawed to enable
them to be positioned in a standardised posture. The posture used
here was selected to be comparable to those typically used in digi-
tal modelling studies (e.g. Allen et al. 2013), where the aim is to
compare the morphology of often vastly different organisms, and
is therefore unlikely to reflect a life-like position used by any given
specimen. Our standardised posture was as follows: head and neck
fully straightened cranially, forelimbs straightened laterally as far
as possible, hips extended as far as possible and the remaining hin-
dlimb joints straightened as far as possible and allowed to freely
hang ventrally (Fig. 1). To achieve this, specimens were tied to
frames and then frozen at —20 °C. It was necessary to remove the
frozen specimens from these supporting frames for the duration of
each testing period. Some defrosting, and therefore postural
changes, inevitably occurred during this time, with the extent
dependent on the nature and duration of testing. Attempts were
made to minimise any changes by packing specimens with ice for
transport in the case of CT scanning, and replacing the specimens
onto their frames after each testing phase. The magnitudes of
these postural changes were quantified from data captured during
testing. Posture change was measured by computing the 3D dis-
tance between each marker and each other marker for each test-
ing condition. Inter-marker distances were then compared across
testing conditions; those with the largest summed discrepancy
between tests were taken to represent the largest posture shift.
Models from one of these testing conditions could then be manip-
ulated to match the other extreme posture, thereby producing
approximations of the CoM shift resulting from this change in pos-
ture. The resulting data informed the degree of caution necessary

Fig. 1 Pictures showing marker positions in
bricks (A), and birds (B) as well as the
standardised posture used for all bird
specimens.
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when drawing comparisons between testing methods for the bird
data.

Physical CoM - suspension methodology

Our suspension method is based on the approaches used by Alexan-
der (1983) and Nauwelaerts et al. (2011). Specific details of our
methodology follow, and a visual overview is presented in Fig. 2.

Specimens were suspended from a string via a loop that was
tightened around each specimen. To estimate CoM with this
method, it was also necessary to collect data on the position of the
string in relation to the object under study. Two Qualisys markers
were therefore placed on the string for each position, as far apart
as possible (see Fig. 2A). The system was allowed to come to rest,
after which a data capture was performed for at least 3 s (seconds)
at 200 Hz. This procedure was repeated for multiple positions for
each specimen. Between each position, specimens were removed
from the string loop, repositioned and reaffixed to the string. Posi-
tions were selected attempting to provide coverage of the whole
object, with at least one position taken in each plane. All specimens
had data collected for at least three positions. To assess the impact
of the selection of suspension location and other potential sources
of human error on the CoM predicted by the method, data were
collected for a total of 10 positions for one brick and two bird
specimens.

The 3D marker coordinate data resulting from the Qualisys data
captures for each position were exported, and marker coordinates
from one timeframe extracted in matLas (www.mathworks.com). To
determine CoM for each specimen, it was necessary to determine
the point in space where the strings from each position intersected
with one another in relation to the object. Coordinate sets for each
object were therefore matched to one another, using the position
of the markers directly on the specimens (i.e. those not on the
string) as inputs. This was achieved using a global least square opti-
misation algorithm within the open source physics package GairSym
(www.animalsimulation.com). This algorithm matched the objects
by a combination of translation and rotation in order to find the
best global statistical fit (defined as the position with minimal error
across all markers) between the two sets of markers. Once all the
positions for a given object had been matched in digital space, the
new coordinates for all markers were extracted in maTLAB.

The matched coordinates for the two string markers for each
position were carried forward to estimate the overall object CoM.
When considered in 2D (as in previous studies; e.g. Alexander,
1985), the point of intersection between two lines of suspension
(here represented by the string) is the CoM estimated for that
object. However, in 3D, two lines will very rarely intersect exactly
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Fig. 2 Stages of the suspension methodology performed in this study. (A) Suspension of object for Qualisys capture. At least three different sus-
pension positions were captured for each object. (B) After the multiple Qualisys runs for the same specimen were matched, the specimen markers
are aligned, and the various lines of suspension are now distributed around the specimen. (C,D) Two hypothetical 3D lines plotted in two, 2D
graphs. Note that in (C), the lines have equal x values at y = 0.5, but at y = 0.5 in (D), they have different z values, and therefore do not intersect
in 3D space. (E) Two hypothetical, non-intersecting curves, highlighting the point of closest approach (CPoA) on each line, and the resulting mean

CPoA.

with one another (see Fig. 2C,D for schematic representation of
this). As an alternative to a strict intersect point, the point of closest
approach was calculated for each pair of lines using custom maTLAB
code, which is freely available online (http://datacat.liverpool.ac.uk/
310). The mean of the two points of closest approach was taken to
be the CoM predicted by those two lines (see Fig. 2E for simplified
example). This approach was repeated for each pair of lines in turn,
giving a total of three predicted CoM positions where three suspen-
sions were carried out, and 45 predicted CoMs where 10 suspen-
sions were carried out. The mean of all the predicted CoM positions
for each object was then taken, giving the overall CoM predicted
for that object by the suspension method (CoMs,,).

Physical CoM - scales methodology

Our scales method is based on the approach used by Clemente
(2014). Specific details of our methodology follow, and a visual
overview is presented in Fig. 3.

Two identical Ohaus Scout electronic balances (accurate to 0.1 g)
were placed on a flat table. The scales were aligned with one
another, and with the table they were resting on. A support was
placed in the centre of each scale, perpendicular to the long axis of
the table (Fig. 3A). Here, the support was an inverted triangular
prism, length 60 mm. A wooden plank was then placed between
the two supports so that it rested on them evenly, with care taken
to align the plank with the long axis of the table (Fig. 3A). This
plank, in addition to a metre ruler perpendicular to it, had one
Qualisys marker placed at the centre of each end to enable the
specimen-scales system to be aligned to the digital world axes in
the processing phase. The scales were positioned to give approxi-
mately 10-20 mm overhang between the plank ends and the centre
of the supports (see Fig. 3A for experimental set-up). Both scales
were then tared.

The specimen under investigation was then placed onto the
plank, with the proximal face of the brick, or the beak tip of the
bird, in line with the proximal plank edge (see Fig. 3A for
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Fig. 3 Stages of the scales methodology performed in this study.
(A) Photograph of the experimental set-up, with the duck specimen.
(B) Schematic of experimental set-up, showing specimen resting on
plank, lying on the two scales. The distance between supports (L) and
distance from proximal plank edge to proximal support (AL) are indi-
cated. These data combined with mass readings from the two scales
enable calculations of CoM position. (C) Rendering of Brick1, after
marker data from three data captures was matched, showing the
position of the three planks aligned with the three axes, and the
three, 1D CoM positions plotted. These are then combined to give a
3D, final CoM prediction from the method.

experimental set-up). In the case of bricks, this was repeated for
each of the three axes, with a different axis aligned with the plank
in each run, in order to estimate CoM position in 3D. For bird speci-
mens, CoM was measured only along the cranio-caudal axis, result-
ing in 1D CoMs along that axis for all three birds. Although it is
desirable to measure dorso-ventral CoM position, to achieve this for
the complex geometries of the biological specimens would have
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required specimen-specific modifications to the experimental set-
up, which were deemed beyond the remit of this study. Although
the cranio-caudal axis is the primary axis of interest in many studies
(e.g. Hutchinson, 2004a; Gatesy et al. 2009; Bates et al. 2010; Allen
et al. 2013; Clemente, 2014), this represents a limitation of this
methodology when applied to biological specimens where 3D CoM
positions are essential to investigate problems in a complex 3D sys-
tem such as an organism.

For each run, a Qualisys capture was performed (at least 3 s at
200 Hz), in addition to recording the values from the proximal and
distal scales, the distance between the two supports, and the dis-
tance from the proximal plank edge to the centre of the proximal
support. The distance of the CoM, along the axis that is in line with
the plank, from the proximal plank edge could then be calculated
as follows:

COMSC = (Wz * ) + AL,

L
(W + Wa)

where CoMs, is the distance of the CoM from the proximal plank
edge along the axis of the plank, W; and W, are the masses on
the proximal and distal scales respectively, L is the distance
between supports and AL is the distance between proximal plank
edge and the point where the proximal support contacts the
proximal scale (see Fig. 3B for a schematic highlighting these
values).

Runs for the same specimen were spatially aligned using GAITSym,
as described in Physical CoM — suspension methodology. Bird and
brick data were then plotted in mava (www.autodesk.com/maya).
The specimen axes were aligned with the digital world axes using
trigonometry based on the markers on the plank and ruler. Once
aligned, calculated values for CoMs. could be plotted in digital
space. In the case of bricks, it was necessary to plot three 1D CoMs,
one for each axis investigated (see Fig. 3C). The combination of
these 1D CoMs gave a 3D CoM for each brick, which along with the
1D CoM:s for birds, formed the final coordinates for CoMs. for each
specimen.

Using the original methodology described here, it was noted that
the predicted CoM position was consistently skewed towards the
proximal scale. To address this issue, ‘reversed repeats’ were con-
ducted for two bricks. Here, a further three data collection runs
were performed, so that each brick face was aligned with the proxi-
mal plank edge for one run, giving two runs per axis. Additionally,
it was noted that the construction of this experimental set-up and
subsequent object placement had the potential to introduce human
error into resulting predictions of CoM position. The associated
error was therefore quantified using one brick, by conducting
repeats where the experimental set-up was de-constructed and re-
constructed between each of five trials, with full data captures per-
formed for each individual trial.

Digital CoM - digital modelling

All specimens were scanned in a medical grade CT scanner at the
University of Liverpool Small Animal Hospital, Leahurst (Toshiba
Aquilion PRIME helical scanner, slice thickness: 1 mm, 120 kVp,
100 mA). All scan data are freely available online (http://datacat.live
rpool.ac.uk/310). Scan data were segmented in avizo 7.1 (www.Avi
zo3D.com) using a combination of automated and manual thresh-
olding as required to extract clean models. For bricks, the whole
brick was extracted, along with the Qualisys markers. For birds,
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Qualisys markers, a solid skin outline, and all notable air cavities
(defined as regions of zero density on CT scan) present in the torso,
neck and head regions were extracted. The condition of the air cavi-
ties varied considerably between the bird specimens, due to differ-
ences in conditions and handling prior to freezing (Supporting
Information Fig. S1). All air cavities were left as they were in the
original frozen specimen, meaning the conditions captured in the
CT scans were equivalent to those present during the experimental
work, though they are unlikely to represent the resting condition
for a living bird. Previous studies have shown that any subjectivity
present in the segmentation process has minimal effect on the final
mass properties estimated (Allen et al. 2009). To ensure our
methodology followed this finding, segmentation of the original
CT data for one brick was repeated, giving a total of three models.

Extracted surfaces were edited in Geomaaic Stubio 10 (www.geo
magic.com) to remove any excess material captured by segmenta-
tion. Mass properties (volume and CoM) for the final surfaces were
calculated in FormZ (www.formz.com). In the case of bricks, this
CoM was the final digital CoM, but further steps were required for
avian specimens due to the inclusion of multiple components (i.e.
flesh and air cavities) in the models. For birds, the masses of each
component were calculated from their respective volumes by the
application of a density value of 1000 kg m~3, with air cavities sub-
tracted where appropriate, as in numerous previous studies (e.g.
Alexander, 1985; Henderson, 1999; Hutchinson et al. 2007; Allen
et al. 2009; Bates et al. 2009b). This method is referred to as our
‘best guess’ digital CoM for birds, CoMp;. It should be noted that
although this method is commonplace in recent literature, it repre-
sents a simplification of the anatomy, and one that has the poten-
tial to affect the CoM predicted by models. Though a thorough
investigation of the consequences of these decisions on density
modelling was beyond the scope of this study, a sensitivity analysis
was conducted on this parameter to assess the impact on predicted
CoM position. This was achieved by applying a range of published
density data (Dempster & Gaughran, 1967; Tserveni & Yan-
nakopoulos, 1988; Lowvorn & Jones, 1991; Buchner et al. 1997; Hen-
derson, 2004, 2006), derived by a variety of methods in a range of
taxa, to our models (see Table 2 for details). Once mass properties
were calculated, centres of mass for all components were com-
bined, to give an overall CoM for the specimen according to the
following equation:

Table 2 Details of the density data used in the sensitivity analysis.

X (CoMg * masss) — X(CoMj, * mass,)
masss — Xmass;

CoMp = 5
where CoMp, is the digital CoM for the whole system, CoM; and
mass;s are the mass properties of flesh components, and CoM,
and mass, are the air cavity mass properties.

Geometric centres

For brick specimens, by virtue of their simple geometry, symmetry
and uniform density, it was assumed that the geometric centre
(CoMg) of each brick was also the true CoM position. The accuracy
of each method could therefore be assessed by comparing the CoM
predictions made with CoMg. CoMg was calculated, after aligning
bricks with the digital world axes as described in Physical CoM —
scales methodology, by taking the mean coordinates of markers on
opposite faces of the brick, using a different pair for each axis of
interest. Combining these 1D coordinates gave the 3D CoMg (see
Fig. 4 for a visual overview).

To enable comparisons between methods, and with CoMg, the
marker coordinates resulting from the two physical methods
were matched to those extracted from the CT data of the corre-
sponding specimen using GaitSym, as described in Physical CoM —
suspension methodology. Once data from all methods were com-
bined, models were translated so that, for the bricks, corner ADE
(i.e. the corner shared by faces A, D and E) or the right hip (for
birds) was at the origin of the world coordinate system in digital
space (i.e. x=0, y=0, z=0), for ease of interpretation of CoM
values. All raw and processed data, as well as the code used to
generate them, are freely available online (http:/datacat.liver
pool.ac.uk/310).

Results

Overview

Data on the geometric centres and CoM positions pre-
dicted by each method conducted here are visualised in
Figs 5 and 6, with differences presented in Fig. 7 and
Tables 3 and 4. Further data on CoM positions are

CoM abbreviation Density data source

Taxonomic group

Density data applied (kg m3)

CoMp, Best guess (see e.g. Allen 2013) Generic Flesh: 1000, Air cavities: 0
CoMp> Tserveni & Yannakopoulos (1988) Bird Flesh: 1069
— Homogeneous flesh
(maximum density)
CoMps Lovvorn & Jones (1991) Bird Flesh: 536.8
— Homogeneous
flesh (minimum density)
CoMpy Henderson (2006) Bird/archosaur Head and Neck: 300, Trunk: 800, Limbs: 1000
CoMps Henderson (2004) Bird/archosaur Head: 1000, Neck: 600, Trunk: 850, Limbs: 1050
CoMpg Dempster & Gaughran (1967) Human Head and Neck: 1170.8, Trunk: 1013.8,
Forelimbs: 1080*, Hindlimbs: 1062*
CoMp; Buchner et al.(1997) Horse Head: 1031, Neck: 1038, Trunk: 850,

Forelimbs: 1155%*, Hindlimbs: 1170*

*Values calculated as an average for all segments of that limb.
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A

Fig. 4 Render of Brick1 from the top (A), left
side (B) and front (C) depicting the method
for calculating the geometric centre (CoMg).
This was calculated by taking the mean of
three pairs of Qualisys markers, one pair per
axis. CoM,, CoM, and CoM, then combine to
give the final xyz co-ordinates for a 3D
COMG.

reported (Supporting Information Tables S1 and S2),
along with data on 1D differences in CoM positions and
normalised versions of CoM results (Supporting Informa-
tion Figs S2 and S3). No statistics were performed on the
data collected here; all results are therefore purely
descriptive.

First, we report the results from bricks, stating the abso-
lute and relative errors of the different methodologies in
these reference objects in comparison with their known
CoM positions. These results include those from the various
repeatability tests. We then discuss results from bird speci-
mens by methodology. It should be noted that, as true CoM
is not known for the birds, the methodologies are instead
compared back to our ‘best guess’ digital CoM predictions
(CoMp+). The results reported for the avian specimens here
are therefore strictly relative, suitable for comparison with
one another, and do not provide a quantitative measure of
the accuracy of any given method. Results from further
repeatability tests are presented for these exemplar ani-
mals, which have more complex geometries and which
therefore present more logistical challenges for testing than
simple objects like bricks.

Bricks

Geometric centres

The interpretations made here are reliant on the accuracy
of estimates of the geometric centres (CoMg) of each
brick. In an attempt to maximise the accuracy of CoMg, it
was calculated using data from six runs wherever possible,
or in the case of Brick3, from three runs. The variability
present in CoMg predictions from repeated runs was
quantified in Brick1. When comparing CoMg values for
this brick, the difference between the alternative CoMg
predictions ranged from 0.374 to 2.18 mm, with a mean
of 1.34 mm (Table 3).
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Suspension method

Initial predictions of CoM by suspension (CoMs,,) from three
suspension positions were within 16, 5.6 and 20.5 mm of
CoMg for Bricks1-3, respectively (Table 3, Fig. 5). In Brick1,
where data from four iterations of this basic suspension
method were collected to assess the effect of human inputs,
distance from CoMs, to CoMg ranged from 15.1 to
38.5 mm, a total range of 23.4 mm (Table 3, Fig. 5A-C). The
error present in CoMs, decreased when additional runs
were performed on Brick1; for a total of 10 suspension posi-
tions, CoMs, was then within 8.2 mm of CoMg (Table 3,
Fig. 5A-C). This represented a 66% improvement in the abil-
ity to predict CoMg when 10, rather than three, positions
were considered for Brick1 (Table 3, Fig. 5A-C). However, it
should be noted that for Brick2, CoMs, predicted from only
three suspension positions was closer to CoMg (5.6 mm;
Table 3, Fig. 5D-F) than was CoMs, for Brick1, predicted
from 10 suspension positions (8.2 mm) (Table 3, Fig. 5A-C).

Scales method

Initial predictions of CoM by the scales method (CoMs.)
from three runs (one per axis), were within 17.6, 15 and
17.2 mm of CoMg, for Bricks1-3, respectively (Table 3,
Fig. 5). The error present in CoMs. decreased substantially
when additional ‘reversed repeats’ were performed (giving
two runs per axis). This effect was assessed in Bricks1 and 2,
where CoMs. was then within 0.691 and 1.499 mm of
CoMg, respectively. Those ‘reversed repeats’ values respec-
tively represented 90 and 96% improvements in the ability
of the scales method to predict CoMg. Five CoMs, positions
were predicted for Brick1 from repeats to assess the
repeatability of this method, where the experimental set-
up had been completely deconstructed and reconstructed
between runs. These predicted CoMs were between 15.4
and 18.5 mm from CoMg, a maximum variance of 3.13 mm
(Table 3).
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Fig. 5 Predicted CoM positions displayed on renders of Brick1 (A-C), Brick2 (D-F) and Brick3 (G-1), shown from the left (A,D,G), front (B,E,H) and
top (C,F,I). Predicted CoM positions are shown for each methodology, coloured according to the key. In cases where multiple CoM positions were
available for the initial suspension and scales methods, only the CoM from the first runs are displayed here, for clarity.

Digital modelling

Predictions of CoM position by the digital methodology
(CoMp) were within 2.05, 2.39 and 2 mm of CoMg for Brick-
s1-3, respectively (Table 3, Fig. 5). Two additional models
were generated for Brick3 by repeating the segmentation
of the raw CT data. For these additional repeats, CoMp was
within 2.05 and 2.03 mm of CoMg (Table 3). The three
CoMp values estimated were highly consistent with one
another, with a range of 0.058 mm.

Overview

Comparing the initial runs across the three bricks [i.e.
three suspension positions, three scales captures (one per
axis), and the initial CT segmentation], CoMp was

consistently closest to CoMg (2.05, 2.39 and 2 mm;
Fig. 7A). In Bricks1 and 3, CoMs. was the next closest
(17.1 and 17.12 mm; Fig. 7A), followed by CoMs, (24.4
and 20.5 mm; Fig. 7A). In contrast, in Brick2, CoMs, was
closer to CoMg than was CoMs, (5.58 vs. 15 mm; Fig. 7A).
The variation present in predicted values across bricks for
these initial runs was lowest for CoMp (0.391 mm), fol-
lowed by CoMs, (3.47 mm) and CoMs, (32.9 mm). Alter-
natively, considering only the best performing runs for
each methodology [i.e. 10 suspension positions, six scales
captures (two per axis), and the original CT segmentation]
in Brick1, CoMs. was closest to the geometric centre
(0.692 mm), followed by CoMp (2.05 mm), with CoMs,
the most distant (8.18 mm).
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Fig. 6 Predicted CoM positions displayed on renders of chicken (A-C), buzzard (D-F) and duck (G-1), shown in cranial view (A,D,G), left lateral
view (B,E,H) and dorsal view (C,F,). Predicted CoM positions are shown for each methodology, coloured according to the key. In the chicken and
buzzard, multiple suspension CoMs are shown along with multiple scales CoMs in the chicken.

Birds

Suspension method

Initial predictions of CoM by suspension (CoMs,) in birds
were within 10.7, 58.5 and 15 mm of CoMp,;, for the
chicken, buzzard and duck, respectively (Table 4, Fig. 6). As
seen in the brick data, CoMs, predictions were highly vari-
able. In the chicken and buzzard, where six repeats of the
basic suspension run were conducted, predicted values of
CoMs, varied by 67 and 45 mm, respectively (Table 4,
Fig. 6A-F), a maximum distance of 77.8 mm from CoMp;.
CoMs,, positions calculated from 10 runs were closer to
CoMp; than were those from three runs, for both the
chicken (8.47 vs. 40.55 mm; Table 4, Fig. 6A-C) and the
buzzard (9.46 vs.31.1 mm; Table 4, Fig. 6D-F).

Scales method

Initial predictions of CoM position by the scales method
(CoMs.) were within 14.4, 6.8 and 12.8 mm of CoMp, for
the chicken, buzzard and duck, respectively (Table 4, Fig. 6).
In the chicken, where the experimental set-up was disman-
tled and reassembled between repeats, the variability
between CoM positions was relatively low (8.66 mm;
Table 4, Fig. 6), considerably lower than in suspension for

avian specimens (i.e. up to 67 mm; Table 4, Fig. 6), but
greater than that seen in equivalent repeats for bricks
(3.13 mm; Table 4, Fig. 6).

Digital modelling

Digital CoM predictions in biological specimens require not
only an accurate representation of object geometry (as for
bricks), but also the assignment of density data. Results
from the sensitivity analysis conducted on this variable show
that the CoM predicted using density data from Henderson
(2006) (CoMpg) was the most distant from the original
CoMp in all three birds (10, 16 and 13 mm; Table 4, Fig. 6).
The remainder of the CoM positions, predicted with appli-
cations of different density data (see Table 2 for details),
were all close to one another, and to the original CoMp;
(maximum distance of 3.58 mm; Table 4, Fig. 6).

Quantifying posture change

The effect of posture change was quantified in the bird
with the most extreme posture change between testing
conditions (defined by the greatest total difference in dis-
tances between markers). Specifically, the greatest posture
change occurred in the duck between the digital and sus-
pension methodologies. The segments of the digital duck
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Fig. 7 (A) Graph displaying 3D distances from brick geometric centre (CoMg) to the CoM positions predicted by the methodologies listed on the
X axis. (B) Graph displaying 3D distances from our ‘best guess' bird digital CoM (CoMp;,) to the CoM positions predicted by the methodologies
listed on the x axis. (C) 3D differences between geometric centre (bricks)/best guess digital CoM (birds) and CoM predictions produced by the
methods studied here, normalised by maximum side length (bricks)/cranio-caudal body length (birds).
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Table 3 3D distances from brick geometric centre (CoMg) to the
centres of mass predicted by the methodologies examined here for
the three brick specimens.

3D distance to CoMg (mm)

CoM description Brick1 Brick2 Brick3
Digital (CoMp) 2.1 2.4 2.0
Digital (CoMp) - - 2.1
Digital (CoMp) — — 2.0
Suspension (CoMs,) — 10 runs 8.2 - -
Suspension (CoMs,) — 3 runs 38.5 5.6 20.5
Suspension (CoMs,) — 3 runs 27.8 - -
Suspension (CoMs,) — 3 runs 15.1 - -
Suspension (CoMs,) — 3 runs 16.0 - -
Scales (CoMs.) — 6 runs 0.7 1.5 -
Scales (CoMs) — 3 runs 17.6 15.0 17.2
Scales (CoMs.) — 3 runs 18.5 - -
Scales (CoMs.) — 3 runs 18.1 - -
Scales (CoMs) — 3 runs 15.4 - -
Scales (CoMs.) — 3 runs 16.0 - -
Geometric (CoMg) — 3 runs 2.0 0.4 -
Geometric (CoMg) — 3 runs 0.4 — -
Geometric (CoMg) — 3 runs 2.2 — —
Geometric (CoMg) — 3 runs 0.9 — -

Table 4 3D distances from digital centre of mass predicted by our
original model (CoMp;) to the centres of mass predicted by the
methodologies examined here for the three bird specimens.

3D distance to CoMpq (mm)

CoM description Chicken Buzzard Duck
Digital — CoMp; — Tserveni (1988) 0.9 3.8 1.0
Digital — CoMp3 — Lovvorn (1991) 0.9 3.8 1.0
Digital — CoMp4 —Henderson (2006)  10.0 16.2 13.3
Digital — CoMp4 — Henderson (2004) 2.0 4.0 0.7
Digital — CoMpe — Dempster (1967) 2.2 3.1 4.3
Digital — CoMp7 — Buchner (1997) 1.8 3.4 3.8
Digital — Extreme posture shift - - 3.8
Suspension (CoMs,) — 10 runs 8.5 9.5 -
Suspension (CoMs,) — 3 runs 10.7 58.5 15.0
Suspension (CoMs,) — 3 runs 36.0 27.6 -
Suspension (CoMs,) — 3 runs 68.3 48.1 -
Suspension (CoMs,) — 3 runs 24.1 19.6 -
Suspension (CoMs,) — 3 runs 77.8 19.6 -
Suspension (CoMs,) — 3 runs 26.4 13.4 -
Scales (CoMs) — 3 runs* 14.4 6.8 12.8
Scales (CoMs.) — 3 runs* 9.3 - -
Scales (CoMs,) — 3 runs* 8.3 - -
Scales (CoMs.) — 3 runs* 8.1 - -
Scales (CoMs,) — 3 runs* 16.8 - -

*Scales CoM positions in birds were only determined in one
dimension, therefore the distances here are 1D only.

model were manipulated to match the Qualisys marker
positions to their altered positions, as captured during
the suspension runs. This rigid body transformation was
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achieved in mava by rotating segments around appropri-
ate joint centres, indicated by the skeletal material. This
resulted in a CoM shift of 3.81 mm from the original
CoMp, (Table 4). This can be considered an approxima-
tion of the maximum error present in CoM positions due
to posture changes between the different methodologies.
As the CoM positions predicted by the different method-
ologies in the biological specimens studied differed from
one another by more than 4 mm, it can be concluded
that the differences seen between methodologies are real
and not the effect of postural changes between testing
runs.

Overview

Taking the best runs from each methodology, CoMs. was
marginally closer (8.11, 6.78 and 12.8 mm) to CoMp, com-
pared with CoMs, (8.46, 9.46 and 15 mm), in these birds
(Fig. 7B). It should be noted that the scales method used
here did not include ‘reversed repeats’, which was shown to
increase the accuracy of CoM predictions in the bricks
(Table 3, Fig. 5). The variability within the methods showed
similar trends to bricks: CoMs, from three runs showed rela-
tively high variability (up to 67.1 mm), CoMs, from three
runs displayed relatively low variability (8.66 mm), and the
variability seen in digital models with the sensitivity analysis
on density parameters (if outlying data from Henderson,
2006 were excluded; see Discussion below) was lower again
(1.28 mm).

Discussion

Overview

The CoM positions predicted by the three methodologies
here varied considerably across each of the bricks (Table 3,
Fig. 5). This variability is indicative of differences in their
ability accurately to predict CoMg, which is taken to be a
good measure of true CoM position (== 2 mm) in these test
objects. For both bricks and birds, the variability present
within methods was found to differ considerably between
the three approaches (Tables 3 and 4, Figs 5 and 6). This is
suggestive of differences in consistency and repeatability of
the different methods. Briefly, we found that the scales
methodology with reversed repeats was the most accurate,
as well as being highly consistent (Tables 3 and 4, Figs 5
and 6). It was very closely followed by the digital method,
which also appeared accurate, and with good consistency
across the repeats performed on bricks here (Table 3,
Fig. 5). The suspension method was identified as the least
accurate, yielding predictions that were the most distant
from CoMg, as well as displaying high variability between
repeats (Tables 3 and 4, Figs 5 and 6).

We recognise that the small sample size studied here, and
the associated lack of statistical testing has the potential to
hinder conclusions being drawn about the differences
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between the methodologies investigated. However, we
suggest that as the differences present between suspension
and the other methods are so stark, and our experimental
design identified and investigated multiple influencing fac-
tors, these descriptive results can be used confidently to
identify real differences.

Though previous studies (Nauwelaerts et al. 2011) found
correlations between features of object geometry and the
error present in CoM predictions, we found no strong evi-
dence of such an effect in any of the methods investigated
here (Supporting Information Fig. S4). In the absence of a
strong correlation, and given that all our objects are
approximately equal in size, we suggest that the absolute
errors reported here can be interpreted with confidence.

Normalising the data by length (longest side in bricks, cra-
nio-caudal body length in birds) did not change the overall
trends seen in the data (Fig. 7C, Fig. S3). The digital and
scales methods, including reversed repeats, still had very low
errors (< 1.2% of body/brick length), further supporting our
conclusion that these methods perform best for the speci-
mens studied here. In the normalised data, errors relative to
length were notably lower in birds than in bricks. This is a
reflection of their greater lengths, and the fact that error is
independent of size (Supporting Information Fig. S4).

Below, we discuss results from all methodologies in more
detail, highlighting their benefits and limitations. We seek
to identify issues with the methods, discuss the potential
causes of these problems as well as possible solutions which
could improve the future use of these methodologies.

Suspension methodology

In the bricks, CoMs, positions predicted from three runs
were markedly different from CoMg (3D distance: 15—
38 mm), indicating this method performed relatively poorly
at predicting CoM. This, along with the high variability
(maximum range in bricks: 23 mm and birds: 67 mm) in the
results not only indicates that this method is a relatively
poor predictor of CoMg, but that there is also considerable
variation in its ability to do so (Fig. 7). This is suggestive of
complex human-incurred error inherent to this methodol-
ogy, with potential sources of error including the subjective
selection of suspension position, and placement of string
markers. A small amount of additional error was introduced
here, as the string axis was defined using the raw marker
centres, which were offset from the string itself (by
6.35 mm, the marker radius). However, this error was in
one dimension only, and the effect was consistent across
runs and between specimens. While this would affect the
absolute accuracy of our suspension method, the error was
small in comparison with the total error detected in this
method (up to 38 mm), and did not affect our observation
that results from the suspension methodology were highly
variable. Further, the error present in this method was
potentially influenced by the mass of the object under

investigation. Error margins may be greater if an object of
the same size as our bricks, but with a lower density, and
therefore lower mass and inertia, is used as the test object.
Such an effect may explain the different error margins seen
in the brick and bird specimens, although we did not explic-
itly test this hypothesis.

For Brick1, the chicken and the buzzard, where additional
suspension runs were conducted (taking the total to 10
runs, rather than three), the apparent accuracy of CoMs,
improved compared with the best results from three runs
for those objects (Fig. 7). However, this improvement was
only slight in the chicken (2.24 mm) and buzzard
(3.93 mm). Additionally, the error in CoMs, for Brick1 was
actually higher than that obtained from only three runs on
Brick2 (Fig. 7A). This further highlights problems with con-
sistency in this methodology, regardless of the addition of
further data runs. The addition of extra data captures here
increases the number of unique lines of suspension (10 vs.
3) and therefore increases the number of string intersect
points drastically (45 vs. 3). However, in the case of all the
specimens studied here, these intersect points remained
widely scattered (see Fig. 8). As the final predicted CoMs, is
calculated as the mean of all these points, the addition of
more unique lines of suspension, and therefore intersect
points, should act to increase the chances of a more central
overall CoM being predicted, despite the fact that the accu-
racy of any given run does not improve. However, this is
not a predictable effect and therefore results from three
suspension runs may be more accurate than those from 10
runs. If enough unique suspension positions were tested, it
might be possible consistently to derive highly accurate
CoM positions from this methodology, but the cost in time
and effort associated with performing the presumably large
number of runs required might not always be desirable,
particularly when other methods are available which
address the issue in a more efficient, and more accurate
manner.

Scales methodology

CoMs, positions predicted from the original three runs for
each brick were a notable distance from CoMg (mean 3D
distance of 17 mm, approximately equivalent to that in
CoMgs,). Despite this relatively low accuracy, the variation
within these predictions was low (bricks: 3.13 mm, birds:
8.66 mm), indicating the relatively high repeatability of this
method (Fig. 7). It was identified that there was a consis-
tent shift of CoM towards the proximal scale; additional
reversed repeats were conducted for two bricks in an
attempt to counter this and to consequently improve the
accuracy of this methodology. These repeats resulted in a
drastic improvement in the ability of the scales method to
predict CoMg in bricks (within 0.69 and 1.49 mm in Bricks1
and 2, respectively; see Table 3, Fig. 7A). In both of those
cases, the improved CoMs. was fractionally closer than
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Fig. 8 Renders of Brick1 (A-C), chicken (D-F) and buzzard (G-I) displaying the broad spread of centre of mass positions predicted by the suspen-

sion methodology with three repeats (orange) and 10 repeats (red).

CoMp to the geometric centre of the brick (Table 3,
Fig. 7A).

The short distance between CoMg and CoMs. further
highlights the absolute and relative accuracy of this
methodology, provided that the appropriate repeats are
conducted. It should be noted that in the birds studied
here, only the initial runs (i.e. from the proximal end only,
with no reversed repeats) were conducted. There is no rea-
son to assume that the proximal skew observed in bricks
would not also be seen in biological specimens. It is there-
fore safe to assume that the CoMs. positions predicted for
birds are not accurate predictors of true CoM position,
instead lying more cranially than the ‘true’ CoM position.
The reversed repeats, which impart such a considerable
improvement in CoMs, prediction ability, are rarely con-
ducted in the literature (with the notable exception of Hen-
derson, 2003), with the vast majority of papers conducting
only the initial runs performed here (e.g. Lephart, 1984;

Kilbourne, 2013; Clemente, 2014). Our results suggest that
reversed repeats are fundamentally important for this scale-
based methodology to predict accurately CoM position,
and should therefore be employed wherever data on abso-
lute CoM position are required from this method.

Investigation of the error associated with the subjective
processes of de-constructing and re-constructing the scales
experimental set-up between data captures found relatively
small errors (bricks: 3.13 mm, birds: 8.66 mm; Tables 3 and
4). However, it should be noted that this margin of error,
along with that identified from the calculation of geomet-
ric centre in bricks (2.18 mm; Table 3), mean it is not possi-
ble confidently to distinguish between the accuracies of the
scales and digital methods.

One key limitation of this scales methodology is the diffi-
culty of deriving 3D CoM positions for biological specimens.
Lying specimens along the plank was straightforward for
the cranio-caudal dimension here and could also be easily
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achieved for the medio-lateral dimension (though the
almost universal assumption of bilateral symmetry in analy-
ses involving CoM limits the need to measure in this axis).
However, determination of CoM position along the dorso-
ventral axis would require specimens to be positioned with
that plane in line with the plank. While possible, develop-
ing a set-up which would be capable of supporting a range
of biological specimens in the precarious posture required,
in a systematic and repeatable manner, was deemed to be
beyond the scope of this study. Given that the scales
method is accurate (to within 1.5 mm) along the cranio-
caudal axis, developing such a set-up is an avenue that is
potentially worth exploring. This is especially relevant for
biological subjects, where the accuracy of digital CoMs are
currently poorly constrained due to a scarcity of avian-speci-
fic density data; a scale-based method could therefore pro-
vide an avenue for validating digital CoM predictions in 1D
or 2D. However, it should be noted that the error in the
scales method (set-up error, bricks: 3.13 mm, birds:
8.66 mm; error in CoMg: 2.18 mm; Tables 3 and 4) overlaps
the error margin for digital estimates. This is the case for
the cranio-caudal axis, but the error present in an estima-
tion of CoM along the dorso-ventral axis is likely to be
greater again due to the irregular shape of biological speci-
mens. Hence overall error in CoMs. would be expected to
exceed that present in a digital modelling approach when
applied to biological specimens in more than one dimen-
sion. The relative merits and limitations of these techniques
should be considered, along with specific aims of the study,
when considering the best method to apply in future stud-
ies seeking to derive CoM estimates.

Digital modelling

Predictions of CoMp, in bricks were close to CoMg (3D dis-
tance: 1.99-2.39 mm; Table 3), indicating that the digital
modelling method employed here resulted in accurate pre-
dictions of CoM position. Repeats of the segmentation pro-
tocol in bricks seeking to assess the variability introduced by
that process found only minor differences (maximum differ-
ence between estimates: 0.39 mm; Table 3). Our findings
therefore agree with those of Allen et al. (2009) obtained
in biological specimens, that the process of digital segmen-
tation from CT image data is highly repeatable, providing
consistently accurate representations of object geometry
which facilitate the accurate determination of CoM
position.

In birds, however, an accurate representation of specimen
geometry is only the first stage of digital model-making.
Biological specimens are heterogeneous, being composed
of various tissue types with different densities, unlike bricks
that can safely be assumed to be homogeneous. Previously,
this heterogeneity has been recognised to a degree when
constructing digital models, in order to provide a more real-
istic representation of not only volume distribution, but also

of mass distribution. There is a history of including air cavi-
ties in digital models of birds and dinosaurs (e.g. Hender-
son, 1999; Hutchinson et al. 2007; Bates et al. 2009b).
However, to our knowledge, the consequences of incorpo-
rating these structures have not been assessed to determine
whether this brings predicted CoM closer to true CoM posi-
tion. For other species (e.g. human, horse), more detailed
mass properties are available on segment-specific densities,
which could be included in digital models. To our knowl-
edge, there are no published data on segment-specific den-
sities for birds, and therefore the implications for CoM
position of incorporating this additional heterogeneity are
untested. We sought to explore the effects of this uncer-
tainty with a sensitivity analysis here, applying our initial
method, as well as five alternative sets of density data, to
our bird models (Table 2).

Results from this sensitivity analysis show that five of the
six density applications tested lie close to one another
(within @ maximum range of 3.58 mm across the three
birds; Table 4, Fig. 7B). It is encouraging that the majority
of data points cluster in this way, despite the use of a vari-
ety of density assignment methods, and the wide range of
sources (including human and horse segment mass proper-
ties) for the density data applied. However, the CoM esti-
mates generated using data from Henderson (2006) were
markedly different from the others (10-15 mm from the
main group, across the three birds; Table 4, Fig. 7B). The
density values applied to the head and neck by Henderson
(2006) seem unrealistically low (density: 300 kg m~3, cited
as taken from Bramwell & Whitfield (1974); although it
should be noted that we were unable to reconstruct this
number from the original text, so this may be erroneous),
and it is this low density which is the main contributor to
the appreciably different CoM position predicted. The con-
sistency of CoM predictions derived here using a range of
density datasets highlights the relatively small effect of den-
sity variations on CoM position, provided broadly realistic
data are used.

Application of different density datasets to different bird
specimens resulted in different relative CoM shifts. The
chicken and buzzard showed low variability, regardless of
density data, with maximum CoM shifts of ~ 1 mm (Table 4,
Fig. 6). The duck, however, displayed higher variability,
with a maximum of 3.6 mm between CoMp estimates (be-
tween CoMps in Henderson, 2004, and CoMpe in Dempster
& Gaughran, 1967) (Table 4, Fig. 6). This reflects a cranial
shift in CoMp when data from humans in Dempster &
Gaughran (1967), and to a lesser extent horses in Buchner
et al. (1997), are applied to the duck model. This difference
is driven by differences in the neck and torso density values
used in these studies. The fact that these differences appear
in one bird and not the others, potentially reflects the dif-
ferent relative body proportions of these birds, which result
in effects of different magnitudes by specific segments on
the overall CoM. Alternatively, it may be indicative of
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different density datasets matching the true density data
for some birds more closely than others. Unfortunately, no
density data by segment are available for birds, nor is there
a comprehensive quantitative examination of body propor-
tions across Aves, so it is difficult to determine whether
either or both of these, or indeed other factors, are influ-
encing this trend.

Conclusion

In conclusion, the scales (with reversed repeats) and digital
modelling methods were found to be highly accurate pre-
dictors of true CoM position in the test objects examined
here. The scales method was marginally more accurate
(1.31 mm closer to CoMg; Table 3), though the error associ-
ated with calculating the geometric centres (up to
2.18 mm; Table 3) means the relative accuracies of these
two methods cannot be confidently distinguished. Both
scales and digital methods were identified as being highly
consistent in their ability to predict CoM position, as well as
demonstrating high levels of repeatability in experimental
procedures. The suspension methodology was a generally
poor predictor of CoM position, in addition to showing
high variability and poor levels of repeatability (8.2—
38.5 mm error; Table 3). These accuracies were assessed in
test objects, with simple geometries and mass properties,
and are arguably therefore a ‘best case’ representation of
methodological accuracy. Biological specimens introduce
additional complicating factors, varying by method. For the
scales method, problems arise with the repeatability of cap-
turing the required measurements; this is the case along
the cranio-caudal axis, but additional complications (and
most likely greater error) would arise if data for additional
axes were sought. Digital methods meanwhile face prob-
lems around the inclusion of heterogeneous densities. How-
ever, the sensitivity analysis conducted here, using a broad
range of density datasets, found that variations in density
data had a relatively low impact on CoM position. Provided
bird segment densities do not differ substantially from the
data used here, it is likely that uncertainty around density
data will not introduce large inaccuracies in CoM position.
However, we found that density has the potential to affect
birds of different body plans differently, and there are cur-
rently no avian-specific density data published to conclu-
sively rule out density as an important influencing factor on
CoM position. Future studies wishing to quantify CoM posi-
tion in biological taxa should consider these factors in the
light of their specific aims to determine the optimum
method for CoM determination.

Acknowledgements

The authors wish to thank Tom Maddox for access to CT scanning
facilities. We also thank Kayleigh Rose and Robin Crompton for
sharing specimens. S.M. gratefully acknowledges funding from the

Methods for centre of mass estimation, S. Macaulay et al. 773

Adapting to the Challenges of a Changing Environment (ACCE)
NERC doctoral training partnership.

Author contributions

Conceived project: S.M., K.T.B. Provided specimens: S.M.,
K.T.B. Collected data: S.M., K.T.B. Analysed and interpreted
data: S.M. Drafted manuscript: S.M. Critically revised manu-
script and approved article: S.M., J.R.H., K.T.B.

Conflict of interest

The authors have no conflicts of interest to declare.

References

Alexander RM (1983) Animal Mechanics. London: Blackwell Sci-
entific.

Alexander RM (1985) Mechanics of posture and gait of some
large dinosaurs. Zool J Linn Soc 83, 1-25.

Allen V, Paxton H, Hutchinson JR (2009) Variation in center of
mass estimates for extant sauropsids and its importance for
reconstructing inertial properties of extinct archosaurs. Anat
Rec 292, 1442-1461.

Allen V, Hutchinson JR, Bates KT, et al. (2013) Linking the evo-
lution of body shape and locomotor biomechanics in bird-line
archosaurs. Nature 497, 104-107.

Amit T, Gomberg BR, Milgram J, et al. (2009) Segmental inertial
properties in dogs determined by magnetic resonance imag-
ing. Vet J 182, 94-99.

Andrada E, Nyakatura JA, Bergmann F, et al. (2013) Adjustments
of global and local hindlimb properties during terrestrial loco-
motion of the Common Quail (Coturnix coturnix). J Exp Biol
216, 3906-3916.

Attwells RL, Birrell SA, Hooper RH, et al. (2006) Influence of car-
rying heavy loads on soldiers’ posture, movements and gait.
Ergonomics 49, 1527-1537.

Bates KT, Falkingham PL, Breithaupt BH, et al. (2009a) How
big was ‘Big Al’? Quantifying the effect of soft tissue and oste-
ological unknowns on mass predictions for Allosaurus (Dino-
sauria, Theropoda). Palaeontol Electronica 12, 1-33.

Bates KT, Manning PL, Hodgetts D, et al. (2009b) Estimating
mass properties of dinosaurs using laser imaging and 3-D com-
puter modelling. PLoS ONE 4, 1-26.

Bates KT, Sellers WI, Manning PL, et al. (2010) Sensitivity analy-
sis in evolutionary robotic simulations of bipedal dinosaur
running. J Vertebr Paleontol 30, 458-466.

Bates KT, Falkingham PL, Macaulay S, et al. (2015) Downsizing a
giant: re-evaluating Dreadnoughtus body mass. Biol Let 11,
20150215.

Bates KT, Mannion PD, Falkingham PL, et al. (2016) Temporal
and phylogenetic evolution of the sauropod dinosaur body
plan. R Soc Open Sci 3, 150636.

Bramwell CD, Whitfield GR (1974) Biomechanics of Pteranodon.
Philos Trans R Soc Lond B Biol Sci 267, 503-581.

Buchner HHF, Savelberg HHCM, Schamhardt HC, et al. (1997)
Inertial properties of Dutch Warmblood horses. J Biomech 30,
653-658.

Carrano MT, Biewener AA (1999) Experimental alteration of
limb posture in the chicken (Gallus gallus) and its bearing on

© 2017 The Authors. Journal of Anatomy published by John Wiley & Sons Ltd on behalf of Anatomical Society



774 Methods for centre of mass estimation, S. Macaulay et al.

the use of birds as analogs for dinosaur locomotion. J Mor-
phol 240, 237-249.

Chandler RF, Clauser CE, Mcconville JT, et al. (1975) Investiga-
tion of inertial properties of human body segments. AMRL
Technical Report No. 74-137, Aerospace Medical Research Lab-
oratories, Wright-Patterson Airforce Base, OH.

Clemente CJ (2014) The evolution of bipedal running in lizards
suggests a consequential origin may be exploited in later lin-
eages. Evolution 68, 2171-2183.

Crompton RH, Li Y, Alexander RM, etal. (1996) Segment
inertial properties of primates: new techniques for laboratory and
field studies of locomotion. Am J Phys Anthropol 99, 547-570.

Dempster WT 1955. Space requirements of the seated operator.
WADC Technical Report No. 55-159, Wright Air Development
Centre, Wright-Patterson Airforce Base, OH.

Dempster WT, Gaughran GRL (1967) Properties of body seg-
ments based on size and weight. Am J Anat 120, 33-54.

Eshbach OW, Tapley BD, Poston TR (1990) Eshbach’s Handbook
of Engineering Fundamentals. New York: Wiley.

Fedak MA, Heglund NC, Taylor CR (1982) Energetics and
mechanics of terrestrial locomotion. Il. Kinetic energy changes
of the limbs and body as a function of speed and body size in
birds and mammals. J Exp Biol 97, 23-40.

Gatesy SM, Biewener AA (1991) Bipedal locomotion: effects of
speed, size and limb posture in birds and humans. J Zool 224,
127-147.

Gatesy SM, Baker M, Hutchinson JR (2009) Constraint-based
exclusion of limb poses for reconstructing theropod dinosaur
locomotion. J Vertebr Paleontol 29, 535-544.

Goetz JE, Derrick TR, Pedersen DR, et al. (2008) Hip joint contact
force in the emu (Dromaius novaehollandiae) during normal
level walking. J Biomech 41, 770-778.

Henderson DM (1999) Estimating the masses and centers of
mass of extinct animals by 3-D mathematical slicing. Paleobiol-
ogy 25, 88-106.

Henderson DM (2003) Effects of stomach stones on the buoy-
ancy and equilibrium of a floating crocodilian: a computa-
tional analysis. Can J Zool 81, 1346-1357.

Henderson DM (2004) Tipsy punters: Sauropod dinosaur pneumatic-
ity, buoyancy and aquatic habits. Proc Biol Sci 271, S180-5183.

Henderson DM (2006) Burly gaits; centers of mass, stability, and
the trackways of sauropod dinosaurs. J Vertebr Paleontol 26,
907-921.

Hobbs SJ, Richards J, Clayton HM (2014) The effect of centre of
mass location on sagittal plane moments around the centre of
mass in trotting horses. J Biomech 47, 1278-1286.

Hutchinson JR (2004a) Biomechanical modeling and sensitivity
analysis of bipedal running ability. I. Extant taxa. J Morphol
262, 421-440.

Hutchinson JR (2004b) Biomechanical modeling and sensitivity
analysis of bipedal running ability. Il. Extinct taxa. J Morphol
262, 441-461.

Hutchinson JR (2011) On the inference of function from struc-
ture using biomechanical modelling and simulation of extinct
organisms. Biol Let 8, 115-118.

Hutchinson JR, Ng-Thow-hing V, Anderson FC (2007) A 3D inter-
active method for estimating body segmental parameters in
animals: application to the turning and running performance
of Tyrannosaurus rex. J Theor Biol 246, 660-680.

Kilbourne BM (2013) On birds: scale effects in the neognath hin-
dlimb and differences in the gross morphology of wings and
hindlimbs. Biol J Lin Soc 110, 14-31.

Koehl MAR, Evangelista D, Yang K (2011) Using physical models
to study the gliding performance of extinct animals. Integr
Comp Biol 51, 1002-1018.

Lephart SA (1984) Measuring the inertial properties of cadaver
segments. J Biomech 17, 537-543.

Loverro KL, Brown TN, Coyne ME, et al. (2015) Use of body
armor protection with fighting load impacts soldier perfor-
mance and kinematics. App/ Ergon 46, 168-175.

Lovvorn JR, Jones DR (1991) Body mass, volume, and buoyancy
of some aquatic birds, and their relation to locomotor strate-
gies. Can J Zool 69, 2888-2892.

Maidment SCR, Henderson DM, Barrett PM (2014) What drove
reversions to quadrupedality in ornithischian dinosaurs? Test-
ing hypotheses using centre of mass modelling. Naturwis-
senschaften 101, 989-1001.

Myers MJ, Steudel K (1997) Morphological conservation of limb
natural pendular period in the domestic dog (Canis familiaris):
implications for locomotor energetics. J Morphol 234,
183-196.

Nauwelaerts S, Allen WA, Lane JM, et al. (2011) Inertial proper-
ties of equine limb segments. J Anat 218, 500-509.

Nigg BM, Herzog W (2007) Biomechanics of the Musculo-Skele-
tal System. West Sussex: John Wiley & Sons.

Nyakatura JA, Andrada E, Grimm N, et al. (2012) Kinematics and
center of mass mechanics during terrestrial locomotion in
Northern Lapwings (Vanellus vanellus, Charadriiformes). J Exp
Zool A Ecol Genet Physiol 317, 580-594.

Nyakatura JA, Allen VR, Laustroer J, et al. (2015) A three-
dimensional skeletal reconstruction of the stem amniote
Orobates pabsti (Diadectidae): analyses of body mass, centre
of mass position, and joint mobility. PLoS ONE 10,
e0137284.

Park SB, Kim SY, Hyeong JH, et al. (2014) A study on the devel-
opment of image analysis instrument and estimation of mass,
volume and center of gravity using CT image in Korean. J
Mech Sci Technol 28, 971-977.

Paxton H, Tickle PG, Rankin JW, et al. (2014) Anatomical and
biomechanical traits of broiler chickens across ontogeny. Part
Il. Body segment inertial properties and muscle architecture of
the pelvic limb. PeerJ 2, €831.

Peyer KE, Morris M, Sellers WI (2015) Subject-specific body seg-
ment parameter estimation using 3D photogrammetry with
multiple cameras. PeerJ 3, e831.

Ren L, Hutchinson JR (2008) The three-dimensional locomotor
dynamics of African (Loxodonta africana) and Asian (Elephas
maximus) elephants reveal a smooth gait transition at moder-
ate speed. J R Soc Interface 5, 195-211.

Rubenson J, Marsh RL (2009) Mechanical efficiency of limb
swing during walking and running in Guinea Fowl (Numida
meleagris). J Appl Physiol 106, 1618-1630.

Sellers WI, Margetts L, Coria RA, et al. (2013) March of the
titans: the locomotor capabilities of sauropod dinosaurs. PLoS
ONE 8, 1-21.

Sprigings E, Leach D (1986) Standardised technique for deter-
mining the centre of gravity of body and limb segments of
horses. Equine Vet J 18, 43-49.

Tserveni AS, Yannakopoulos AL (1988) Specific gravity, carcass
fat and prediction of fatness in quail carcasses. J Agric Sci 111,
95-98.

Vilensky JA (1979) Masses, centers-of-gravity, and moments-of-
inertia of the body segments of the Rhesus Monkey (Macaca
mulatta). Am J Phys Anthropol 50, 57-65.

© 2017 The Authors. Journal of Anatomy published by John Wiley & Sons Ltd on behalf of Anatomical Society



Walter RM, Carrier DR (2002) Scaling of rotational inertia in
murine rodents and two species of lizard. J Exp Biol 205,
2135-2141.

Young JW, Patel BA, Stevens NJ (2007) Body mass distribution
and gait mechanics in Fat-tailed Dwarf Lemurs (Cheirogaleus
medius) and Patas Monkeys (Erythrocebus patas). J Hum Evol
53, 26-40.

Supporting Information

Additional Supporting Information may be found in the online
version of this article:

Fig. S1. Renders of chicken (A,B), buzzard (C,D) and duck (E,F)
showing the skin outlines (grey) and air cavities (blue) extracted
from CT data and used in digital predictions of CoM position.
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Fig. S2. Differences between geometric centre (bricks)/best guess
digital CoM (birds) and CoM predictions produced by the meth-
ods studied here, presented as 1D differences for each axis.

Fig. S3. 1D differences between geometric centre (bricks)/best
guess digital CoM (birds) and CoM predictions produced by the
methods studied here, normalised by maximum side length
(bricks)/cranio-caudal body length (birds).

Fig. S4. Distance to geometric centre (i.e. error) plotted against
side length, for three sides of three bricks of different dimen-
sions.

Table S1. Data for centre of mass positions for three brick speci-
mens, as predicted by the three different methodologies exam-
ined here.

Table S2. Data for centre of mass positions for three bird speci-
mens, as predicted by the different methodologies examined
here.
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