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Dynamic Similarity Predicts Gait Parameters for Homo floresiensis and the
Laetoli hominins
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ABSTRACT Late in 2004, the skeletal remains of a pygmy-sized hominin recovered from a cave on the Indonesian
island of Flores were first documented, with the authors concluding that the ‘‘postcranial anatomy [was] consistent
with human-like obligate bipedalism’’ (Brown et al. [2004]: Nature 431:1055–1061). We have assumed that Homo flore-
siensis, who was estimated to be 18,000-years-old, walked with a gait pattern that was dynamically similar to modern
man. The dynamic similarity hypothesis was also applied to the Australopithecines that left their footprints at Laetoli
4-million-years ago. According to this hypothesis, dimensionless gait parameters can be used in combination with
known leg length or step length to calculate velocity of bipedal locomotion. We have gathered data on 20 extant modern
humans to calculate the standard estimates of error when predicting gait parameters. We predict that the Homo flore-
siensis specimen walked at a velocity of 1.11 6 0.14 m/s. For the Laetoli footprints, the velocity for Track 1 was esti-
mated to be 1.03 6 0.12 m/s and for Track 2 to be 1.14 6 0.12 m/s. These latter values for Australopithecines are greater
than prior analyses, but are in good agreement with more recent work based on evolutionary robotics. Since modern
man walks at 1.446 0.14 m/s, our results suggest that, despite their diminutive size, these ancient hominins were capa-
ble of ranging across a wide geographical area. Am. J. Hum. Biol. 20:312–316, 2008. ' 2008 Wiley-Liss, Inc.

Late in 2004, the skeletal remains of a pygmy-sized hom-
inin that had been recovered from a cave on the Indonesian
island of Flores were first documented in the scientific lit-
erature (Brown et al., 2004; Morwood et al., 2004). These
publications generated considerable interest, as well as
some controversy, with regard to how the specimen should
be classified (Balter, 2005; Dalton, 2004; Lahr and Foley,
2004; Wong, 2005). The original discoverers of the skele-
ton, catalogued as LB1, postulated that their discovery
constituted a new species of Homo which they named
Homo floresiensis (Brown et al., 2004). While some experts
agreed with this taxonomic classification, there were
others who challenged the decision and provided alterna-
tive interpretations (Balter, 2005). Some believed that
LB1’s primitive traits were more consistent withH. habilis
or even an offshoot of Australopithecus (Wong, 2005).
Others were of the opinion that LB1 might even have been
a microcephalic individual (Eckhardt et al., 2005; Martin
et al., 2006), although a careful mapping of LB1’s brain
using an endocast analysis (Falk et al., 2005), and the sub-
sequent publication of further diminutive specimens from
the same site (Morwood et al., 2005a), would appear to sup-
port the classification of a new species.
In their original description, Brown et al. (2004) con-

cluded that the ‘‘postcranial anatomy [was] consistent
with human-like obligate bipedalism.’’ A rigorous inter-
pretation of LB1’s morphological features supports the
conclusion that she walked on two legs. However, given
that she and her fellow diminutive hominins ranged
across the island of Flores—an area of �14,300 km2—it
seems reasonable to ask how she might have walked more
than 18,000-years-ago. Specifically, we ask: how much of
an impact would short limbs have had on bipedal speeds
and what were the implications of slower preferred
speeds? It is the purpose of our article to answer these
questions, to estimate plausible gait parameters for
H. floresiensis, and to compare these parameters to the
Laetoli footprints.

METHODS

Theory of dynamic similarity

To assist us in this endeavor we have employed the
theory of dynamic similarity (Alexander, 1976), which is
an extension of geometric similarity (where an object can
be made identical to another object by multiplying all
lengths by a constant factor). In dynamic similarity it is
necessary to multiply all lengths, times and forces by sep-
arate constants. In bipedal locomotion two different sys-
tems exhibit dynamic similarity when they walk with
equal Froude numbers, Fr

Fr ¼ v2=gLL ð1Þ

where v is the speed of walking in m/s, g is the accelera-
tion due to gravity (9.81 m/s2), and LL is the leg length in
meters (Vaughan and O’Malley, 2005a). The speed v is
made up of two fundamental (i.e. independent) gait pa-
rameters: step length SL, measured in meters, and step
frequency SF, measured in steps/s, so that

v ¼ SL� SF ð2Þ

Based on the principle of dynamic similarity, SL and SF
can be scaled to yield dimensionless parameters
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l ¼ SL=LL ð3Þ

and

j ¼ SF=ðg=LLÞ1=2 ð4Þ

where l is dimensionless step length and f is dimension-
less step frequency (Vaughan et al., 2003). As with Eq. (2),
dimensionless speed b is calculated from the product of
step length and step frequency

b ¼ l� j ð5Þ

And substitution of Eqs. (3) and (4) yields

b ¼ v=ðgLLÞ1=2 ð6Þ

which, as seen from Eq. (1), is simply the square root of
the Froude number. These six equations enable us to gain
valuable insight regarding the most plausible gait param-
eters for LB1 and other bipeds from the fossil record
(Alexander, 1976) if we assume these bipeds walked at

their preferred speeds with kinematics that were similar
to modern H. sapiens.
We have previously shown that children over the age of

5 years, all the way up to adults in their 90s, walk with a
gait that is dynamically similar (Vaughan and O’Malley,
2005a). Based on a sample of 669 normal subjects, the
dimensionless parameters for dynamically similar gait
(DSG) have values of l ¼ 0.81 6 0.04, f ¼ 0.59 6 0.02,
and b ¼ 0.48 6 0.03 (Table 1). As illustrated in Figure 1,
and summarized in Table 1, these parameters differ con-
siderably when compared with normal toddling infants of
18 and 36 months of age studied during the period of neu-
romaturation (Vaughan et al., 2003) or a child with cere-
bral palsy (CP) evaluated before and after surgery
(Vaughan and O’Malley, 2005b). Since DSG exists for
equal Froude numbers [Eq. (1)], and dimensionless veloc-
ity b is the square root of the Froude number [Eq. (6)], the
gait patterns for the 18- and 36-month-old infants (b ¼
0.27 and 0.38) and the CP child studied pre- and postoper-
atively (b ¼ 0.04 and 0.37) are dynamically different when
compared with the DSG pattern of Figure 1 (b ¼ 0.48).

Variables recorded

To gain some insight regarding the general applicability
of the DSG model to extinct hominins, we have gathered
new data for 20 normal extant subjects who were not a
subset of the 669 normal subjects used to establish the
DSG parameters (Table 1). The subjects were 20 normal
humans (10 male and 10 female) who were deliberately
chosen to vary greatly in age and stature. They or, in the
case of children, their parents signed a formal consent
prior to participation in the project. The protocol was
approved by the Human Ethics Committee of the Univer-
sity of Cape Town. Prior to the gait analysis, three anthro-
pometric parameters were measured: greater trochanter
to lateral epicondyle of the knee; lateral epicondyle to lat-
eral malleolus; and height of the malleolus above the
ground. Their sum constituted the leg length.
We monitored the subjects’ locomotion during level

walking by means of a six-camera video system (Vaughan
et al., 2003). The three-dimensional coordinates of spheri-
cal targets, located on the heels and over the 2nd metatar-
sal heads of both feet, were measured as a function of
time. The frame rate of the cameras was 120 Hz (temporal
resolution ¼ 0.0083 s) while the spatial accuracy was 5
mm. Each subject was instructed to walk at his or her
self-selected (i.e. preferred) pace while being filmed.
Between two and four gait cycles per walking trial were
captured and three separate trials per subject were ana-
lyzed. The key temporal events for both left and right

TABLE 1. Dimensionless gait parameters l, j, and b for different groups of Homo sapiens subjects

Subjects Dimensionless step length (l) Dimensionless step frequency (j) Dimensionless velocity (b)

669 normal subjects 0.81 6 0.04 0.596 0.02 0.48 6 0.03
18-month-old infants 0.57 6 0.06 0.476 0.05 0.27 6 0.06
36-month-old infants 0.70 6 0.06 0.546 0.03 0.38 6 0.05
CP child pre-op 0.22 0.18 0.04
CP child post-op 0.73 0.50 0.37

The data for the 669 normal subjects have been adapted from the literature and the values l ¼ 0.81, j ¼ 0.59, and b ¼ 0.48 constitute dynamically similar gait
(Vaughan and O’Malley, 2005b). The data for the 18- and 36-month old infants are based on 10 subjects in each cohort and constitute dynamically different gait pat-
terns (Vaughan et al., 2003). The data for the cerebral palsy (CP) child seen pre- and postoperatively also constitute dynamically different gait patterns (Vaughan and
O’Malley, 2005b).

Fig. 1. A gait nomogram, where dimensionless step frequency has
been plotted against dimensionless step length and the contours, or
isocurves, represent dimensionless speed which ranges from 0.05 to
0.7. Note that DSG ¼ dynamically similar gait (Vaughan et al., 2003;
Vaughan and O’Malley, 2005a; 2005b), while the other data represent
normal toddling infants 18 and 36 months old (Vaughan et al., 2003),
plus a child with cerebral palsy seen before and after orthopaedic sur-
gery (Vaughan and O’Malley; 2005b).
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feet—initial foot contact and toe off—were identified and
two fundamental gait parameters, step length and step
frequency, were calculated. Step length was measured as
the horizontal distance, in the direction of progression,
between the right and left heels at sequential foot con-
tacts. Step frequency was measured as the inverse of the
time between sequential contacts of the right and left feet.

RESULTS

Applying dynamic similarity to modern Homo sapiens

Our 20 human subjects varied greatly in age (6–53
years), height (1.07–2.01 m), and leg length (0.502–1.028
m). Not surprisingly, as seen in Table 2, there was consider-
able variability in step length (0.43–0.89 m), step fre-
quency (1.77–2.62 steps/s), and velocity (1.02–1.63 m/s).
However, with the insertion of leg length in Eqs. (3), (4),
and (6), the dimensionless parameters weremuch less vari-
able (l ¼ 0.796 0.05, f ¼ 0.606 0.04, and b ¼ 0.476 0.04)
and they compare favorably with the DSG patterns (cf. Ta-
ble 1). We then used the DSG dimensionless parameters
(l ¼ 0.81, f ¼ 0.59, and b ¼ 0.48), together with the meas-
ured parameters for the 20 extant subjects (LL, SL, SF, and
v in Table 2), to calculate 95% confidence intervals for pre-
dicting step length, step frequency, and velocity (Table 3).

This variation among individuals in our human sample will
provide some insight when considering our fossil estimates.

Applying dynamic similarity to Homo floresiensis and the
Laetoli footprints

If we assume the gait of LB1 was dynamically similar to
that of modern H. sapiens, then we can use the dimension-
less parameters for DSG, together with her leg length, to
estimate actual fundamental gait parameters. We can add
the length of her femur (280 mm) and tibia (235 mm) as
provided by Brown et al. (2004), plus an estimate of the
height of her malleolus (36 mm), to give a leg length of LL
¼ 0.551 m. This estimate, which is necessary since Brown
et al. (2004) did not report this parameter, is based on the
average data for our infants and children (Vaughan et al.,
2003) for whom the malleolus height was established to be
7% of the length of the femur plus tibia. Equations (3), (4),
and (6) then yield the values of SL ¼ 0.45 m, SF ¼ 2.48
steps/s, and v ¼ 1.11 m/s (Fig. 2). Based on the 95% confi-
dence interval for velocity predicted by LL (Table 3), the
walking velocity for LB1 lies in the range 0.97–1.25 m/s
(while her step length is in the range 0.36–0.54 m, and
her step frequency lies between 2.33 and 2.63 steps/s).
These values may be compared with other examples from
the archaeological record, as well as the data for infants,
pathological examples such as CP, and a tall modern man
(Fig. 2).
The fossilized footprints found by Leakey and Hay

(1979) in Laetoli, East Africa, were formed 3.7-million-
years ago by at least two hominins walking side-by-side
over wet volcanic ash (Rüther, 1996; Vaughan, 2003). The
step lengths of these two tracks at Laetoli have been
measured as 0.387 and 0.472 m (Charteris et al., 1982).
These step lengths may be inserted in Eq. (3) and leg
length LL can be estimated for the two tracks (0.475 and
0.580 m, respectively), assuming DSG and with l ¼ 0.81.
The gait velocity v can then be calculated from Eq. (6)
with b ¼ 0.48. For Track 1, v ¼ 1.03 6 0.12 m/s and for
Track 2, v ¼ 1.14 6 0.12 m/s, where the 95% confidence

TABLE 2. Anthropometric data and temporal-distance gait parameters for 20 extant modern human subjects

Subject
Height
(m)

Leg length
(m)

Step length
(m)

Step frequency
(steps/s)

Velocity
(m/s)

Dimensionless
step length (l)

Dimensionless
step frequency (f)

Dimensionless
velocity (b)

1 1.79 0.915 0.655 2.033 1.33 0.716 0.621 0.445
2 1.63 0.840 0.670 2.068 1.39 0.798 0.605 0.483
3 1.66 0.869 0.700 1.905 1.33 0.806 0.567 0.457
4 1.83 0.920 0.725 1.935 1.40 0.788 0.593 0.467
5 1.74 0.950 0.830 2.143 1.78 0.874 0.667 0.583
6 1.64 0.893 0.645 2.068 1.33 0.722 0.624 0.451
7 1.60 0.892 0.690 1.765 1.22 0.774 0.532 0.412
8 1.85 1.001 0.735 1.765 1.30 0.734 0.564 0.414
9 2.01 1.028 0.885 1.847 1.63 0.861 0.598 0.515

10 1.83 0.975 0.770 1.935 1.49 0.790 0.610 0.482
11 1.69 0.859 0.720 1.792 1.29 0.838 0.530 0.444
12 1.80 0.918 0.735 1.792 1.32 0.801 0.548 0.439
13 1.48 0.855 0.700 2.127 1.49 0.819 0.628 0.514
14 1.50 0.905 0.640 2.038 1.30 0.707 0.619 0.438
15 1.37 0.800 0.700 2.313 1.62 0.875 0.660 0.578
16 1.11 0.601 0.465 2.496 1.16 0.775 0.617 0.478
17 1.12 0.600 0.430 2.383 1.02 0.717 0.589 0.422
18 1.10 0.585 0.445 2.508 1.12 0.761 0.613 0.466
19 1.33 0.775 0.555 2.329 1.29 0.716 0.655 0.469
20 1.07 0.502 0.425 2.617 1.11 0.847 0.592 0.501
Mean 1.56 0.834 0.656 2.093 1.347 0.786 0.602 0.473
S.D. 0.29 0.149 0.130 0.267 0.187 0.053 0.039 0.044

The gait data are the means for 6 to 12 trials per subject. Dimensionless gait parameters are based on Eqs (3), (4), and (5).

TABLE 3. The DSG dimensionless parameters (l ¼ 0.81, f ¼ 0.59,
and b ¼ 0.48) have been applied to the 20 extant subjects of Table 2

Prediction 95% confidence interval

SL from LL (m) 0.089
SF from LL (steps/s) 0.146
v from LL (m/s) 0.142
LL from SL (m) 0.099
SF from SL (steps/s) 0.146
v from SL (m/s) 0.121

Their measured leg length (LL) and step length (SL) values have been used in
Eqs. (3), (4), and (6) to predict step length, step frequency and velocity. The dif-
ferences between these predictions and the measured values have been used to
calculate the standard estimate of error (SEE). Assuming a 95% level of confi-
dence, the SEE values have been combined with the number of subjects (20) to
yield 95% Confidence Intervals (Smith, 1996).
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intervals are based on velocity predicted by SL (Table 3).
As seen in Figure 2, the values for LB1 lie between those
for the two Laetoli hominins which are generally accepted
to have been Australopithecines (Sellers et al., 2005).

For purposes of illustrative comparison, we have
selected a tall modern man (with a height of 2.01 m) who
was subject number 9 in our follow-up study (Table 2).
With LL ¼ 1.028 m, he has a longer step length (SL ¼ 0.89
m), a lower step frequency (SF ¼ 1.85 steps/s), and much
greater walking speed (v ¼ 1.63 m/s) than our early ances-
tors. LB1, with an estimated height (stature) of about 1.0 m
(Brown et al., 2004), is not much taller than a modern
36-month-old infant (height of 0.9 m and LL ¼ 0.47 m) but
is predicted to have had a greater step length and speed of
walking (Fig. 2). In fact, LB1’s actual gait parameters
(Fig. 2) are very similar to our three 6-year-old children
(Subjects 16, 18, and 20 in Table 2).

DISCUSSION

In applying dynamic similarity theory to bipedal locomo-
tionwe have assumed the subjects were all walking at their
preferred (i.e. energetically optimal) speeds. What if this
assumption were not true for LB1? How might she have
walked? Figure 1 provides a clue. During development,
from the onset of walking until �60 months of age (i.e.
5 years), the gait of infants is significantly different from
that of teenagers and adults. This difference is ascribed to
the effects of neuromaturation (Vaughan et al., 2003). In
Figure 1, the patterns for developmentally mature gait (i.e.
DSG) and the developing gait of 18- and 36-month-old
infants lie approximately on a diagonal. Instead of exhibit-
ing a pattern in the vicinity of DSG, LB1 may have lacked
the necessary neurodevelopment and so might have been
closer to the 36-month-old infant with dimensionless veloc-
ity b ¼ 0.4 (l ¼ 0.72, f ¼ 0.56). This would translate into a
walking speed of 0.93 m/s (SL ¼ 0.40 m, SF ¼ 2.34 steps/s),
a value that lies just outside the 95% confidence interval.

In the case of the Laetoli hominins, the footprints were
made in wet volcanic ash (Leakey and Hay, 1979). Since
they may have been walking more cautiously, their gait
might not have been dynamically similar to modern man.

On this basis, it might therefore be argued that our esti-
mates for walking speed of 1.03–1.14 m/s are too high.
Charteris et al. (1982) and Alexander (1984) estimated
values for walking speed between 0.56 to 0.75 m/s. How-
ever, both these authors predicted walking speed on the
basis of height (stature) and this in turn was estimated
from foot length (estimated to be 15.5% of height). Since
Australopithecines had relatively longer toes (Ward,
2002), the predictions for height by Charteris et al. (1982)
and Alexander (1984)—1.19 m for the maker of Track 1
and 1.39 m for Track 2—may well had been an overesti-
mation. This would in turn have led to lower estimates for
walking speed. A more recent analysis based on evolution-
ary robotics, an algorithm that creates gait patterns de
novo by optimizing muscular efficiency, has predicted
speeds for the Laetoli tracks in excess of 1.0 m/s (Sellers
et al., 2005). The authors concluded that their predictions
conflicted with the suggestion that Australopithecus afar-
ensis used a ‘‘shuffling’’ gait, but instead indicated that
the species was a fully competent biped. Our data would
appear to support their conclusion.
The dynamic similaritymodel assumes geometric similar-

ity of the underlying morphology. LB1’s anthropometric
indices (humerofemoral ¼ 86.7 and crural ¼ 83.9) are simi-
lar to the Australopithecine specimen AL-288-1 known as
Lucy (values of 85.9 and 83.6, respectively) but somewhat
larger than values for modernHomo sapiens (70.96 3.4 and
78.2 6 0.8) (Aiello and Dean, 1990; Brown et al., 2004;
Haeusler andMcHenry, 2004). There are other indices com-
paring H. sapiens and H. floresiensis, such as femoral neck
index (15.1 vs. 19.8), femoral robusticity (22.8 vs. 23.6), and
bicondylar angle (10.58 vs. 14.08), to support the argument
that the two species are geometrically similar (Morwood
et al., 2005a). Green et al. (2007) have used a Monte Carlo
approach to show that the limb-size proportions in A. afar-
ensis are similar to those of human and significantly differ-
ent from the great apes. Drapeau and Ward (2007) have
recently demonstrated that individual limb segment lengths
can be independentlymodified by selection, thus supporting
the argument that the length of one segment cannot always
be used to infer the length of others.
Using computer-based biomechanical simulation,

Crompton et al. (1998) have shown that the gait of Lucy
would have been very comparable with modern humans
and she was unlikely to have walked with an energetically
inefficient bent-hip bent-knee pattern. The theory of
dynamic similarity applied to locomotion requires just a
single anthropometric parameter—leg length—as the fun-
damental measure of length. Although the theory has been
successfully applied across different species (Alexander,
1976; Vaughan and O’Malley, 2005a), some authors have
concluded that Froude number corrections do not
adequately predict the mass-specific cost of transport
(Steudel-Numbers and Weaver, 2006). Despite such find-
ings, we believe it is quite plausible that LB1 walked effi-
ciently at a speed of just over 1m/s.
We have used SL, rather than LL, to estimate the walk-

ing speed of the Laetoli hominins (Fig. 2). This required
us to combine Eqs. (3) and (6) to yield

v ¼ bðgSL=lÞ1=2 ¼ 5:76ðSLÞ1=2 ð7Þ

While we are mindful of the cumulative effect of a
sequence of confidence intervals when predicting parame-

Fig. 2. A gait nomogram, where actual parameters–step frequency
in steps/second and step length in meters–have been plotted against
one another and the isocurves represent actual walking speeds, rang-
ing from 0.1 to 2.2 m/s. Note that the DSG values from Figure 1 have
been combined with Eqs. (3) and (4) to calculate the fundamental gait
parameters for H. floresiensis (LB1) and the two tracks at Laetoli
(Leakey and Hay, 1979; Charteris et al., 1982; Alexander, 1984).
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ters (Smith, 1996), we are reassured by the analysis of our
extant data (cf. Table 3) which shows the velocity pre-
dicted by SL has a lower confidence interval (0.121 m/s)
than when LL is used as the predictor (0.142 m/s).
We return to our original question: how much of an

impact would short limbs have had on bipedal speeds and
what were the implications of slower preferred speeds?
The island of Flores is �350-km long from west to east
and 80 km from north to south at its widest point
(Morwood et al., 2005b). At her natural speed of 1.11 6
0.14 m/s, it would have taken LB1 about 88 h (range 78–
100 h), walking continuously, to traverse the length of the
island. This of course assumes a flat and straight path,
neither of which are consistent with the terrain of Flores,
and it seems unlikely that LB1 would have ranged over
the entire island, or if she did, not at one time. Since mod-
ern man walks at 1.44 6 0.14 m/s, it would take about
68 h (range 62 to 75 h) to cover the same distance, i.e.
about a day less than LB1.
The discoverers of H. floresiensis have speculated that

the species might have arisen from an ancestral popula-
tion of H. erectus and that their long-term isolation on the
island led to endemic dwarfing (Brown et al., 2004; Lomo-
lino, 1985; Pianka, 1974). Because speed of walking is pro-
portional to the square root of leg length [see Eq. (6)],
while energy expenditure for walking at a particular
speed is proportional to the cube of leg length (Zarrugh
et al., 1974), a reduction in size resulting from dwarfing
would have had a far greater impact on energy utilization
than on walking speed. So, while a shorter LL might have
slightly curtailed LB1’s ranging behavior, this would have
been more than offset by the significant reduction in calo-
rie intake. Previous studies of the daily energy expendi-
ture (DEE) in hominin fossils have combined both locomo-
tion and nonlocomotion costs. Recent data suggest that
leg length has a significant impact, with DEE for H. erec-
tus being 84% greater than that of Australopithecus
(Steudel-Numbers, 2006).
While dynamic similarity is not an exact science

(Alexander, 1984; Vaughan and O’Malley, 2005a), it does
nevertheless provide us with some insights regarding the
way in which LB1 and her fellow pygmy-sized hominins
walked about the island of Flores over 18,000-years ago. It
has also allowed us to reconsider the gait parameters of
the Autralopithecines who made the tracks at Laetoli
almost 4-million-years ago.
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