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Inverse Dynamics Analysis. The 3D marker coordinate data
obtained from the motion analysis system were filtered using a
fourth-order low-pass, zero-lag Butterworth digital filter with a
cutoff frequency of 10 Hz (1). These data were used to define the
parasagittal plane motions of the upper arm, forearm, forefoot,
thigh, shank, and hindfoot segments, as well as the shoulder,
elbow, wrist, hip, knee and ankle joints. The CoM motions of
each segment were derived based on the distal and proximal
joint position data and body segment property (BSP) data from
cadaveric dissections. The CoM acceleration a

*
segment and the

angular acceleration αsegment of each limb segment were calcu-
lated by a first-order finite differentiation method (1).
The BSP data for each body segment, including mass (msegment),

CoM position, and moment of inertia (Isegment), were estimated
based on the 3D reconstruction of CT image data of five whole
Asian elephant cadavers (and additional assorted segments of
other individuals) using interactive 3D geometrical modeling
software (2, 3). Additional material from individual limb segments
of other cadaveric individuals was used, including five manus
specimens, two shank specimens, two thigh specimens, and six pes
specimens, to estimate the in vivo subjects’ BSPs (Table S2).
For each segment, for all available data, we calculated the

averageof the segmentmass (as%bodymass),CoM(as%segment
length from the proximal end), andmoment of inertia (normalized
by body mass), and multiplied these by known masses or segment
lengths for thestudysubjects.Error in theseBSPestimateswillhave
only miniscule effects on our main calculations (2, 4).
We used a standard inverse dynamics method to calculate the

resultant forces andmoments at each limb joint in the parasagittal
plane for each sample frame by taking into account of all of the
gravitational and inertial effects (1, 5, 6). The joint forces were
calculated as follows:
For the forelimb:
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For the hindlimb:
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Here g
*
is the gravitational acceleration vector in the parasagittal

plane. The net muscle moments at each limb joints were derived
as follows:
For the forelimb:

Mwrist ¼ Imanus·αmanus −Fwrist·rwrist;manus −Fforelim b·rground;manus

−Mforelim b

Melbow ¼ Iforearm·αforearm þMwrist −Felbow·relbow;forearm
þFwrist·rwrist;forearm

Mshoulder ¼ Iupperarm·αupperarm þMelbow −Fshoulder ·rshoulder;upperarm
þFelbow·relbow;upperarm

:

8>>>>>>>><
>>>>>>>>:

For the hindlimb:

Mankle ¼ Ipes·αpes −Fankle·rankle;pes −Fhindlim b·rground;pes
−Mhindlim b

Mknee ¼ Ishank·αshank þMankle −Fknee·rknee;shank
þFankle·rankle;shank

Mhip ¼ Ithigh·αthigh þMknee −Fhip·rhip;thigh þ Fknee·rknee;thigh

:

8>>>>>><
>>>>>>:

Here ri;j is the moment arm of the joint force at joint i with re-
spect to the CoM of body segment j and Mlim b is the ground
reaction moment exerted on the animal’s limb in the parasagittal
plane (Fig. 2A).

Effective Muscle Advantage. Assuming that all limb muscles are
uniarticular and that no cocontractions occur at any joint (thus
underestimating EMA for proximal joints, as in other studies),
the antigravity muscle force, Fmuscle, at each joint was calculated
asMjoint=rmuscle(Fig. 2A). The muscle moment arm,rmuscle, was
calculated as the mean anatomic moment arm for all agonist
muscles weighted by each muscle’s physiological cross-sectional
area (PCSA) (5), as follows. Five cadaveric specimens (Table
S2) were dissected to measure the architecture (7, 8) of all major
muscle groups, including muscle masses, fascicle lengths, and
pennation angles (and thereby PCSAs), as well as muscle mo-
ment arms using the tendon travel method (9). For all six major
limb joints (shoulder, elbow, wrist, hip, knee, and ankle), we
then calculated mean fascicle lengths (weighted by PCSA) for
the muscles with appropriate antigravity (e.g., extensor, plan-
tarflexor) moment arms for each specimen. We also then cal-
culated mean moment arms for the antigravity muscles using the
best data from three specimens (identified as A, B, and D in
Table S2) in representative limb joint angles (running with di-
mensionless speeds >1; ref. 10). This assumes constant muscle
moment arms regardless of speed or posture, as in previous
studies of EMA (6, 11–13), an assumption worth testing in fu-
ture studies.
Because variation in fascicle lengths and moment arms among

individuals was relatively small, we took the mean for all indi-
viduals and normalized it by body mass0.33 (as in ref. 8). This
normalization reduces linear dimensions to a dimensionless
number and avoids errors introduced by using body dimensions
with their own inherent allometry, such as limb or segment
lengths. We then multiplied these mean normalized fascicle
lengths and moment arms by our study subjects’ actual body
mass0.33 to obtain subject-specific estimates for our calculations
of EMA and Vmusc.
We then calculated the EMA at each joint as the ratio of the

limb’s GRF impulse to the antigravity muscle force impulse over
the duration of limb support (5). This normalized impulse pro-
vided a measure of the average muscle force required to exert 1
BW of force on the ground, which corresponds to the rmuscle=RGRF

relationship commonly described by the muscle EMA. Thus has
the advantage of allowing a comparison ofmuscle force generation
requirements with respect to the GRF over the entire period of
limb support, including those instants when the GRF passes
through the joint’s center of rotation (5).

Active Muscle Volume and Locomotor Costs. To estimate elephant
locomotor costs at different speeds, we calculated the mass-
specific volume of muscle activated per distance traveled (5, 6, 13)
for all elephants as
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where σ is an assumed constant muscle stress, 20 N cm−2 (6, 14),
and lfascis the length of the muscle fascicles. For each joint, lfasc is
calculated as the mean fascicle length for all agonist muscle
groups weighted by each muscle’s PCSA, and Lstep is step length,
the horizontal distance covered by the whole-body CoM during
the stance phase.
To check the correlation of published metabolic costs for

elephants (15) with our muscle recruitment–based cost esti-
mates, we digitized the published data for net cost of transport,
adjusted speeds to our dimensionless speeds (assuming hip
heights of 1.5 m), and placed the data into the same speed cat-
egories as shown in Fig. 3. We then assumed the conventional

20.1 J = 1 mL O2 conversion into oxygen consumption (6, 13,
16), and plotted the ordinary least squares regression of both
data sets to obtain a linear relationship between them.
Locomotor costs are not determined simply by muscle

recruitment, however; mechanical work is an important cost as
well (2, 6, 13, 15-19). To compare these two kinds of costs and
determine which have the best fit to metabolic data, we calcu-
lated total mechanical work for the same speed categories using
our data (Fig. S4) for individual limb work, and also calculated
work based solely on CoM motions (i.e., “external work,” iden-
tical to the “combined limb method” (16, 17, 19). As expected,
the former approach gave much higher (almost doubled) esti-
mates of work (Table S4); however, both approaches fit the
metabolic costs much worse than our muscle recruitment–based
estimates (compare R2 values in Table S4). Other likely costs,
such as limb swinging, are not considered by any of these
methods and merit investigation.
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Fig. S1. Peak limb vertical forces (Fy; in multiples of body weight) versus dimensionless speed. Least squares linear regression data (y = b + mx, where b is the
intercept and m is the slope) are as follows: forelimb, n = 58, y = 0.558 + 0.283x; R2 = 0.668; P < 0.01; hindlimb, n = 85, y = 0.295 + 0.380x; R2 = 0.767, P < 0.01.
Symbols indicate data from different subjects.
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A (normal walking) B (faster running)

Fig. S2. Individual limb GRFs (in multiples of body weight) versus % gait cycle for (A) normal walking (dimensionless speed 0.30–0.35) and (B) faster running
(dimensionless speed 0.75–1.3). These are expanded views of data in Fig. 1. Fx is the horizontal component (craniocaudal; purple squares, forelimb; blue circles,
hindlimb), and Fy is the vertical component (light-green diamonds, forelimb; dark-green triangles, hindlimb). Also included are data for the mediolateral
component (Fz) (black crosses, forelimb; red squares, hindlimb) and ± SEM values (small points, sometimes obscured by larger mean data points; zoom into
image for clearest view).
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Fig. S3. EMA trends with dimensionless speed. Least squares linear regression equation data (y = b − mx, where b is the intercept and m is the slope) are as
follows: shoulder, n = 62, R2 = 0.255, y = 0.777 − 0.413x, P < 0.01; elbow, n = 57, R2 = 0.429, y = 1.09 − 0.661x, P < 0.01; wrist, n = 48, R2 = 0.00214, y = 0.551 −
0.0219x, P = 0.755; hip, n = 45, R2 = 0.396, y = 0.969 − 0.414x, P < 0.01; knee, n = 54, R2 = 0.146, y = 0.658 − 0.247x, P < 0.01; and ankle, n = 40, R2 = 0.0346, y =
0.515 + 0.0762x, P = 0.250. Thus the wrist and ankle regressions are not significant at P = 0.05, whereas the remainder are significant.
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Fig. S4. Individual limb mechanical work per gait cycle versus dimensionless speed. Open symbols represent forelimbs, and closed symbols represent hin-
dlimbs. “Propulsive” and “braking” work are respectively equivalent to the integrations of the positive and negative “horizontal” power component over a
gait cycle. Some trends are evident for these horizontal components, but given the scatter in the data, we refrain from interpreting these further.
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Fig. S5. Individual limb powers (means; normalized to W kg−1 body mass) in faster running (dimensionless speed 0.75–1.3); see Fig. 4. The gait cycle begins
(0%) with the heelstrike of the right hindlimb, followed approximately by the right front (25%), left hind (50%), and left front (75%) contacts (14, 22–24).
Periods of zero power correspond to swing phases of individual limbs.
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Table S1. Asian elephants in Thailand: In vivo experiments

Subject Age, years Mass, kg Hip height, m

Gaew 6 1984 1.52
Jojo 13 3157 1.77
Pratida 11 2984 1.69
Srisiam 5 1434 1.32
Umpang 8 1871 1.51
Wanalee 8 2318 1.32

Masses were obtained by weighing the elephants while they stood di-
rectly on the force platforms and then obtaining an average mass from two
or three trials per animal. Hip heights were measured during quiet standing.

Table S2. Asian elephant cadavers: Main dissection specimens

Specimen Age, years Mass, kg

A 0.08 133*
B 3 835
C 22 3400
D 24 2500*
E 40 3550

Masses were obtained from truck scales (± 5 kg), except
*estimated from shoulder height (20). The mass of specimen A was very
close to the three other measurements that we obtained for known-mass
neonatal Asian elephants and so likely is quite reliable. The mass of speci-
men D was less certain but still plausible, considering the individual limb
segment masses and other body dimensions, which tended to be smaller
than those of the larger specimen E.

Table S3. EMA and moment arm scaling comparisons

Actual EMA* Shoulder Elbow Wrist Hip Knee Ankle Mean forelimb Mean hindlimb

Walk û =0.33 0.67 0.91 0.54 0.83 0.61 0.54 0.71 0.66
Run û =1.0 0.37 0.44 0.53 0.56 0.40 0.59 0.45 0.52
Walk/run ratio 1.78 2.05 1.03 1.50 1.53 0.91 1.58 1.28

Predicted EMA† Shoulder Elbow Wrist Hip Knee Ankle Mean forelimb Mean hindlimb Mean limbs

Average 1.21 1.95 1.00 2.12 3.34 0.99 1.51 2.01 1.76
Ratio walk‡ 1.75 2.07 1.80 2.44 5.23 1.80 2.07 2.93 2.50
Ratio run‡ 2.86 3.90 1.74 3.32 7.14 1.56 3.01 3.44 3.22

rmuscle
♣ Elbow Ankle

Predicted 0.20 0.17
Ratio¶ 0.69 0.36

Joint Muscle mass (% body mass) lfasc (m
−0.33) rmuscle (m−0.33)

Shoulder 1.75 0.0086 0.0106
Elbow 1.24 0.0106 0.0112
Wrist 0.33 0.0070 0.0046
Hip 2.65 0.0176 0.0098
Knee 1.41 0.0121 0.0050
Ankle 0.31 0.0044 0.0050

*Mean joint EMA calculated from least squares linear regressions (Fig. S3) for the appropriate dimensionless speed, û. There was considerable scatter in the
data (as reported in other studies; refs. 5, 11, 12), but statistically significant speed-related trends were evident for all but the ankle and wrist joints.
†Predicted mean EMA (11) for each joint, for entire forelimb and hindlimb, and then the mean for all limbs; predictions made using the mean body mass
of all subjects.
‡Ratio of predicted/actual EMA values for each joint.
♣Predicted from scaling equations (21), using mean body mass of all subjects. Units in meters.
¶Ratio of actual muscle moment arm (rmuscle; calculated from values below) to predicted value.

Ren et al. www.pnas.org/cgi/content/short/0911396107 8 of 9

www.pnas.org/cgi/content/short/0911396107


Table S4. Comparisons of locomotor cost estimates

Speed category Vmusc ILM CoM Metabolic cost

<0.2 48.2 0.341 0.261 0.917
0.2–0.3 43.6 0.393 0.199 0.785
0.3–0.4 47.2 0.359 0.159 0.833
0.4–0.5 51.9 0.295 0.133 1.07
0.5–0.6 52.1 0.345 0.177 1.49
>0.6 63.4 0.261 0.148 1.89
Mean 51.1 0.332 0.180 1.16
SE 20.9 0.136 0.0733 0.475
B −1.90 3.49 1.83
M 0.0599 −7.01 −3.75
R2 0.884 0.575 0.157

Units are cm3 m−1 kg−1 for Vmusc and J kg−1 m−1 for the other costs. Speed
categories shown are dimensionless speeds corresponding to those in Fig. 3
and data in fig. 3 in ref. 15. Estimates of cost for each speed category are
shown from our calculations of muscle recruitment (Vmusc), ILM, and CoM
(“combined limb method”; ref. 19), and normalized net cost of transport
data from ref. 15 applied to our subjects. The bottom three rows show the
ordinary least squares linear regression equations and R2 values, y = b + mx,
where b is the intercept, m is the slope, y is the metabolic cost, and x is the
mechanical approximation of cost. Note that the two mechanical work–
based estimates (ILM and CoM) have negative slopes and thus (incorrectly)
predict decreasing costs with increasing speed.

We caution that the metabolic data in ref. 15 are from African elephants,
not Asian elephants, and are for different individuals than our experimental
subjects (which were of generally similar mass, ∼1,500 kg). Yet there is no a
priori reason for this to change our fundamental conclusions that (i) the
Vmusc approach best fits the metabolic data, and (ii) the ILM work is consid-
erably higher than the CoM work. Regardless, none of these methods is
without flaws and assumptions.

Movie S1. Sample running experimental trial for elephant “Srisiam” (from Table S1), showing motion capture cameras and force platform array (as identical
2.9-MB .avi and .mov files).

Movie S1.

Movie S2. Sample running experimental trial for elephant “Srisiam” (from Table S1), showing motion capture cameras and force platform array (as identical
2.9-MB .avi and .mov files).

Movie S2.
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