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Human crawling performance and technique are of broad interest to roboticists, biomechanists, and mil-
itary personnel. This study explores the variables that define crawling performance in the context of an
outdoor obstacle course used by military organizations worldwide to evaluate the effects of load and per-
sonal equipment on warfighter performance. Crawling kinematics, measured from four body-worn iner-

l<€yV\{0TdSJ ) tial measurement units (IMUs) attached to the upper arms and thighs, are recorded for thirty-three
lcnert‘lf‘l measurement units participants. The IMU data is distilled to four metrics of crawling performance; namely, crawl speed,
rawling

crawl stride time, ipsilateral limb coordination, and contralateral limb coordination. We hypothesize that
higher performance (as identified by higher crawl speeds) is associated with more coordinated limbs and
lower stride times. A cluster analysis groups participants into high and low performers exhibiting statis-
tically significant differences across the four performance metrics. In particular, high performers exhibit
superior limb coordination associated with a “diagonal gait” in which contralateral limbs move largely
in-phase to produce faster crawl speeds and shorter crawl stride times. In contrast, low performers crawl
at slower speeds with longer crawl stride times and less limb coordination. Beyond these conclusions, a
major contribution of this study is a method for deploying wearable IMUs to study crawling in contex-

Limb coordination

tually relevant (i.e. non-laboratory) environments.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Crawling represents a form of quadrupedal gait often employed
by humans, reptiles, amphibians, and insects, among other organ-
isms. A gait pattern is defined by Song and Waldron (1989) as “the
time and the location of the placing and lifting of each foot, coor-
dinated with the motion of the body in its six degrees of freedom,
in order to move the body from one place to another.” Relative to
this definition, McGhee (1968) notes over 5000 possible quadruped
gaits, including trotting, galloping, and crawling that are consider-
ably more common than others. One common form of crawling
gait consists of a diagonal interlimb pattern where the limbs
(e.g., arms and legs) on opposite sides of the body swing in unison
(Adolph et al., 1998; Patrick et al., 2009). Diagonal gait has further
implications in designing controllers for quadruped robots, which
may leverage gait transitions observed in nature to improve per-
formance (Kano et al, 2012; Owaki et al., 2012; Owaki and
[shiguro, 2017). For example, several species of lizards exhibit
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diagonal gait when transitioning to high speeds, and it is further
believed that diagonal gait affords greater stability and maneuver-
ability (McElroy et al., 2008).

Diagonal crawling gait is commonly observed in humans and
marks important motor learning gains during infant development
(Adolph et al., 1998; Patrick et al., 2009; Patrick et al., 2012).
Infants generally transition from crawling with their abdomen con-
tacting the floor to crawling with contact solely through their
hands and knees, which introduces new neural, biomechanical,
and task constraints contributing to the challenges of maintaining
balance and support (Freedland and Bertenthal, 1994). Despite
these challenges, infants observed in a longitudinal study system-
atically converge to the same diagonal interlimb gait (Freedland
and Bertenthal, 1994). Crawling balance and dynamic stability fol-
low from a base of support formed with as few as two limbs con-
tacting the ground (Raibert 1986). Diagonal crawling gait yields a
diagonal base of support that remains nominally beneath the mass
center. Studies of infant crawling suggest that the diagonal gait
pattern may also yield the most dynamically stable crawling gait
as it minimizes side to side variation of the mass center relative
to the (diagonal) base of support (Adolph et al., 1998).
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Additional studies explore the effect of limb length on diagonal
gait. For example, short-legged animals (e.g., amphibians, reptiles,
and short-legged mammals) adopt diagonal gait for greater stabil-
ity per the aforementioned reason (Hildebrand 1989). The same
holds for infants who preferentially adopt a wide stance with
respect to their shoulder width by placing their limbs further from
the sagittal plane (Patrick et al., 2009). Relative to adults, infants
have proportionally shorter limbs and adapt to relatively poorer
balance by widening their base of support. When adults are forced
to widen their base of support (limbs forced further from sagittal
plane via obstructions), they converge to using the same diagonal
crawling gait of infants (Patrick et al., 2009).

The objective of this study is to explore the variables that define
and discriminate human crawling performance. We do so in the
context of an outdoor obstacle course that embeds a crawling task
for military personnel (Tack et al., 2012). Crawling of military per-
sonnel may signal functional capacity following injury (Cancio
et al, 2017), expose the mechanisms and types of injury
(Schermann et al., 2017; Schwartz et al., 2018), and optimize the
size and configuration of carried loads (Jaworski et al., 2015;
Larsen et al., 2012; Larsen et al., 2014; Mitchell et al., 2016;
O’Neal et al., 2014). Historically, crawling performance for military
assessment is quantified solely by the time required to complete a
crawling task. Although completion time is an important measure
of performance, it does not reveal the techniques used or the
underlying biomechanical motions that contribute to superior per-
formance. For example, (Larsen et al.,, 2012; Larsen et al., 2014)
conclude that large added loads from body armor significantly
increases completion time. However, completion time does not
reveal any of the companion changes in the biomechanical move-
ments as also noted by observation (Larsen et al., 2014). In this
study, we explore crawling performance across four measures of
crawling performance; namely, crawl speed, crawl stride time,
ipsilateral limb coordination, and contralateral limb coordination.
Building from the previous literature, we hypothesize that superior
crawling performance, as defined by faster crawl speed, is associ-
ated with greater limb coordination and shorter crawl stride time.
Importantly, we do so in the context of an outdoor (non-
laboratory) environment by exploiting advances in body-worn
inertial measurement units for motion capture.

2. Methods
2.1. Participants, equipment, and protocol

Thirty-three participants (19M/14F, 20.2+2.0yrs,
1.75+0.12m, 71.6 £ 14.2 kg) were recruited from a collegiate
Reserve Officers’ Training Corps (ROTC) and club sports population.
The University of Michigan Institutional Review Board approved
the study and participants gave informed consent. Participants
wore an array of inertial measurement units (IMUs) (Opal, APDM,
Portland, OR, USA). Four IMUs attached to upper arms and thighs
with arbitrary orientation are pertinent to this study (Fig. 1). Each
IMU includes a triaxial accelerometer (6 g range, 14-bit resolution,
650 pg//Hz noise floor) and a triaxial angular rate gyro (2000°/s
range, 16-bit resolution, 0.03°/s/\/Hz noise floor) sampled at
128 Hz. We employ inertial motion capture to avoid the limitations
of traditional optical motion capture such as limited capture vol-
ume, marker occlusion, and restriction to a laboratory setting.

Participants completed a crawling task as part of a larger out-
door obstacle course modeled after the Load Effects Assessment
Program (LEAP); see, for example, (Tack et al., 2012; Mitchell
et al., 2016). The LEAP obstacle course is used by military organiza-
tions worldwide to evaluate the effects of load and other personal
equipment on warfighter performance. It was created to replicate

Fig. 1. Participant with four IMUs attached to upper arms and thighs (red boxes)
and a callout of an IMU node on the right.

the common movements of warfighters and was specifically
designed by the U.S. military to incorporate motions and tasks
important for military personnel as emphasized in Tack et al.
(2012) and Mitchell et al. (2016). The additional IMUs visible in
Fig. 1 were employed to resolve the motion of additional body seg-
ments pertinent to other obstacles in the course as reported, for
example, in Cain et al. (2016) for the balance beam obstacle, in
McGinnis et al. (2017) and Zaferiou et al. (2017) for the agility
run obstacle, in McGinnis et al. (2016) for the vertical jump obsta-
cle, in Tammana et al. (2018) for the vertical load transfer obstacle
(a lifting task), and in Ojeda et al. (2017) for the stair case run
obstacle.

In the context of the LEAP, the crawling task in this study is
referred to as the high crawl. Participants started each crawl trial
prone with their elbows even with a set of cones and were
instructed to crawl to another set of cones 9.1 m (30 ft) away while
keeping their body as low to the ground as possible. In so doing,
participants crawled on their elbows (not hands) and knees,
though they also used their feet as additional points of contact
when moving forward; refer to sample videos in the Supplemen-
tary Material. Participants also cradled a mock rifle weighing
7 lbs (3.18 kg) between their forearms and biceps while crawling.
Prior to the data collection, participants practiced their crawling
technique to reduce learning effects.

2.2. Analysis of IMU data

Analysis of the IMU data begins by parsing the data into crawl-
ing gait cycles by detecting events that define the start and end of
each cycle. Subsequent analysis of the parsed cycles reveals the
speed of crawling and coordination of the upper and lower limbs.
These metrics, described next, are analogous to prior measures
for crawling (see, for example, McElroy et al., 2008; Patrick et al.,
2009; Patrick et al., 2012; Righetti et al., 2015). Crawling perfor-
mance is then examined using a cluster analysis that discriminates
the crawling speed and coordination of high performing partici-
pants where performance is first defined by the traditional mea-
sure of time to complete the crawling task. Further statistical
analyses confirm significant differences in speed and coordination
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metrics between the high and low performance groups. A descrip-
tion of each of these four steps follows.

Step 1: Crawl gait event definition and detection

The IMU data is parsed into individual gait cycles via the accel-
eration sampled at both upper arms. In particular, the acceleration
magnitude at an upper arm exhibits a pronounced peak each time
the associated elbow strikes the ground. These peaks readily define
the start and end of each crawling gait cycle (Fig. 2).

By contrast, the acceleration sampled on each thigh does not
readily distinguish gait cycles as the acceleration for the associated
knee strikes can be significantly attenuated relative to the elbow
strikes. Additionally, the knee often slips on the ground further
confounding the detection of the cycle (refer to the high performer
video in the Supplementary Material). Nevertheless, the motion of
the thigh, and particularly the phasing of the motion of each thigh
relative to both upper arms is critical to crawling performance.
This phasing is captured by the coordination metrics proposed
below.

Step 2: Crawl speed and stride time

The crawl is bookmarked by the first and last elbow strikes,
which define the crawl completion time (Fig. 2). The length of
the crawl (9.1 m) divided by the crawl completion time yields
the average crawl speed. Stride times are defined from sequential
elbow impacts on the same arm (i.e. time from one left elbow
impact to the next left elbow impact); refer to Fig. 2. For each par-
ticipant, the stride time is reported as the mean of the stride times
for both right and left upper arms.

Step 3: Ipsilateral and contralateral coordination metrics

Two different (but related) metrics of crawl coordination are
defined in this study; namely ipsilateral and contralateral coordi-
nation. Ipsilateral coordination measures the phasing of limbs on
the same side of the body (e.g., phasing of the right thigh relative
to the right upper arm). Contralateral coordination measures the
phasing of limbs on the opposite side of the body (e.g., phasing
of the left thigh relative to the right upper arm). These coordination
metrics are computed from the angular velocities measured syn-
chronously on all four limbs as follows.

First, the principal axis of rotation for each upper arm during
each stride is estimated from a principal component analysis
(PCA) (Wold et al., 1987) of each upper arm’s angular velocity data.
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The PCA returns three orthogonal axes that describe the variation
in angular velocity where the first axis captures the majority of
the variation and is used as the principal axis of rotation. Addition-
ally, the resulting principal axis nominally points in the lateral
direction. The angular velocity for each upper arm is projected onto
the associated principal axis of rotation to yield “arm principal
angular velocities” wg,; where i=1 or r for left or right upper
arm. An analogous procedure is followed for the angular velocity
measured from each thigh-mounted IMU, with one important dif-
ference. This PCA for each thigh is conducted twice, once using the
strides defined by the left elbow strikes and then again using the
strides defined by the right elbow strikes. Doing so yields “leg prin-
cipal angular velocities” @y ; where i =1 or r for left or right elbow
strikes and j =1 or r for left or right thigh. For example, wjg is the
right thigh principal angular velocities using the strides defined by
the right elbow strikes and g is the right thigh principal angular
velocities using the strides defined by the left elbow strikes. In
summary, each of these scalar quantities describes the angular
speeds of each limb about the principal axis of rotation of each
limb.

Next, a coordination matrix B (2 x 2) is formed that measures
the phasing of each pair of arm and leg principal angular velocities.
The components of the coordination matrix are

ftz Warm,i (t)wleg_ij(f)dt

By = —— 1
’ \/ IR wa,m‘i(t)zdt\/jff Oreg (0)7dt M

where the limits of integration begin with the time of the first
elbow strike (t;) to the last elbow strike (t,),i.e., the crawl comple-
tion time illustrated in Fig. 2. The component f; is a measure of the
phase between the principal angular velocities of the ith upper arm
and the jth thigh (calculated with the ith elbow strikes), where
again i, j = I(eft) or r(ight). Note that —1 < g; < 1and that the limit-
ing values f; =1 and f; = —1 denote perfectly in-phase and per-
fectly out-of-phase motions, respectively; refer to illustrative
example in Fig. 3 for principal angular velocities that are sinusoids.

However, the principal angular velocities during crawling are
not simple sinusoids as illustrated in the example of Fig. 4. Shown
are principal angular velocities for each of the four limb combina-
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Fig. 2. A plot of the acceleration magnitudes (including superimposed gravity) of IMUs attached to left (blue) and right (red) upper arm. Circles denote elbow strikes for each
arm. The vertical green line indicates the start of the crawl and the vertical black line indicates the end of the crawl. A single “stride” time is illustrated for the left arm.
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Fig. 3. Example illustrating the interpretation of the components of the coordination matrix for principal angular velocities described by two (phase-shifted) sinusoids having
period 27. In this case, f§; reduces to cos ¢ where ¢ is simply the phase angle between the two sinusoids. (a) f; = 1 for two principal angular velocities that are exactly in-
phase (¢ = 0). (b) ; = —1 for two principal angular velocities that are exactly out-of-phase (¢ = 7). (c) s; = 0 for two principal angular velocities that are out-of-phase by
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Fig. 4. Representative principal angular velocities of the upper arms (blue) and thighs (dashed red) over a single stride for an exemplar high performer. If, for example, the
right (left) upper arm is rotating counterclockwise (clockwise), the principal angular velocity is positive. The top row illustrates the relative phasing of the ipsilateral limbs
and the bottom row illustrates the phasing of the contralateral limbs. The resulting components of the coordination matrix f; for this example stride are reported.
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tions over a typical stride for an exemplar high performer. The
associated components f; of the coordination matrix are also
reported, and they include values suggesting significant out-of-
phase limb motions (—0.89 and —0.72) as well as values suggesting
significant in-phase limb motions (0.71, 0.59); refer to Discussion.

Next, we report the four components (f;) averaged across all
strides and summarize those results in a “coordination map” as
illustrated by the example shown in Fig. 5. The average values of
Bi(white circles) for each indicated pair of limbs are shown relative
to the possible range of values —1 < f; < 1. In the coordination
map, positive (negative) values of g; that lie in the upper (lower)
half of the range signify limb phasing that tends towards in-
phase (out-of-phase).

The coordination map of Fig. 5 is typical of a high performer as it
reveals significant out-of-phase motion of the ipsilateral limbs
(Barmrjegr = —0.79, Barmieq = —0.83) simultaneously with significant
in-phase motion of the contralateral limbs (Bgm g = 0.66,
Barmiteer = 0.76). Leveraging this observation, we define two overall
crawl coordination metrics that measure ipsilateral limb
coordination

_ ﬁarmr‘legr + ﬁarml‘legl

Bi 5 3)
and contralateral limb coordination
,Bc _ ﬁarmr,legl ;‘ ﬁarml.legr (4)

Recall that the coordinate maps illustrated in Fig. 6 illustrate the
ipsilateral and contralateral coordination averaged across all
crawling cycles performed by the two exemplars.

Step 4: Cluster and statistical analysis

We explore how crawl speed, stride time, contralateral coordi-
nation, and ipsilateral coordination contribute to overall crawling
performance and technique using a k-means cluster analysis. The
optimal number of means is evaluated with a standard criteria
known as the silhouette criterion (Rousseeuw, 1987), which pro-
vides a measure of how similar variables are within a cluster and
how dissimilar they are across clusters. Prior to the cluster analy-
sis, each of the four variables were normalized by their respective
ranges to assign equal weighting in determining the clusters. After
confirming normality, differences in the four variables between
groups are further assessed with Welch'’s t-tests (to account for

ipsilateral
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8 arm|, leg | B8 armr, leg r
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unequal variances between groups) with statistical significance
evaluated at o = 0.05. These statistical tests are conducted to con-
firm the distinction of the groups identified by the cluster analysis.

3. Results

The silhouette coefficient (0.63) indicated a reasonable struc-
ture (Kaufman and Rousseeuw, 1990) that distributed the partici-
pants into two groups (n; =26, n, = 7). Silhouette coefficients for
the other numbers of clusters are reported in Table 1 of the Supple-
mentary Material. The ratio of inter-cluster distance to intra-
cluster distance (calculated using Euclidean L, norm distances
(Kumar et al., 2014)) for crawl speed, crawl stride time, ipsilateral
coordination, and contralateral coordination are 1.18, 1.19, 1.23,
and 1.25, respectively. A ratio greater than 1 indicates that the
parameter highly contributes to the group composition. Thus, in
this case, each of the four variables contributes approximately
equally. Table 1 below provides the descriptive statistics distin-
guishing the two clusters (or groups) from one another. The first
cluster (Group 1) exhibits faster crawl speeds (denoting superior
crawling performance), shorter crawl stride times, and coordina-
tion metrics closer to +1 (denoting more coordinated limbs) as
compared to the second cluster (Group 2). Shapiro-Wilk normality
tests and g-q plots for all variables in both groups did not indicate
any significant deviations from the normal distribution. Table 1
also provides the results of the Welch’s t-tests. Importantly, Table 1
provides the effect sizes (Cohen’s d) for the differences across the
groups as referred to in the following discussion.

Differences in crawl speed, crawl stride time, and coordination
across the groups reveal clear differences in performance. More-
over, the performance difference appears to manifest in differing
crawling technique as identified by the coordination metrics dis-
cussed next.

4. Discussion

We hypothesized that superior crawling performance (as
defined by faster crawl speed) is associated with greater limb coor-
dination and shorter stride time. Confirming this hypothesis, the
cluster analysis revealed one cluster (Group 1) was characterized
by faster crawl speeds, shorter crawl stride times, and greater limb
coordination. Additional statistical tests were conducted to further

contralateral
3

3
“aml, legr armr, leg !

in-phase

-1

out-of-phase

Fig. 5. Coordination map for exemplar high performer from Fig. 4 (refer also to high performer video in Supplementary Material). Components f; (averaged across all strides)
of the coordination matrix (white dots) are shown relative to possible range —1(blue) < ; < 1(red). The upper half designates f; > 0 for phasing that tends towards in-

phase; the lower half designates f5; < 0 for phasing that tends towards out-of-phase.
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Fig. 6. Example coordination maps for an exemplar (a) high performer (refer to Fig. 5) and (b) low performer.

Table 1

Mean + standard deviation of four crawl performance metrics for two groups identified by the cluster analysis. Performance metrics include average crawl speed, crawl stride
time, ipsilateral coordination and contralateral coordination. The differences (A) denote Group 1 - Group 2. The t-statistic, p-value, and Cohen’s d effect size results from the

Welch'’s t-test.

Group 1 Group 2 A t p d
Crawl Speed (m/s) 0.7+0.2 0.5+0.2 0.2 2.80 0.02 1.09
Crawl Stride Time (s) 1.3+0.2 1.8+0.6 -0.6 -2.59 0.04" -1.30
Ipsilateral Coordination -0.63£0.11 -0.27 £0.20 -0.37 —4.72 <0.01" -2.29
Contralateral Coordination 0.57+0.20 0.22+0.37 0.35 242 0.04" 1.18

Significant at ot =0.05", 0.011.

confirm the hypothesis and the distinction of the groups identified
by the cluster analysis. The effect size for the crawl speeds (also
average crawl completion time) suggests the two groups signifi-
cantly differ by approximately one standard deviation (d = 1.09).
The other speed related metric, crawl stride time, also significantly
differs between the two groups with the stride times of the high
performers (1.3 s) being significantly shorter than those of the
low performers (1.8 s). Prior literature suggests the main strategy
to increase speed is to decrease the stance duration (Patrick
et al., 2012; Righetti et al., 2015), implying the duration of the
swing phases largely remains the same across different speeds. If
so, one can infer that high performers spend approximately half
a second less (on average) in the stance phase compared to low
performers. Note that the product of the average crawl speed and
the average crawl stride time yields an estimate for the average
crawl stride distance, which is 0.9 m for both high and low per-
formers. This lends further support to the belief that the mechanics
of the swing phase alone would not distinguish high from low per-
formers (Patrick et al., 2012; Righetti et al., 2015).

The most prominent difference in performance is revealed by
ipsilateral coordination. The substantial effect size (d = —2.29) sug-
gests the mean ipsilateral coordination for the two groups differs
by more than two standard deviations. Contralateral coordination
also significantly differs between the two groups, but the associ-
ated effect size is about half that for ipsilateral coordination.
Fig. 6 compares the coordination maps for an exemplar high per-
former (same as that of Fig. 5) adjacent to that of an exemplar
low performer. For the exemplar high performer, the ipsilateral
limbs are substantially out-of-phase (note the proximity of
Barmriegr A0 Bamijeq to the blue end of the range where = —1)
while the contralateral limbs are substantially in-phase (note the
proximity of gy jegr AN By jeer tO the red end of the range where
p = 1). In contrast, for the exemplar low performer, the limbs are
neither substantially in-phase or out-of-phase (note the closer
proximity of f; to the center of the map where § = 0).

It is also interesting to examine possible cycle-to-cycle varia-
tions of these coordination metrics. To that end, Fig. 7 reports
the moving averages (average of right and left first stride, right
and left second stride, etc.) of the ipsilateral and contralateral coor-
dination for (a) the exemplar high performer and (b) the exemplar
low performer. The moving average for the high performer exhibits
rather small variation. Thus, the high performer crawls with highly
consistent coordination and also with coordination components
reasonably close to + 1 as illustrated by the overall average as well
as in Fig. 6(a). Conversely, considerable variation is observed in the
moving average of the coordination components for the low per-
former, which suggests that the low performer does not crawl with
consistent coordination stride to stride. Moreover, the averages of
the coordination components are close to 0, as illustrated by the
overall average and in Fig. 6(b).

Overall, the exemplar low performer’s limbs do not exhibit
strong limb pairing and the limbs largely move independently of
each another in cyclic sequence. (Refer also to the exemplar low
performer video in the Supplementary Material.) Consequently,
members in the low performing group incur significantly longer
stride times as, for example, they wait to move their thigh only
after the preceding elbow strike. In other words, low performers
incur added stance time while they wait for their legs to catch
up with their arms. In contrast, the exemplar high performer’s
limbs remain strongly paired and with coordination that mimics
the diagonal interlimb pattern often observed at faster locomotion
speeds (McElroy et al., 2008; Patrick et al., 2009). (Refer also to the
exemplar high performer video in the Supplementary Material.)
Consequently, members in the high performing group crawl
rapidly through superior ipsilateral and contralateral limb coordi-
nation. Indeed, the ipsilateral coordination is so strong that the
ipsilateral limbs mimic the pairs of coupled oscillators previously
observed in other modes of human locomotion (e.g., walking,
creeping (i.e. crawling on hands and feet), and swimming)
(Wannier et al., 2001). In all, the results from the additional statis-
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Fig. 7. Moving averages of ipsilateral (ﬁi) and contralateral coordination (/Aic) for the exemplar (a) high performer and (b) low performer. The black lines represent the

averages across the trial as reported in each figure’s title.

tical tests further confirm the hypothesis that higher performance
is associated with more coordinated limbs and lower stride times.

One factor that may contribute to participants’ ability to coordi-
nate their limbs could be the additional constraint of cradling the
mock rifle in their arms. Cradling the mock rifle is an integral part
of the testing protocol for the LEAP obstacle course (see, for exam-
ple, (Mitchell et al., 2016)). In the exemplar high performer video
(Supplementary Material), the mock rifle remains firmly secured
between the forearms and biceps, essentially creating a rigid con-
straint between the forearms. Perhaps as a result, the arm move-
ments remain nearly perfectly out-of-phase. In the exemplar low
performer video (as well as videos of other members of the low
performance group) the mock rifle is secured using one hand and
the crook of the contralateral arm’s elbow, rendering it consider-
ably less stable (i.e., not a rigid constraint). The added distraction
and attention to stabilizing the mock rifle may contribute to the
observed poorer limb coordination.

5. Conclusions

This study contributes a novel method to measure and quantify
crawling motion using four body-worn inertial measurement units
attached to the upper arms and thighs. Doing so enables the study
of crawling in relevant (non-laboratory) contexts including in an
outdoor obstacle course frequently used by military organizations
worldwide to evaluate the effect of load and other personal equip-
ment on warfighter performance. The data harvested from the
embedded inertial sensors (accelerometers and angular rate gyros)
is used to construct four measures of crawling performance;
namely, crawl speed, crawl stride time, ipsilateral limb coordina-
tion, and contralateral limb coordination. Ipsilateral and contralat-
eral limb coordination quantify the phasing of the rotations of the

upper arms and thighs, and thus they are also a product of the
underlying motor control (not directly measured). Collectively,
they reveal the purposeful, coordinated movements that con-
tribute to superior (or inferior) crawling performance as further
revealed in a cluster analysis that aggregates participants into (sta-
tistically significantly different) high and low performance groups.
The results of the cluster analysis and statistical tests confirm the
hypothesis that higher performance is associated with limb coordi-
nation and stride times. Overall, high performers exhibit superior
limb coordination associated with a “diagonal gait” that produces
faster crawl speeds and shorter crawl stride times. In contrast,
low performers crawl at slower speeds with longer crawl stride
times and with significantly less limb coordination.
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