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Humans Optimize Ground Contact
Time and Leg Stiffness to Minimize
the Metabolic Cost of Running

Isabel S. Moore*, Kelly J. Ashford, Charlotte Cross, Jack Hope, Holly S. R. Jones and
Molly McCarthy-Ryan

Cardiff School of Sport and Health Sciences, Cardiff Metropolitan University, Cardiff, United Kingdom

Trained endurance runners appear to fine-tune running mechanics to minimize metabolic
cost. Referred to as self-optimization, the support for this concept has primarily been
collated from only a few gait (e.g., stride frequency, length) and physiological (e.g.,
oxygen consumption, heart rate) characteristics. To extend our understanding, the aim
of this study was to examine the effect of manipulating ground contact time on the
metabolic cost of running in trained endurance runners. Additionally, the relationships
between metabolic cost, and leg stiffness and perceived effort were examined. Ten
participants completed 5 x 6-min treadmill running conditions. Self-selected ground
contact time and step frequency were determined during habitual running, which was
followed by ground contact times being increased or decreased in four subsequent
conditions whilst maintaining step frequency (2.67 + 0.15Hz). The same self-selected
running velocity was used across all conditions for each participant (12.7 + 1.6 km - h™1).
Oxygen consumption was used to compute the metabolic cost of running and ratings
of perceived exertion (RPE) were recorded for each run. Ground contact time and step
frequency were used to estimate leg stiffness. Identifiable minimums and a curvilinear
relationship between ground contact time and metabolic cost was found for all runners
(r? = 0.84). A similar relationship was observed between leg stiffness and metabolic cost
(r? = 0.83). Most (90%) runners self-selected a ground contact time and leg stiffness that
produced metabolic costs within 5% of their mathematical optimal. The majority (n = 6)
of self-selected ground contact times were shorter than mathematical optimals, whilst
the majority (n = 7) of self-selected leg stiffness’ were higher than mathematical optimals.
Metabolic cost and RPE were moderately associated (rs = 0.358 p = 0.011), but
controlling for condition (habitual/manipulated) weakened this relationship (rs = 0.302,
p = 0.035). Both ground contact time and leg stiffness appear to be self-optimized
characteristics, as trained runners were operating at or close to their mathematical
optimal. The majority of runners favored a self-selected gait that may rely on elastic energy
storage and release due to shorter ground contact times and higher leg stiffness’s than
optimal. Using RPE as a surrogate measure of metabolic cost during manipulated running
gait is not recommended.
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INTRODUCTION

Self-optimization is the subconscious, fine-tuning of running
mechanics to minimize metabolic cost (Cavanagh and Williams,
1982; Williams and Cavanagh, 1987; Moore et al., 2012, 2016),
and is believed to be central to developing an economical running
gait. Hogberg (1952) provided the first example of systematically
manipulating stride length to examine self-optimization in a
trained runner and reporting the resultant metabolic response.
This initial work was applied to a larger cohort (n = 10) of trained
runners by Cavanagh and Williams (1982). In both studies,
a curvilinear, U-shaped relationship was observed highlighting
that trained runners were able to self-select a stride length that
was at, or near to, their mathematically derived optimal stride
length. Others have replicated these findings (Morgan et al., 1994;
Hunter and Smith, 2007; de Ruiter et al., 2013; Connick and
Li, 2014; van Oeveren et al., 2017) and extended the knowledge
base by demonstrating that untrained runners are further from
their mathematical optimal than trained runners (de Ruiter et al.,
2013) and submaximal running velocity does not affect the
optimal stride length (van Oeveren et al., 2017). Additionally,
even when fatigued, trained runners produce stride lengths
that are near their mathematically derived optimal (Hunter and
Smith, 2007). Consequently, it has become well recognized that
stride length and frequency are self-optimized within trained
runners. Yet, limited attention has been given to assessing the
optimization of how stride frequency is produced, specifically,
consideration of ground contact time, which may elicit different
athlete-specific responses when manipulated.

Reported associations between ground contact time and
metabolic cost have been equivocal (Moore, 2016). Early work
proposed that ground contact time was inversely proportional
to the energetic cost of walking and running (Kram and
Taylor, 1990; Hoyt et al., 1994; Kipp et al., 2018), meaning
increasing contact time would reduce the energy required to
travel a unit distance. Such an association has been observed
by Di Michele and Merni (2013) and Williams and Cavanagh
(1986). However, the time spent in contact with the ground
has since been identified as the metabolically expensive phase
of the gait cycle (Arellano and Kram, 2014), leading many to
advocate that shorter ground contact times would facilitate a
reduction in metabolic cost (Nummela et al., 2007; Santos-
Concejero et al., 2014; Folland et al., 2017). Whilst studies
have supported associations to this effect (Nummela et al.,
2007; Santos-Concejero et al., 2014, 2017), conclusive causative
evidence has not been forthcoming. Recently, Lussiana et al.
(2019) observed that short and long ground contact times may
be economically beneficial depending on the type of runner
you are. Runners who spend a relatively large proportion of
the gait cycle in contact with the ground (high duty factor)
had similar metabolic costs as those who spend a relatively
small proportion of the gait cycle in contact with the ground
(low duty factor) (Lussiana et al., 2019). These findings add
further support to the theory of self-optimization, as runners
appeared to have subconsciously adapted both mechanically and
physiologically. Accordingly, the challenges presented by current
research based on cross-comparisons examining contact time

and metabolic cost, means that athlete-specific recommendations
about economical running and this specific gait characteristic
remain elusive (Moore, 2016).

Morin et al. (2007) have been the only researchers to
use a within-participant design to study ground contact time.
Specifically, they were able to manipulate ground contact time
and demonstrated that changes in the time spent in contact
with the ground explained a larger proportion of variance in
changes in leg stiffness than changes in stride frequency (r* =
0.90 and 0.47, respectively). Whilst the study did not measure the
metabolic cost of running, greater leg stiffness has been found
to be related to a lower metabolic cost (Dalleau et al., 1998)
and is seen as an economical running strategy (Moore, 2016).
Therefore, it could be argued that producing a greater leg stiffness
whilst simultaneously maintaining stride frequency, facilitated
by shorter ground contact times, would reduce the metabolic
cost of running. Calculating leg stiffness is derived from the
concept that human running can be explained by a spring-mass
model (Blickhan, 1989). The spring represents the leg, which is
compressed by the body during the first half of ground contact
and then rebounds upwards during the second half of ground
contact (Morin et al., 2005). A stiffer leg would potentially store
and release energy more effectively than a less stiff leg and
subsequently this may reduce the metabolic cost of running.
Aside from the study by Morin et al. (2007), ground contact
time and leg stiffness have received limited attention from within-
participant study designs investigating economical running.

Assessing a runner’s ground contact time can be performed
with relatively simple equipment, such as a video camera or
phone application (Balsalobre-Fernandez et al., 2017), which
has enabled biomechanical analysis to become more accessible
to coaches and practitioners. However, determining optimal
ground contact times with respect to metabolic cost currently
requires expensive equipment to measure the constitution of
inspired and expired air (e.g., gas analysis system), and technical
expertise. Surrogate measures have been effectively adopted in
assessing stride length and frequency (de Ruiter et al., 2013), but
still require additional equipment. It is possible that Ratings of
Perceived Exertion (RPE) could provide a surrogate, affordable,
and easy to use measure to examine the perceived demand
of manipulating ground contact time. Several studies have
shown that the metabolic cost of running is linearly related to
perceived exertion (see Chen et al., 2002 for a review) so it
would seem plausible that it would be effective. Further, due
to the relationship between RPE and metabolic cost, RPE is
often used by coaches and practitioners to monitor training
responses (McLaren et al., 2018), but it is not known whether
this is an appropriate surrogate measure to use for technique-
focused training.

The primary aim of this study was to examine the effect
of manipulating ground contact time on the metabolic cost of
running, in addition to determining the effect of altered leg
stiffness on the metabolic cost of running. Based on the self-
optimization theory, it was hypothesized that the trained runners
would self-select a ground contact time and leg stiffness near
to their mathematically derived metabolically optimal ground
contact time (within 5%). The mathematical optimal being
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an identifiable minimum in a curvilinear relationship between
metabolic cost and the gait characteristics. A secondary aim was
to assess the relationship between metabolic cost and perceived
exertion across the different ground contact time conditions and
we hypothesized that a positive, linear relationship would be
observed between metabolic cost and perceived exertion.

METHODS

Participants

Ten trained, university level endurance runners (nine male
and one female) provided informed, written consent to
participate in the study (age: 19.8 £ 2.6 years; height: 1.79
£ 0.12m; mass: 65.1 + 6.6kg). Each participant completed
a minimum of two structured training sessions per week,
were part of the athletics first team squad and could run
sub-17 min 5km or sub-35min (male) and sub-45min 10 km
(female). Additionally, all participants were familiar with
treadmill running and had been injury-free for the previous 6
months. Ethical approval was obtained from the University’s
Ethics Committee.

Procedure

All running conditions were undertaken during one visit to the
laboratory. Mass and height were measured prior to commencing
the warm-up. All participants performed a self-selected warm-
up for between 5 and 10min during which time they were
familiarized to the cues that were about to be provided.
Participants were then instructed to self-select a running velocity
that they believed they could comfortably maintain for 30 min.
Participants then completed 5 x 6-min treadmill runs at their
self-selected running velocity (12.7 & 1.6 km - h=!), with 3 min
rest periods between consecutive bouts. The self-selected running
velocity was deemed to be submaximal based on data from the
habitual condition producing a respiratory exchange ratio <1.0
during the final 2 min of the run. During the first run, participants
performed their habitual running technique, which allowed their
self-selected step frequency and ground contact time to be
determined via the Runmatic app. Participants then performed
four separate runs in a standardized order, whereby a specific
verbal cue was provided to elicit one of the four conditions: slow
contact time, very slow contact time, quick contact time and
very quick contact time. During each condition, a metronome
was used to maintain the participants’ step frequency at a rate
that matched their self-selected frequency. The specific verbal
instructions provided were “make contact with the ground in
time with the beat of the metronome and to respond to the cue
provided.” The verbal cue was given every 30s (Moore et al.,
2019) and were as follows: condition (1) increase contact time
more than usual; condition (2) increase contact time as much
as possible; condition (3) decrease contact time more than usual
and; condition (4) decrease contact time as much as possible.
Throughout each run breath-by-breath respiratory data were
recorded using an online gas analysis system (OxyconPro, Jaeger
at Viasys Healthcare, Warwick, UK) and RPE was recorded
on Borgs 6-20 scale (Borg, 1998) at the end of each run. All

participants wore their usual training attire and ran in their
own trainers.

Data Collection and Computation

Participants were video recorded in the frontal plane using the
Runmatic app (250 Hz) on an iPhone to enable ground contact
time for the left and right feet to be determined. The set-up
followed previous recommendations whereby the iPhone is held
30 cm from the back of the treadmill, vertically in line with the
height of the treadmill (Balsalobre-Ferndndez et al., 2017). The
Runmatic app has been shown to provide a valid measure of
ground contact time (ICC >0.96 with criterion measurement)
and strong intra-session reliability when using 10 foot contacts
(a0 = 0.996) (Balsalobre-Fernandez et al., 2017). A 10 s recording
was taken during the 4th min of each condition, which led to
five gait cycles (10 foot contacts). The videos were manually
digitized within Runmatic app by the same individual and ground
contact time, aerial time, and step frequency data were exported
for each condition. Ground contact time (s) was defined as the
time between initial foot contact and toe-off for the same foot,
whilst aerial time (s) was the time between toe-off from one foot
to initial contact of the other foot. Finally, step frequency (Hz)
represents the number of foot contacts (left and right) during
one unit of time (s). Following the recommendations of Morin
et al. (2005), leg stiffness (N-m™') was calculated using the
exported ground contact and aerial times, the estimated peak
vertical force (N) from the sine wave method and the modeled
vertical displacement of the center of mass (m) during ground
contact. Full details can be found in Supplementary 1. The unit
change for the relationship between ground contact time and leg
stiffness was calculated using the gradient of the slope created
by the interpolated ground contact time and interpolated leg
stiffness. The interpolation procedure is described below.

Oxygen consumption data were filtered using a recursive low-
pass, second order Butterworth filter (0.43 Hz cut-off frequency
determined using residual analysis) and the mean metabolic cost
was computed using the final 2 min of each run. Datasets were
checked for outliers (2 SD away from the mean) and any within-
participant outliers for each run were removed prior to the
mean metabolic cost being calculated. All oxygen consumption
data were visually checked for the presence of a steady-state.
Metabolic cost was computed using the oxygen consumed per
unit body mass per unit time (mlO;-kg~!-min~!). Using
metabolic cost per unit distance (ml O, -kg=! -km™!) rather
than per unit time did not alter the relationships identified in
the study.

Optimal ground contact time was determined separately for
each participant using the metabolic cost. Specifically, a least-
squares cubic interpolation (third order polynomial, interpolated
to fifty data points) with ground contact time as the independent
variable and metabolic cost as the dependent variable was
calculated. Cubic interpolation was employed to accommodate
the potential asymmetrical increase in metabolic cost either
side of the optimum and any asymmetrical increases and
decreases in ground contact, as the magnitudes of ground
contact time changes could not be controlled. The cubic
interpolation was constrained by the habitual ground contact
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time and oxygen consumption being a known, fixed point
on the third order polynomial. The minimum of the cubic
interpolation was identified using the fmincon function in
MATLAB (Mathworks, Inc., 2018b) between the following
bounds: fastest ground contact time (lower bound) and slowest
ground contact time (upper bound). The procedure was repeated
for leg stiffness as the independent variable and metabolic
cost the dependent variable. Figurel shows an example
of measured and interpolated data. All computations were
performed in MATLAB. A free downloadable software has been
developed to allow others to compute optimal gait characteristics
(Moore, 2019).

Statistical Analysis

Means (SDs) of the biomechanical variables derived from both
the left and right steps were computed for each individual during
each condition. After normality testing using Sharipo-Wilk (W
= 0.980, p = 0.551), a one-way repeated measures ANOVA
was used to check whether step frequency was maintained
across all running conditions. Due to RPE data being ordinal, a
Spearman’s rank test was used to assess the association between
RPE and metabolic cost and a partial Spearman’s rank test
was used to assess the same association but with the type of
running condition (habitual and manipulated) controlled for.
Small, medium and large strengths of association were defined as
0.10-0.29, 0.30-0.49, and >0.5, respectively. Statistical analyses
were conducted with RStudio (version 1.1.456, Boston, MA) and
alpha was set at 0.05.

RESULTS

Step frequency [F(;, 49y = 0.051, p = 0.995] was found to be
similar across all conditions (mean + SD: 2.67 + 0.15Hz).
This confirms that the habitual step frequency was maintained
throughout. The mean self-selected ground contact time was
0.247 £ 0.016s, with a mean metabolic cost of 45.34 & 5.42
ml O, -kg™! - min~!. A mathematical optimal ground contact
time was identifiable for all participants using a third order
polynomial, with a large proportion of variance in metabolic
cost explained by ground contact time (r> = 0.840; Table 1). On
an individual level, six participants used a self-selected ground
contact time that was 1-8% shorter than their mathematical
optimal, whilst the remaining four participants used a self-
selected ground contact time that was 1-5% longer than their
mathematical optimal (Table 1; Figure 1).

The mean self-selected leg stiffness was 8.38 & 1.33 kN - m ™!,
with a mathematical optimal leg stiffness identifiable for all
participants. A similar amount of variance in metabolic cost
could be explained by leg stiffness (12 = 0.826), as it was with
ground contact time. The majority (n = 7) of the participants
used a self-selected leg stiffness that was 1-16% higher than
their mathematical optimal compared to three participants who
used a self-selected leg stiffness that was 1-6% lower than their
mathematical optimal (Table 1).

Half of the participants (n = 5) were within 1% of their
optimal metabolic cost, and all participants bar one were
within 5% of their optimal metabolic cost (Figure 2). Example
relationships between metabolic cost and ground contact time are
presented in Figure 3 for the three different responses produced
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TABLE 1 | Self-selected and mathematical optimal (% of self-selected) ground contact times and metabolic costs for each participant, with the third order polynomial

modeled fit (2).

Participant Self-selected Mathematical optimal (% of self-selected) Modeled fit (R?)
number
Ground Leg Metabolic Ground Metabolic Leg Metabolic  Ground contact Leg
contact stiffness cost (ml O,- contact time cost stiffness cost time stiffness
time (s) (N-m-1) kg ''min~")
1 0.280 7,915 44.50 3.12 2.25 —5.61 1.85 0.859 0.964
2 0.251 7,892 47.87 —-0.42 0.05 1.13 0.07 0.941 0.944
3 0.230 9,892 46.11 4.46 0.46 —6.26 0.21 0.916 0.913
4 0.234 7,995 48.93 1.23 0.47 —1.81 0.21 0.957 0.970
5 0.261 7,508 40.79 1.97 0.17 —2.73 0.06 0.996 0.995
6 0.239 7,150 51.06 —2.06 3.51 5.74 5.01 0.606 0.331
7 0.236 10,766 46.89 7.81 3.91 —15.64 4.20 0.850 0.856
8 0.245 6,892 49.55 8.18 10.55 —14.73 11.02 0.847 0.995
9 0.258 7,859 45.39 —4.50 1.20 -1.35 0.03 0.739 0.719
10 0.232 9958 32.26 —3.42 0.72 0.31 0.01 0.690 0.576
Mean (SD) 0.247 8,383 45.34 1.64 2.33 -4.10 2.27 0.840 0.826
(0.016) (1,326) (5.42) (4.38) (3.20) (6.76) (3.60) (0.125) (0.221)

Nb. A positive percentage of self-selected indicates the optimal gait characteristic was higher than the habitual gait (longer ground contact time or higher leg stiffness). A negative
percentage of self-selected indicates the optimal gait characteristic was lower than the habitual gait (shorter ground contact time or lower leg stiffness).
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with a self-selected gait. Black dots (e) represent runners with shorter self-selected ground contact times than optimal and higher leg stiffness. Red dots (®) represent
runners with longer self-selected contact times than optimal and lower leg stiffness.

by participants: ground contact times shorter than, near to,
and longer than their mathematical optimal. The corresponding
metabolic cost and leg stiffness relationships are also shown.
The within-participant mean unit change in ground contact time
relative to the mean unit change in leg stiffness was 1:2.2 = 0.2,

meaning for every 1% change in ground contact time a 2.2%
change in leg stiffness was observed (Figure 4).

There was a medium strength, significant association between
RPE and metabolic cost (rs = 0.358, p = 0.011). When the
habitual running condition was controlled for using a partial
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correlation, the strength of the association weakened (r; = 0.302,
p=0.035).

DISCUSSION

The aim of this study was to examine the effect of manipulating
ground contact time on the metabolic cost of running, in
addition to determining the effect of altered leg stiffness on
the metabolic cost of running. It was the first study to identify
that ground contact time and leg stiffness are self-optimized
gait characteristics, as it was observed that trained runners
are operating at, or close to, their mathematical economical
optimal during submaximal running. In addition, nearly all

runners (90%) were using self-selected ground contact times
and leg stiffness’s that produced metabolic costs within 5% of
their mathematical optimal metabolic cost. These findings build
upon early work by Hogberg (1952) and Cavanagh and Williams
(1982), suggesting that physiological and mechanical adaptations
produced during repeated exposure to stimuli allows runners to
fine-tune their gait to minimize the metabolic cost of running.
With regard to metabolic cost and RPE, while there was a
relationship between the variables, it was weakened when the
habitual running condition was controlled for. This suggests RPE
may not be a useful surrogate measure for metabolic cost when
manipulating gait.

In support of our first hypothesis an identifiable optimal
(minimum) was observed for all runners, and a curvilinear, U-
shaped relationship appeared to be present between metabolic
cost, and ground contact time and leg stiffness (example data
Figure 2). These findings support the theory of self-optimization,
but contradict previous research that argued shorter (Nummela
et al., 2007; Santos-Concejero et al., 2014, 2017; Folland et al.,
2017) or longer (Williams and Cavanagh, 1986; Kram and
Taylor, 1990; Di Michele and Merni, 2013) ground contact
times are an economical running characteristic and greater
leg stiffness reduces metabolic cost (Dalleau et al., 1998).
However, these previous studies used cross-comparisons to
determine differences in gait between runners. Such an approach
provides a rich database of gait characteristics that might
function to reduce metabolic cost, yet individually profiling
how runners respond to gait manipulations appears more
informative for understanding economical running. Therefore,
extrapolating ground contact times from one runner to
another to assess economical running should be undertaken
with caution.

Ground contact time appears to have a narrow optimal range
that runners can operate within, inducing changes to metabolic
cost with only minor alterations to ground contact time, as
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shown by a relatively steeper portion at the base of the curve
(surrounding minimum) than leg stiffness (Figures1, 3). In
contrast, leg stiffness has flatter portions at the base of the curves,
a trait that is also shared with stride length and stride frequency
(Cavanagh and Williams, 1982). Such a trait may accommodate a
runner’s natural variation in gait or reflect adaptations to different
training stimuli e.g., terrain, velocity. For example, leg stiffness
functions to maintain a stable running gait in humans and
animals (Seyfarth et al., 2002), and can be rapidly adjusted when
running over different surfaces (Ferris et al., 1998) and obstacles
(Birn-Jeffery et al., 2014) to preserve center of mass displacement.
Therefore, the ability to alter leg stiffness within a broader
optimal range than ground contact time without increasing
metabolic cost may be a beneficial economical strategy. However,
it also suggests that optimal ground contact time is of greater
importance than leg stiffness or stride frequency/length for
economically optimal movement criteria.

During stable running with varying stride frequencies, leg
stiffness adjustments also lead to the generation of a constant
leg force (Farley and Gonzalez, 1996; Seyfarth et al., 2002). We
conducted subsequent correlation analysis to test if constant leg
force was present and found it not to be the case when leg
stiffness is rapidly adjusted to accommodate shorter and longer
ground contact times. Specifically, leg stiffness was positively
associated with leg force (estimated peak vertical force; rg
= 0.639, p < 0.001), whereas if leg force was constant no
relationship would be present. The running velocity and step
frequency constraints placed upon runners in the current study
would have restricted the degrees of freedom each runner had
to adjust their leg stiffness, potentially leading to this apparent
homogenous response of altered leg force. It is conceivable this
reflects an optimized adaptation, developed through exposure
to running and training stimuli allowing trained runners to
rapidly accommodate leg stiftness adjustments. Arguably, similar
homogenous responses may not be found in untrained runners,
as they have shown less consistent responses to increases in
running velocity and are further away from their mathematical
optimal than trained runners (de Ruiter et al., 2013; Bitchell et al.,
2019), however, further work in this area is warranted.

The majority (n = 6) of runners used self-selected ground
contact times and leg stiffness’s that were shorter and higher,
respectively, than their mathematical optimal. This means they
are favoring the production of rapid and high magnitudes
of vertical force, generated by a stiff lower limb. Combining
this understanding with previous work that identified that the
majority of trained runners favored overstriding (longer stride
times than optimal) (Cavanagh and Williams, 1982; de Ruiter
et al., 2013), suggests trained runners favor a low duty factor
indicating they rely on the storage and release of elastic energy to
minimize metabolic cost (Lussiana et al., 2019). To achieve this,
muscles would also be required to operate at faster shortening
velocities, requiring more motor units to be recruited to produce
the necessary high forces (Fletcher and MacIntosh, 2017). Factors
such as training stimuli and intrinsic muscle-tendon properties
may mean a runners musculoskeletal system is tuned to such
demands. However, such a mechanical strategy would induce
high vertical and horizontal loading rates and magnitudes of

impact-related forces, which may place the runner at risk of
lower limb injury (Hreljac et al., 2000; Napier et al., 2018). A
few (n = 4) runners adopted a different mechanical strategy,
whereby they had longer ground contact times and a more
compliant leg (less stiff) than their mathematical optimal. This
would induce a higher duty factor than optimal, indicating the
runners were prioritizing horizontal displacement and reducing
vertical displacement (Lussiana et al, 2019). In contrast to
the low duty factor strategy, muscles would operate at slower
shortening velocities, needing fewer motor units to be recruited
to produce lower force (Fletcher and MacIntosh, 2017). This
strategy may be indicative of poor intrinsic muscle-tendon
stiffness or of prioritizing reducing work against gravity and
impact-related forces.

As gait selection and self-optimization are deemed a
subconscious processes (Cavanagh and Williams, 1982; Moore
et al., 2012), it is conceivable that the majority of runners
are unknowingly prioritizing minimizing metabolic cost rather
than minimizing potentially detrimental impact-related forces.
This could be because the detection of impact-related forces
by the musculoskeletal and neural systems may not be
as sensitive as the detection of metabolic demand by the
cardiovascular system. Even with footwear removed and
therefore heightened somatosensory feedback, foot plantar
surface sensitivity shows no relationship with foot peak pressures
during the braking phase (Nurse and Nigg, 1999). With
somatosensory feedback potentially being dampened further
with cushioning found in traditional running footwear, it is
unsurprising that humans appear more tuned to metabolic
demands rather than impact forces.

By instructing runners to shorten or lengthen their ground
contact time we were able to uniquely test the effect of
ground contact time on metabolic cost, whilst constraining
running velocity, step frequency/length, and thus, stride
frequency/length. These constraints were important as they
have known effects on metabolic cost (Gutmann et al., 2006).
Interestingly, running velocity and stride frequency/length have
received more attention than ground contact time, which
has been largely ignored during constrained optimization
testing when gait characteristics are manipulated (Knuttgen,
1961; Cavanagh and Williams, 1982; Gutmann et al., 2006;
Hunter and Smith, 2007; de Ruiter et al, 2013). Given
the significant role ground contact time appears to play in
determining metabolic cost within humans and across bi-
pedal and quadrupedal species during walking and running
(Taylor et al, 1980, 1982; Kram and Taylor, 1990; Roberts
et al., 1998), this oversight may have led to the simplification
of locomotion optimization. Further, Fletcher and MacIntosh
(2017) argued that runners maintain ground contact time
rather than maximizing elastic energy storage and return due
to selecting a lower stride frequency than optimal. Yet, by
placing demands on the musculoskeletal system to rapidly
adjust ground contact time in a constrained environment, we
were able to identify that the majority of runners appeared to
prioritize elastic energy storage and release, strengthening the
need to consider ground contact time within the locomotion
optimization equation.
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To-date only one study has altered gait characteristics toward
an individual’s mathematical optimal. A 3-week intervention
successfully altered stride frequency toward an individuals
mathematical optimal and reduced metabolic cost in three
runners (Morgan et al, 1994), showing the utility of gait
retraining in expediting the self-optimization process. Although
larger studies are required to confirm these findings, injury
focused biomechanical retraining interventions with larger
cohorts have shown desired running gait alterations can be
achieved over a similar time period (Crowell and Davis,
2011; Roper et al, 2016). Strength based interventions may
also be effective, but are likely to take longer to allow for
physiological adaptations. For example, 3-4% longer ground
contact times have been observed following an 8- (Ferrauti
et al,, 2010) and a 12- (Giovanelli et al., 2017) week strength
intervention. Interestingly plyometric training, which is often
advocated for runners as it focuses on improving the stretch-
shortening cycle and stiffness characteristics of an individual,
has no evidence to show the short ground contact times that
are encouraged during training are transferred to running
gait (Giovanelli et al., 2017; Gomez-Molina et al., 2018). Our
study shows that trained runners are capable of altering leg
stiffness following biomechanically-derived instructions and
the mean unit change ratio (1:2.2) confirms previous reports
that a 5% change in ground contact time corresponds to
approximately a 10% change in leg stiffness (Morin et al., 2005,
2007). Therefore, biomechanical retraining is recommended
as the first intervention approach if stiffness alterations are
targeted due to the shorter time requirements and potential
to re-assess ground contact time continuously during each
training session.

The medium strength relationship between perceived effort
and metabolic cost in the current study supports our second
hypothesis, but is below the criterion presented by Chen
et al. (2002) in their meta-analysis for treadmill exercise (95%
CI for r = 0.478-0.629) and submaximal exercise (95% CI
for r = 0.766-0.870). When the habitual running condition
was controlled for the relationship weakened, suggesting
the disrupted gait produced a disconnect between metabolic
cost and perceived effort as previously observed in our
laboratory (Moore et al., 2019). The act of manipulating
running gait through verbal cues likely shifted attentional
focus and heightened the sensed effort of the mechanical
demand of running. Consequently based on the study’s
findings, in addition to recent work (Moore et al, 2019),
utilizing perceived effort as a surrogate to determine the
effect of changing running gait on metabolic cost and/or
using it to monitor technique-focused training responses due
to its association with metabolic cost should be undertaken
with caution.

We acknowledge that there were several limitations in this
study. Even though every participant received the same cues,
individual interpretations resulted in self-selected changes in
ground contact time. This led to some runners producing larger
increases and decreases in ground contact time than others.
Whilst, we were unable to overcome this within our laboratory,
we believe cueing in this manner represents a useable gait

retraining strategy for coaches and practitioners. Further, due
to the between-participant variation in manipulated ground
contact time the analysis focused on individual responses rather
than group relationships. This approach, however, allows the
identification of a range of responses, which coaches and
practitioners may also observe and can quantify using the free
software developed (Moore, 2019). Leg stiffness was estimated,
rather than measured using gold standard techniques. However,
the computations that were utilized have been validated for
both overground and treadmill running, showing a low level of
error bias (6%) for the latter (Morin et al., 2005). Additionally,
the similar weighting of ground contact time on leg stiffness
identified in this study compared to previous experimental and
theoretical data support the assumption that it can represent
human running behavior.

CONCLUSION

Ground contact time and leg stiffness were shown to be self-
optimized in a group of trained runners, with all runners except
one being within 5% of their optimal metabolic cost during their
habitual running gait. Furthermore, identifiable minima were
found for all runners suggesting the presence of curvilinear, U-
shaped relationship between metabolic cost, and ground contact
time and leg stiffness. Runners operated within a narrower band
of optimal ground contact time than leg stiffness when running
velocity and step frequency were constrained. Consequently,
optimal ground contact time may have greater importance for
economically optimal movement criteria than leg stiffness. The
majority of runners favored a slightly shorter ground contact
time and higher leg stiffness than optimal, suggesting a reliance
on elastic energy storage and release and that the human body
may be tuned to minimize metabolic cost rather than impact-
related forces. Manipulating running gait appeared to disrupt
the relationship between metabolic cost and perceived effort
and, therefore, coaches and practitioners are not advised to
use RPE as a surrogate measure during economical running
gait assessments.

DATA AVAILABILITY STATEMENT

The datasets generated for this study can be found in the
Figshare https://doi.org/10.25401/cardiffmet.8323307.v2.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Cardiff School of Sport and Health Sciences, Cardiff
Metropolitan University. The patients/participants provided
their written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

ISM and KJA conceived and designed the study and drafted
the manuscript. CC and JH recruited participants and
undertook data collection. MM-R assisted with study design

Frontiers in Sports and Active Living | www.frontiersin.org

November 2019 | Volume 1 | Article 53


https://doi.org/10.25401/cardiffmet.8323307.v2
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org
https://www.frontiersin.org/journals/sports-and-active-living#articles

Moore et al.

Optimizing Contact Time During Running

and data collection. ISM conducted the computational and
statistical analysis. HSRJ contributed to the preparation of
the manuscript. All authors provided critical insight in the
final version.

FUNDING

IM received funding for the Early Career Researcher and
Practitioner Award from the British Association of Sport and
Exercise Science.

REFERENCES

Arellano, C. J., and Kram, R. (2014). Partitioning the metabolic cost of
human running: a task-by-task approach. Integr. Comp. Biol. 54, 1084-1098.
doi: 10.1093/icb/icu033

Balsalobre-Fernandez, C., Agopyan, H., and Morin, J.-B. (2017). The validity and
reliability of an iPhone app for measuring running mechanics. J. Appl. Biomech.
33,222-226. doi: 10.1123/jab.2016-0104

Birn-Jeffery, A. V., Hubicki, C. M., Blum, Y., Renjewski, D., Hurst, J. W., and Daley,
M. A. (2014). Don’t break a leg: running birds from quail to ostrich prioritise
leg safety and economy on uneven terrain. J. Exp. Biol. 217, 3786-3796.
doi: 10.1242/jeb.102640

Bitchell, C. L., McCarthy-Ryan, M., Goom, T., and Moore, I. S. (2019). Spring-
mass characteristics during human locomotion: running experience and
physiological considerations of blood lactate accumulation. Eur. J. Sport Sci.
19, 1328-1335. doi: 10.1080/17461391.2019.1609095

Blickhan, R. (1989). The spring-mass model for running and hopping. J. Biomech.
22,1217-1227. doi: 10.1016/0021-9290(89)90224-8

Borg, G. (1998). Borgs Perceived Exertion and Pain. Champaign, IL:
Human Kinetics.

Cavanagh, P. R., and Williams, K. R. (1982). The effect of stride length variation
on oxygen uptake during distance running. Med. Sci. Sports Exerc. 14, 30-35.
doi: 10.1249/00005768-198201000-00006

Chen, M. ], Fan, X,, and Moe, S. T. (2002). Criterion-related validity of the Borg
ratings of perceived exertion scale in healthy individuals: a meta-analysis. J.
Sports Sci. 20, 873-899. doi: 10.1080/026404102320761787

Connick, M. J., and Li, F. X. (2014). Changes in timing of muscle contractions and
running economy with altered stride pattern during running. Gait Posture 39,
634-637. doi: 10.1016/j.gaitpost.2013.07.112

Crowell, H. P.,, and Davis, 1. S. (2011). Gait
lower extremity loading in runners. Clin
doi: 10.1016/j.clinbiomech.2010.09.003

Dalleau, G., Belli, A., Bourdin, M., and Lacour, J.-R. (1998). The spring-mass model
and the energy cost of treadmill running. Eur. J. Appl. Physiol. 77, 257-263.
doi: 10.1007/5004210050330

de Ruiter, C. J., Verdijk, P. W., Werker, W., Zuidema, M. J., and de Haan, A. (2013).
Stride frequency in relation to oxygen consumption in experienced and novice
runners. Eur. J. Sport Sci. 14, 251-258. doi: 10.1080/17461391.2013.783627

Di Michele, R., and Merni, F. (2013). The concurrent effects of strike pattern and
ground-contact time on running economy. J. Sci. Med. Sport. 17, 414-418.
doi: 10.1016/j.jsams.2013.05.012

Farley, C. T., and Gonzalez, O. (1996). Leg stiffness and stride frequency in human
running. J. Biomech. 29, 181-186. doi: 10.1016/0021-9290(95)00029-1

Ferrauti, A., Bergermann, M., and Fernandez-Fernandez, J. (2010). Effects of
a concurrent strength and endurance training on running performance and
running economy in recreational marathon runners. J. Strength Cond. Res. 24,
2770-2778. doi: 10.1519/JSC.0b013e3181d64e9c

Ferris, D. P., Louie, M., and Farley, C. T. (1998). Running in the real world:
adjusting leg stiffness for different surfaces. Proc. R. Soc. B 265, 989-994.
doi: 10.1098/rspb.1998.0388

Fletcher, J. R., and MacIntosh, B. R. (2017). Running economy from a muscle
energetics perspective. Front. Physiol. 8:433. doi: 10.3389/fphys.2017.00433

reduce
78-83.

retraining to
Biomech. 26,

ACKNOWLEDGMENTS

The authors would like to thank Michael Long for the technical
expertise he provided during the study.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fspor.
2019.00053/full#supplementary-material

Folland, J. P., Allen, S. J., Black, M. I., Handsaker, J. C., and Forrester, S.
E. (2017). Running technique is an important component of running
economy and performance. Med. Sci. Sports Exerc. 49, 1412-1423.
doi: 10.1249/MSS.0000000000001245

Giovanelli, N., Taboga, P., Rejc, E., and Lazzer, S. (2017). Effects of strength,
explosive and plyometric training on energy cost of running in ultra-endurance
athletes. Eur. J. Sport Sci. 17, 805-813. doi: 10.1080/17461391.2017.1305454

Gomez-Molina, J., Ogueta-Alday, A., Camara, J., Stickley, C., and Garcia-Lopez,
J. (2018). Effect of 8 weeks of concurrent plyometric and running training on
spatiotemporal and physiological variables of novice runners. Eur. J. Sport Sci.
18, 162-169. doi: 10.1080/17461391.2017.1404133

Gutmann, A. K, Jacobi, B., Butcher, M. T., and Bertram, J. E. (2006).
Constrained optimization in human running. J. Exp. Biol. 209, 622-632.
doi: 10.1242/jeb.02010

Hogberg, P. (1952). How do stride length and stride frequency influence
the energy-output during Arbeitsphysiologie 14, 437-441.
doi: 10.1007/BF00934423

Hoyt, R. W., Knapik, J. J., Lanza, J. F., Jones, B. H., and Staab, J. S. (1994).
Ambulatory foot contact monitor to estimate metabolic cost of human
locomotion. J. Appl. Physiol. 76, 1818-1822. doi: 10.1152/jappl.1994.76.4.1818

Hreljac, A., Marshall, R. N., and Hume, P. A. (2000). Evaluation of lower extremity
overuse injury potential in runners. Med. Sci. Sports Exerc. 32, 1635-1641.
doi: 10.1097/00005768-200009000-00018

Hunter, I, and Smith, G. A. (2007). Preferred and optimal stride frequency,
stiffness and economy: changes with fatigue during a 1-h high-intensity run.
Eur. J. Appl. Physiol. 100, 653-661. doi: 10.1007/s00421-007-0456-1

Kipp, S., Grabowski, A. M., and Kram, R. (2018). What determines the metabolic
cost of human running across a wide range of velocities? J. Exp. Biol.
221:jeb184218. doi: 10.1242/jeb.184218

Knuttgen, H. G. (1961). Oxygen uptake and pulse rate while running with
undetermined and determined stride lengths at different speeds. Acta Physiol.
Scand. 52, 366-371. doi: 10.1111/j.1748-1716.1961.tb02232.x

Kram, R., and Taylor, C. R. (1990). Energetics of running: a new perspective. Nature
346, 265-267. doi: 10.1038/346265a0

Lussiana, T., Patoz, A., Gindre, C., Mourot, L., and Hébert-Losier, K. (2019). The
implications of time on the ground on running economy: less is not always
better. J. Exp. Biol. 222:jeb192047. doi: 10.1242/jeb.192047

McLaren, S. J., Macpherson, T. W., Coutts, A. J., Hurst, C., Spears, I. R., and
Weston, M. (2018). The relationships between internal and external measures
of training load and intensity in team sports: a meta-analysis. Sports Med. 48,
641-658. doi: 10.1007/s40279-017-0830-z

Moore, 1. (2019). Software to determine the modeled optimal gait characteristic
(runtime needed). Figshare. doi: 10.25401/cardiffmet.8323283

Moore, I. S. (2016). Is there an economical running technique? A review of
modifiable biomechanical factors affecting running economy. Sports Med. 46,
793-807. doi: 10.1007/540279-016-0474-4

Moore, I. S., Jones, A. M., and Dixon, S. J. (2012). Mechanisms for improved
running economy in beginner runners. Med. Sci. Sports Exerc. 44, 1756-1763.
doi: 10.1249/MSS.0b013e318255a727

Moore, I. S., Jones, A. M., and Dixon, S. J. (2016). Reduced oxygen cost of running
is related to alignment of the resultant GRF and leg axis vector: a pilot study.
Scand. J. Med. Sci. Sports. 26, 809-815. doi: 10.1111/sms.12514

running?

Frontiers in Sports and Active Living | www.frontiersin.org

November 2019 | Volume 1 | Article 53


https://www.frontiersin.org/articles/10.3389/fspor.2019.00053/full#supplementary-material
https://doi.org/10.1093/icb/icu033
https://doi.org/10.1123/jab.2016-0104
https://doi.org/10.1242/jeb.102640
https://doi.org/10.1080/17461391.2019.1609095
https://doi.org/10.1016/0021-9290(89)90224-8
https://doi.org/10.1249/00005768-198201000-00006
https://doi.org/10.1080/026404102320761787
https://doi.org/10.1016/j.gaitpost.2013.07.112
https://doi.org/10.1016/j.clinbiomech.2010.09.003
https://doi.org/10.1007/s004210050330
https://doi.org/10.1080/17461391.2013.783627
https://doi.org/10.1016/j.jsams.2013.05.012
https://doi.org/10.1016/0021-9290(95)00029-1
https://doi.org/10.1519/JSC.0b013e3181d64e9c
https://doi.org/10.1098/rspb.1998.0388
https://doi.org/10.3389/fphys.2017.00433
https://doi.org/10.1249/MSS.0000000000001245
https://doi.org/10.1080/17461391.2017.1305454
https://doi.org/10.1080/17461391.2017.1404133
https://doi.org/10.1242/jeb.02010
https://doi.org/10.1007/BF00934423
https://doi.org/10.1152/jappl.1994.76.4.1818
https://doi.org/10.1097/00005768-200009000-00018
https://doi.org/10.1007/s00421-007-0456-1
https://doi.org/10.1242/jeb.184218
https://doi.org/10.1111/j.1748-1716.1961.tb02232.x
https://doi.org/10.1038/346265a0
https://doi.org/10.1242/jeb.192047
https://doi.org/10.1007/s40279-017-0830-z
https://doi.org/10.25401/cardiffmet.8323283
https://doi.org/10.1007/s40279-016-0474-4
https://doi.org/10.1249/MSS.0b013e318255a727
https://doi.org/10.1111/sms.12514
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org
https://www.frontiersin.org/journals/sports-and-active-living#articles

Moore et al.

Optimizing Contact Time During Running

Moore, 1. S., Phillips, D. J., Ashford, K. A., Mullen, R., Goom, T., and Gittoes, M.
R. J. (2019). An interdisciplinary examination of attentional focus strategies
used during running gait retraining. Scand J. Med. Sci. Sports 29, 1572-1582.
doi: 10.1111/sms.13490

Morgan, D., Martin, P., Craib, M., Caruso, C., Clifton, R., and Hopewell, R. (1994).
Effect of step length optimization on the aerobic demand of running. J Appl
Physiol. 77, 245-251. doi: 10.1152/jappl.1994.77.1.245

Morin, J. B., Dalleau G Fau - Kyrolainen, H., Kyrolainen H Fau - Jeannin,
T., Jeannin T Fau - Belli, A, and Belli, A. (2005). A simple method
for measuring stiffness during running. J. Appl. Biomech. 21, 167-180.
doi: 10.1123/jab.21.2.167

Morin, J. B., Samozino, P., Zameziati, K., and Belli, A. (2007). Effects of altered
stride frequency and contact time on leg-spring behavior in human running. J.
Biomech. 40, 3341-3348. doi: 10.1016/j.jbiomech.2007.05.001

Napier, C., MacLean, C. L., Maurer, J., Taunton, J. E., and Hunt, M. A. (2018).
Kinetic risk factors of running-related injuries in female recreational runners.
Scand. ]. Med. Sci. Sports. 28,2164-2172. doi: 10.1111/sms.13228

Nummela, A. T., Keranen, T., and Mikkelsson, L. O. (2007). Factors related
to top running speed and economy. Int. J. Sports Med. 28, 655-661.
doi: 10.1055/s-2007-964896

Nurse, M. A,, and Nigg, B. M. (1999). Quantifying a relationship between tactile
and vibration sensitivity of the human foot with plantar pressure distributions
during gait. Clin Biomech. 14, 667-672. doi: 10.1016/50268-0033(99)
00020-0

Roberts, T. J., Kram, R., Weyand, P. G., and Taylor, C. R. (1998). Energetics
of bipedal running. I. Metabolic cost of generating force. . Exp. Biol. 201,
2745-51.

Roper, J. L., Harding, E. M. Doerfler, D., Dexter, J. G., Kravitz, L.,
Dufek, J. S., et al. (2016). The effects of gait retraining in runners
with patellofemoral pain: a randomized trial. Clin. Biomech. 35:14-22.
doi: 10.1016/j.clinbiomech.2016.03.010

Santos-Concejero, J., Tam, N., Coetzee, D. R., Olivan, J., Noakes, T. D., and
Tucker, R. (2017). Are gait characteristics and ground reaction forces related
to energy cost of running in elite Kenyan runners? J. Sports Sci. 35, 531-538.
doi: 10.1080/02640414.2016.1175655

Santos-Concejero, J., Tam, N., Granados, C., Irazusta, J., Bidaurrazaga-Letona,
L., Zabala-Lili, J., et al. (2014). Stride angle as a novel indicator of running
economy in well-trained runners. J. Strength Cond. Res. 28, 1889-1895.
doi: 10.1519/JSC.0000000000000325

Seyfarth, A., Geyer, H., Gunther, M,
A movement criterion for running.
doi: 10.1016/S0021-9290(01)00245-7

Taylor, C., Heglund, N., McMahon, T., and Looney, T. (1980). Energetic cost of
generating muscular force during running—a comparison of large and small
animals. J. Exp. Biol. 86, 9-18.

Taylor, C. R., Heglund, N. C., and Maloiy, G. M. (1982). Energetics and mechanics
of terrestrial locomotion. I. Metabolic energy consumption as a function
of speed and body size in birds and mammals. J. Exp. Biol. 97, 1-21.
doi: 10.1146/annurev.ph.44.030182.000525

van Oeveren, B. T., de Ruiter, C. J., Beek, P. J., and van Dieén, J. H. (2017). Optimal
stride frequencies in running at different speeds. PLoS ONE 12:e0184273.
doi: 10.1371/journal.pone.0184273

Williams, K. R., and Cavanagh, P. R. (1986). “Biomechanical correlates with
running economy in elite distance runners,” in Proceedings of the North
American Congress on Biomechanics (Montreal, QC), 287-288.

Williams, K. R, and Cavanagh, P. R. (1987). Relationship between distance
running mechanics, running economy, and performance. | Appl Physiol. 63,
1236-1245. doi: 10.1152/jappl.1987.63.3.1236

and  Blickhan,
J.  Biomech.

R.
35,

(2002).
649-655.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Moore, Ashford, Cross, Hope, Jones and McCarthy-Ryan. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Sports and Active Living | www.frontiersin.org

10

November 2019 | Volume 1 | Article 53


https://doi.org/10.1111/sms.13490
https://doi.org/10.1152/jappl.1994.77.1.245
https://doi.org/10.1123/jab.21.2.167
https://doi.org/10.1016/j.jbiomech.2007.05.001
https://doi.org/10.1111/sms.13228
https://doi.org/10.1055/s-2007-964896
https://doi.org/10.1016/S0268-0033(99)00020-0
https://doi.org/10.1016/j.clinbiomech.2016.03.010
https://doi.org/10.1080/02640414.2016.1175655
https://doi.org/10.1519/JSC.0000000000000325
https://doi.org/10.1016/S0021-9290(01)00245-7
https://doi.org/10.1146/annurev.ph.44.030182.000525
https://doi.org/10.1371/journal.pone.0184273
https://doi.org/10.1152/jappl.1987.63.3.1236
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org
https://www.frontiersin.org/journals/sports-and-active-living#articles

	Humans Optimize Ground Contact Time and Leg Stiffness to Minimize the Metabolic Cost of Running
	Introduction
	Methods
	Participants
	Procedure
	Data Collection and Computation
	Statistical Analysis

	Results
	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


