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Kelly LA, Farris DJ, Cresswell AG, Lichtwark GA. Intrinsic
foot muscles contribute to elastic energy storage and return in the
human foot. J Appl Physiol 126: 231–238, 2019. First published
November 21, 2018; doi:10.1152/japplphysiol.00736.2018.—The hu-
man foot is uniquely stiff to enable forward propulsion, yet also
possesses sufficient elasticity to act as an energy store, recycling
mechanical energy during locomotion. Historically, this dichotomous
function has been attributed to the passive contribution of the plantar
aponeurosis. However, recent evidence highlights the potential for
muscles to modulate the energetic function of the foot actively. Here,
we test the hypothesis that the central nervous system can actively
control the foot’s energetic function, via activation of the muscles
within the foot’s longitudinal arch. We used a custom-built loading
apparatus to deliver cyclical loads to human feet in vivo, to deform the
arch in a manner similar to that observed in locomotion. We recorded
foot motion and forces, alongside muscle activation and ultrasound
images from flexor digitorum brevis (FDB), an intrinsic foot muscle
that spans the arch. When active, the FDB muscle fascicles contracted
in an isometric manner, facilitating elastic energy storage in the
tendon, in addition to the energy stored within the plantar aponeurosis.
We propose that the human foot is akin to an active suspension system
for the human body, with mechanical and energetic properties that can
be actively controlled by the central nervous system.

NEW & NOTEWORTHY The human foot is renowned for its
ability to recycle mechanical energy during locomotion, contributing
up to 17% of the energy required to power a stride. This mechanism
has long been considered passive in nature, facilitated by the elastic
ligaments within the arch of the foot. In this paper, we present the first
direct evidence that the intrinsic foot muscles also contribute to elastic
energy storage and return within the human foot. Isometric contrac-
tion of the flexor digitorum brevis muscle tissue facilitates tendon
stretch and recoil during controlled loading of the foot. The signifi-
cance of these muscles has been greatly debated by evolutionary
biologists seeking to understand the origins of upright posture and
gait, as well as applied and clinical scientists. The data we present
here show a potential function for these muscles in contributing to the
energetic function of the human foot.

flexor digitorum brevis; foot biomechanics; longitudinal arch; muscle
fascicle; ultrasound

INTRODUCTION

The human foot is a mechanical paradox. Compared with
other nonhuman primates, the foot is uniquely stiff, enabling

forward propulsion (2, 7). Yet, the foot is also renowned for
compliance, possessing spring-like qualities that allow me-
chanical energy to be stored and returned during each step,
substantially improving the economy of locomotion (22, 31).
This unique interplay of mechanical function is considered to
have played an important role in the evolution to habitual
upright locomotion (4).

The plantar aponeurosis and plantar ligaments have been
attributed much of the credit for determining human foot
function. These ligamentous structures provide a means to
store and return mechanical energy via elastic stretch and recoil
(22), while also passively increasing foot stiffness to facilitate
forward propulsion via the windlass mechanism (14). The
spring-like function of the foot is considered a vital element in
economical human locomotion, providing a means to recycle
mechanical energy without the added metabolic cost of acti-
vating muscles (22). However, the model of the foot as a
passive structure does not explain the capacity for the foot to
adapt to the varied mechanical requirements of locomotion
with constantly varying speeds and substrates, while still fa-
cilitating effective foot-ground force transmission (2, 6, 21). If
the foot spring mechanism were purely passive in nature, the
magnitude of energy stored and returned within the foot would
be directly dependent on the magnitude of strain produced in
the plantar aponeurosis and ligaments. In contrast to this
assertion, it has recently been shown that the magnitude of
negative and positive work performed at the foot can vary
considerably with locomotion requirements, independently of
the magnitude of plantar aponeurosis strain (16, 18, 29). This
suggests that structures other than the ligamentous tissues of
the foot may also be contributing to the energetic function of
the foot, and importantly, the foot spring may not be an entirely
passive mechanism.

The plantar intrinsic foot muscles are a group of muscles
located within the longitudinal arch (LA). They have muscle
tendon units (MTUs) that course a parallel anatomical pathway
to the plantar aponeurosis, spanning from the calcaneus to the toes
(24, 27), and therefore generate torques about the LA in the
same direction as the plantar aponeurosis. The plantar intrinsic
muscles display similar activation patterns to that of the triceps
surae (calf) muscles, with recruitment occurring before foot-
ground contact and de-activation occurring through late stance,
during propulsion (20). We have estimated in previous exper-
iments that the MTUs of the largest intrinsic foot muscles,
flexor digitorum brevis (FDB) and abductor hallucis (AH)
actively lengthen and shorten during stance phase of locomo-
tion, highlighting the potential for these muscles to perform
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negative and positive work at the foot, in addition to that
performed by the plantar aponeurosis (20).

In a similar anatomical arrangement to the ankle plantar
flexor muscles and Achilles tendon, the FDB and AH muscles
have very short muscle fibers (�25 mm) attached to long
tendons (~100 mm) (24, 27, 35), making them candidates for
significant storage and return of elastic energy during a stretch-
shorten cycle (3, 36) (3, 36). The plantar flexors have been
shown to operate near isometrically during the stance phase of
walking and running (13, 25, 28), allowing energy to be
recycled through stretch and shorten of the elastic tendon.
Given the structure and function of the intrinsic foot muscles,
it is certainly feasible that a quasi-isometric function of the
contractile tissue may actually facilitate elastic energy storage
within the tendons of these muscles. This function may act to
modulate the foot’s energy storage capacity, in addition to the
contribution of the plantar aponeurosis.

Here we explored whether the foot-spring mechanism is
actively modulated by the central nervous system (CNS), via
the function of the intrinsic foot muscles. Specifically, we
tested the hypothesis that FDB muscle would produce force in
a quasi-isometric manner, facilitating storage and return of
elastic energy within the tendinous tissue during compression
and recoil of the foot’s arch, providing additional scope for
recycling of energy within the foot.

METHODS

Participants

Ten healthy participants (1 woman and 9 men, age 27 � 7 yr;
height: 179 � 7 cm; mass: 76 � 10 kg) with no diagnosed history of
lower limb injury in the previous 6 mo or known neurological
impairment volunteered to participate in the study. Written informed
consent was obtained from each subject. The study protocol was
approved by the institutional human research ethics committee of The
University of Queensland and conducted in accordance with the
Declaration of Helsinki.

Experimental Set-Up

Each participant was seated with their right forefoot placed on a
rigid supporting platform that was secured to a force plate (AMTI
OR6-7-1000, AMTI, MA). The ankle was orientated in ~10° of
dorsiflexion, and the thigh was parallel to the floor. A magnetically
driven, servo-controlled actuator, connected to a computer with real
time control of force output (Linmot PS10-70x400U-BL-QJ, NTI AG
Linmot, Switzerland) was positioned such that loads of up to 150% of
body weight could be delivered in a downwards direction to the distal
aspect of thigh at controlled speeds, using a custom-built loading
apparatus (Fig. 1). The heel was positioned on a horizontal plane with
the forefoot when unloaded and could move freely during each
loading cycle. The loading apparatus was positioned over the thigh
such that the resultant ground reaction force vector was located
anterior to the ankle joint axis, similar to where it is located during
mid- to late-stance in locomotion. This experimental set-up was
designed to best replicate the gravitational and muscular forces acting
on the lower limb during locomotion, in a tightly controlled manner.

Experimental Protocol

The actuator induced five compression cycles of the foot, delivered
sequentially with ~10 s between each cycle. The time between each
foot compression cycle was varied by � 2 s, to prevent preparatory
activation before loading. Foot compression cycles were performed at
three loads; low (50% body wt), moderate (100% body wt), and high
(150% body wt), reflecting the vertical ground reactions forces in
bipedal stance (low), unipedal stance (medium), and walking (high).
The rate of loading and unloading delivered by the actuator was
programmed to remain constant across all conditions, with total cycle
duration of 2 s. During the foot compression cycles, participants were
instructed to maintain their heel at the same height as their forefoot
through active plantar flexion of the ankle. This was achieved by
activating the ankle plantar flexors to generate an internal ankle
plantar flexion torque, countering the torque at the ankle created by
the actuator. Verbal feedback was given to participants during and
after each trial regarding their capacity to keep the heel in a relatively
constant position. This experimental approach was chosen to produce
sufficient force in the Achilles tendon, which is required to induce

Fig. 1. Experimental set-up to apply cyclic compression
of the longitudinal arch (LA). An actuator delivers and
downward force over the knee and anterior to the ankle
joint (left). The ankle plantar flexors are activated to
counter the downward force applied by the actuator,
with this force couple producing deformation of the LA.
B-mode ultrasound images (top right) were collected
from the flexor digitorum brevis muscle during the foot
compression cycles (right).
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compression of the LA in a similar manner to that observed during
locomotion (11) (Fig. 1).

Data Acquisition

Kinematic and kinetic measurements. Motion data were captured at
200 Hz using a six-camera three-dimensional optoelectronic motion
capture system (Oqus, Qualysis, Gothenburg, Sweden). Ground reac-
tion force (GRF) and electromyography (EMG) data were synchro-
nously captured with the motion data at 4 kHz using a 14-bit analog
to digital converter using and the Qualisys Track Management soft-
ware (Qualisys, Gothenburg, Sweden). Fourteen retro-reflective mark-
ers (diameter 9.0 mm) were placed on the skin of the right foot and
ankle according to a multisegment foot model developed to de-
scribe rear-, mid- and forefoot motion (26). Two additional mark-
ers were applied to the skin over the second and fourth toes, at the
level of the middle phalanx, to track the movement of the lesser
toes. Three markers were placed on the shank and a marker placed
on the medial and lateral femoral condyles to track the position of
the shank segment (20).

Muscle activation measurements. Fine-wire intramuscular EMG
data were collected from the right foot of each participant in accor-
dance with previously described methods (20). All EMG signals were
amplified 1,000 times and hardware filtered with a bandwidth of 30 to
1,000 Hz (MA300, Motion Laboratories, LA). Surface EMG elec-
trodes were also placed over the muscle belly of soleus (SOL). To
prevent movement artefacts, the fine-wire electrodes, connectors,
cabling, and preamplifiers were secured with cohesive bandage
around the distal part of the shank. A surface ground electrode
(Ag–AgCl electrode, 24 mm diameter; Tyco Healthcare Group) was
secured to the skin overlying the medial malleolus.

Ultrasound measurements. Muscle fascicle length for the FDB in
the loaded foot was measured using B-mode ultrasound imaging. A
128-element linear array ultrasound transducer (SonixTouch, Ultra-
sonix, BC, Canada) was placed under the foot such that it imaged the
muscle tissue of the FDB at an orientation where the fascicles of the
midbelly could be visualized throughout the muscle. The transducer
was bandaged securely to the foot to hold it in place during the
loading cycles (Fig. 1). Ultrasound images were sampled at 26 Hz.

Data Analysis

Kinetic, kinematic, and EMG data files were exported to Visual3D
(C-Motion, Inc., Germantown, MD) for analysis. Analogue signals
from the force plate were digitally filtered with a 35-Hz recursive
second order Butterworth filter. A force onset-offset threshold was
defined at 10% above the baseline vertical GRF (e.g., 10% more than
the mass of the leg and foot). The start of the loading cycle was
determined as the time-point when the rising edge of the vertical GRF
rose above the onset-offset threshold, whereas the end of the loading
cycle was determined as the time-point when the falling edge of the
vertical GRF fell below this threshold. Subsequently the peak vertical
GRF was calculated during each loading cycle and normalized to
body weight.

Kinematic and kinetic data. Marker trajectories were digitally
filtered with a 10-Hz recursive second-order low-pass Butterworth
filter. Assumed rigid segments were created in accordance with a
previously described multisegment foot model (26), including the
shank, foot, calcaneus, and metatarsals. Ankle angle was defined as
the rotation of the calcaneus segment relative the shank segment, in
the sagittal plane, with ankle dorsiflexion represented as positive
rotations. The midfoot angle was defined as the sagittal plane rotation
of the metatarsals relative to the calcaneus, with midfoot dorsiflexion
being positive (15). Under this definition, an increase in midfoot angle
is indicative of a reduction in LA height. Ankle and midfoot angles
were offset to a static unloaded trial, such that the unloaded angles are
0°. For each loading condition, LA compression was calculated by
subtracting the midfoot angle at the start of the loading cycle from the

peak midfoot angle recorded during the ensuing cycle. Mean LA
compression was calculated for each loading condition by averaging
LA compression occurring across all loading cycles for each loading
condition.

Net joint moments generated about the midfoot during each loading
cycle were calculated by applying an inverse dynamic analysis within
Visual 3D software (C-Motion, Inc.) in accordance with previously
described techniques (5, 18). Midfoot moments were represented as
internal joint moments in the proximal segment’s coordinate system.
Mean peak midfoot plantar-flexion moment was calculated at each
load by averaging the peak values calculated during each foot com-
pression cycle for a given condition.

Foot power analysis. We applied a unified deformable foot model
to quantify the instantaneous power of the foot during the foot
compression cycles (34). This approach [described in detailed else-
where (32–34)] represents the power because of the six degree of
freedom movement between the calcaneus and the ground, providing
an estimate of combined power from all structures within the foot
distal to the calcaneus.

MTU length. The length of the FDB MTU was calculated based on
multisegment foot motion, using a previously described geometric
model (20). Briefly, the MTU length was defined as the straight-line
distance from the muscle origin at the calcaneus, to the insertion at the
toes, via a tether point at the metatarso-phalangeal joint. Change in
MTU length was calculated by subtracting the resting unloaded MTU
length from the MTU length during each loading cycle. The resting
MTU length was calculated during a static unloaded trial, with the
foot in the experimental position. Subsequently, MTU strain was
calculated by dividing the change in MTU length by the resting MTU
length. The shortening and lengthening velocity of the FDB MTU was
calculated as the first derivative of the MTU length with respect to
time, during each loading cycle.

Muscle activation. All EMG signals were high-pass filtered using a
recursive second-order Butterworth filter at 35 Hz to remove any
unwanted low-frequency movement artefact. Following DC-offset
removal, a root mean square (RMS) signal amplitude was calculated
using a moving window of 50 ms to generate an EMG envelope. The
EMG envelope for the FDB and SOL muscles was normalized to the
peak RMS amplitude found across all conditions for the respective
muscle. Subsequently, the magnitude of activation for each loading
condition was determined by calculating an average of the mean EMG
RMS envelope amplitude during each compression cycle, for each
muscle.

Muscle fascicle length. Length changes of FDB muscle fascicles
were assessed from the B-mode ultrasound images recorded during
each loading cycle. A previously described semiautomated tracking
algorithm was used to track fascicle length throughout each trial (8,
12). Briefly, an area of interest within the FDB muscle and a
representative muscle fascicle was defined at the first frame of the
ultrasound data. Subsequently, the ultrasound image sequence was
processed using the Ultra-Track software (12), which tracks the end
points of fascicles in a frame-to-frame, iterative fashion. Once the
image processing was complete, instantaneous muscle fascicle length
was produced as an output. Change in FDB fascicle length was
calculated by subtracting the resting unloaded fascicle length from the
fascicle length during each foot compression cycle. The resting
fascicle length was calculated during a static, unloaded trial, with the
foot in the experimental position. Muscle fascicle strain was calcu-
lated by dividing the change in fascicle length by the resting fascicle
length. Shortening and lengthening velocity of the FDB fascicles were
calculated as the first derivative of their lengths with respect to time,
during each foot compression cycle.

Statistics

A one-way repeated measures ANOVA was used to describe the
effects of loading condition (low/medium/high) on midfoot angular
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displacement, peak midfoot moment, FDB MTU and fascicle length
changes, and average muscle activation. Post hoc multiple comparison
tests, including Bonferroni corrections were performed between each
loading condition. Statistical differences were established at P � 0.05.
Results are presented as mean difference � standard deviation unless
otherwise stated. Effect sizes (ES) were calculated using partial ETA
squared. Midfoot motion and midfoot moment data were obtained
from nine participants, with one participant excluded because of
issues with marker reconstruction.

RESULTS

During each foot compression cycle, vertical GRF increased
(peak GRF 0.7 � 0.1 body wt at low, 1.1 � 0.07 body wt at
medium, and 1.5 � 0.2 body wt at high, P � 0.05, ES � 0.94,
Fig. 2) as downward force was applied by the actuator (loading
phase), subsequently declining as the force from the actuator
was removed (unloading phase). Loading cycle duration re-
mained relatively constant across all conditions (1.85 � 0.40 s
at low, 1.78 � 0.35 s at medium, and 1.77 � 0.35 s at high).

Ankle Mechanics

The ankle remained in a relatively constant orientation
across all conditions, even though a small increase in ankle

joint dorsiflexion was observed between the 0.5 body wt and
1.5 body wt conditions (� angle of 1.0 � 0.5° at low,
2.2 � 0.8° at medium, and 2.5 � 1.4° at high, P � 0.05,
ES � 0.53). Average SOL muscle activation increased sub-
stantially with increasing foot compression force (19.0 � 4.6%
at low, 27.8 � 5.4% at medium, and 35.0 � 7.4% at high, P �
0.05, ES � 0.81, Fig. 2).

Foot Mechanics

The LA compressed as force was applied to the leg by the
actuator (loading phase) and subsequently recoiled as the force
was removed (unloading phase), in a similar manner to that
observed during locomotion (Fig. 3). The magnitude of LA
compression increased with increasing foot compression force
(3.0 � 1.2° at low, 4.3 � 1.2° at medium, and 5.0 � 1.6° at
high, P � 0.05, ES � 0.85). Midfoot plantar flexion moment
increased substantially as compression force increased (�0.27 �
0.08 Nm/kg at low, �0.45 � 0.17 Nm/kg at medium and
�0.59 � 0.20 Nm/kg at high, P � 0.05, ES � 0.81).

The foot absorbed energy during the loading phase of the
foot compression cycle and subsequently returned/generated
mechanical energy during the unloading phase (Fig. 3). The
magnitude of negative work (�0.03 � 0.01 J/kg at low,
�0.06 � 0.02 J.kg�1 at medium, and �0.10 � 0.04 J/kg at
high, P � 0.05, ES � 0.80) and positive work (0.03 � 0.01
J/kg at low, 0.07 � 0.01 J/kg at medium, and 0.10 � 0.03 J/kg
at high, P � 0.05, ES � 0.85) increased with compression
force. However, the net work performed by the foot remained
constant and was always close to zero (0.002 � 0.005 J/kg at
low, 0.004 � 0.02 J/kg at medium, and 0.002 � 0.02 J/kg at
high, P � 0.67, ES � 0.04).

FDB Function

The FDB MTU (unloaded length of 231 � 11 mm) length-
ened during the loading phase and shortened during the un-
loading phase of the foot compression cycles. The magnitude
of FDB MTU stretch increased with load (4 � 1 mm at low,
5 � 1 mm at medium, and 6 � 1 mm at high, P � 0.05,
ES � 0.82). For all loading conditions, the MTU displayed a
positive (lengthening) velocity during the loading phase and
negative (shortening) velocity during the unloading phase of
the compression cycle (Fig. 4). There was a significant group
effect of load on peak MTU lengthening velocity (17.1 � 6.3
mm/s at low, 21.0 � 4.8 mm/s at medium, and 22.3 � 7.4
mm/s at high, P � 0.05, ES � 0.32). However, post hoc
analysis indicated that only the low and high conditions were
significantly different (P � 0.05), whereas the medium condi-
tion was no different to either the low or high conditions (0.5
body wt vs. 1.0 body wt, P � 0.21 and 1.0 body wt vs. 1.5
body wt, P � 0.90). Peak MTU shortening velocity signifi-
cantly increased between each loading condition (�10.3 � 6.4
mm/s at low, �14.5 � 6.9 mm/s at medium, and �18.0 � 9.2
mm/s at high, P � 0.05, ES � 0.50).

The FDB muscle fascicles were ~10% of the unloaded MTU
length (unloaded fascicle length of 22.0 � 0.4 mm). Generally,
the fascicle length changes during the foot compression cycles
were small (�1 mm). Across all conditions, the fascicles
displayed an initial stretch at the start of the compression cycle
(0.2–0.4 mm, Fig. 4). Subsequent to this initial stretch, the
muscle fascicles displayed a divergent behavior between load-

Fig. 2. Group mean ensemble data for vertical ground reaction force (top) and
soleus electromyography (EMG) data (bottom) recorded during foot compres-
sion cycles at low (dash), medium (dots), and high (full line) loading condi-
tions. *Significant difference between all conditions. BW, body weight; SOL,
soleus muscle.
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ing conditions, depending on the magnitude of muscle activa-
tion with activation increasing with compression force (P �
0.05, ES � 0.60). During the low load condition, very little
FDB activation was observed (7.5 � 4.0% max). Accordingly,
the muscle fascicles continued to lengthen (net length change
of 0.8 � 0.3 mm) until peak vertical force, then shortening
during the unloading phase. In the medium load condition, an
increase in FDB activation was observed (16.3 � 7.6% max)
and the fascicles shortened slightly, after the initial stretch,
with a net length change of �0.4 � 0.4 mm from the unloaded
fascicle length. In the high load condition, a marked increase in

FDB activation was observed (24.0 � 10.5%), and fascicles
shortened following the initial stretch with a net length change
of �0.6 � 0.4 mm from the unloaded fascicle length. Subse-
quently, the fascicles lengthened back to the unloaded length as
the compression force declined.

Despite considerable differences in the temporal patterns of
fascicle lengthening and shortening during the foot compres-
sion cycles, the magnitude of fascicle shortening velocity
(�2.7 � 1.8 mm/s at low, �3.2 � 1.8 mm/s at medium, and
�3.6 � 2.7 mm/s at high, P � 0.35, ES � 0.11) and length-
ening velocity (3.4 � 1.4 mm/s at low, 3.6 � 1.7 mm/s at
medium, and 3.5 � 1.4 mm/s at high, P � 0.86, ES � 0.02)
was similar between loading conditions.

DISCUSSION

This study provides novel evidence for active contributions
to the foot-spring mechanism. Compared with the overall
length changes observed in the FDB MTU, the muscle fasci-
cles contracted in a relatively isometric nature, facilitating
storage and return of strain energy in the elastic tendon in
conjunction with the plantar aponeurosis. The capacity both to
increase energy absorbed at the foot with muscle activation and
to increase power generated via recoil of tendon rather than
muscle provides the foot with an adaptive mechanism to deal
with changes in locomotion requirements. This may be of
considerable importance during tasks that require acceleration,
deceleration, or change of direction.

The parallel anatomical arrangement of the FDB muscle and
the plantar aponeurosis provides a unique mechanism for the
CNS to utilize both passive and active structures to modulate
the energetic function of the foot. During tasks such as bipedal
standing and slow walking, when loading forces are low, the
intrinsic foot muscles remain relatively inactive unless there is
a significant perturbation to the center of mass (19, 20).
Presumably, under these loading scenarios, the foot can effec-
tively operate as a passive spring-like structure. However,
during tasks that require larger magnitudes of energy to be
absorbed or generated, the intrinsic foot muscles can provide
additional energetic capacity for the foot. Our data show that
when active, the contractile element of the FDB MTU re-
mained at a relatively constant length, with the tendon (in
parallel with the plantar aponeurosis) undergoing all of
the stretch imposed on the MTU. The force produced by the
muscle increased the mechanical energy stored within the
in-series (tendon), adding to that stored in parallel (plantar
aponeurosis) elastic components. This interaction between pas-
sive and active elastic elements within the foot helps to explain
how large magnitudes of mechanical energy [12–24 J when
running (16)] can be stored within a structure with such marked
stiffness.

The FDB muscle has relatively short fibers, and therefore,
the contractile element of the MTU is limited in its capacity to
generate mechanical power (3, 36). Based on FDB MTU length
changes and ground contact times reported in a previous
experiment (20), we estimate that the shortening velocity of
this muscle approaches 8–10 fascicle lengths per second dur-
ing running. This is approaching the maximum shortening
velocity predicted from the muscle fibers (15). Thus, the power
generating capacity of FDB would be almost completely di-
minished if muscle fibers were required to add power alone.

Fig. 3. Group mean ensemble data for midfoot angle (top), midfoot moment
(middle), and foot power (bottom) recorded during foot compression cycles at
low (dash), medium (dots), and high (full line) loading conditions. *Significant
difference between all conditions.
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However, the attachment of an elastic tendon allows the
muscle to operate near isometrically, which is more favorable
for force production and facilitates energy storage in the tendon
as the LA compresses. This stored energy can be returned to
the body as a burst of positive power as the LA recoils in late
stance, to aid forward propulsion. The tendon may also act as
a buffer to attenuate some of the energy associated with
foot-ground collision, protecting the muscle fibers from exces-
sive stretch (23, 30) and potentially vibration (37).

An additional benefit of actively controlling the energetic
function of the human foot is the potential to transform the
foot from an energy conserving structure to that of an
energy damper or motor, when locomotion requirements
change. For example, active lengthening of the FDB muscle
fascicles during a rapid deceleration may help to dampen
oscillations associated with foot-ground contact (1), aiding
in deceleration of the body’s center of mass. Recent in vivo
data suggests that the foot functions more like a spring-
damper during locomotion, with a significant proportion of
absorbed mechanical energy not being returned to the body
(34). It has been hypothesized that muscles within the foot
may act to dissipate some of this energy (34). Within the
current experiment, the foot performed close to zero me-
chanical work. This is probably because of the mechanical
constraints of our experimental set-up, with the mechanical

actuator programed to perform external work on the foot in
a sinusoidal manner, with net zero mechanical work. De-
spite the foot performing zero mechanical work and a
predominantly isometric function of the FDB, periods of
active fascicle shortening and lengthening were observed.
This suggests a potential for these muscles to generate or
dissipate mechanical energy, to adapt the foot energetic
function during locomotion. Although, it must be high-
lighted that any length change and the associated lengthen-
ing (or shortening) velocity in the FDB fascicles is very
small (see Fig. 4) compared with that of the entire MTU.
Therefore, the magnitude of energy that can be dissipated or
generated by the contractile element of these muscles may
be limited.

The underlying neurophysiology governing the control of
this active tuning mechanism is of considerable interest but
remains largely unknown. We have previously observed that
the intrinsic foot muscles remain relatively inactive until loads
exceeding body mass are encumbered on the foot, despite
considerable deformation of the LA and MTU stretch (17).
Within the current experiment, we observed similar behavior in
the low-load condition, with the FDB muscle remaining inac-
tive, despite considerable MTU and fascicle stretch during the
loading phase of the foot compression cycle. This finding
suggests the presence of inhibitory inputs on the motoneuron

Fig. 4. Group mean ensemble data for flexor digitorum brevis (FDB) muscle tendon unit (full lines) and fascicle (dots) strain (top), velocity (middle), and
muscle activation (bottom) during foot compression cycles at low (left), medium (middle), and high (right) loading conditions. EMG, electromyography.
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pool of the FDB muscle. Indeed, this notion is supported by a
relatively small range of modulation in H-reflex amplitude in
the FDB muscle, compared with other lower limb muscles
(10). Increased inhibitory drive on the FDB motoneuron pool
may be an important element in the control of foot mechanics.
For example, overly responsive foot muscles may lead to
unnecessary activation, which could potentially increase the
metabolic cost of locomotion. The close relationship between
SOL muscle activation and FDB activation observed in this
study highlights the potential for heteronymous facilitation
between these muscles. Functionally, shared excitatory drive
would make sense, as tasks that require a large power output
from the ankle plantar flexors appear also to require a concur-
rent increase in power output from the foot (18, 38). Further
research is required to explore the underlying control of the
foot’s mechanical and energetic function.

The findings of this study need to be acknowledged in the
context of a number of experimental limitations. The pri-
mary limitation of this study is that it was performed using
an external actuator to apply compressive loading cycles on
the foot. This experimental paradigm was designed to con-
sistently replicate the loading about the LA in locomotion,
while allowing evaluation of the mechanical behavior of
muscles deep within the arch of the foot. We believe that the
data presented here are an adequate representation of the
mechanical function of the intrinsic foot muscles during
locomotion. However, it is possible that this function may
differ slightly because of differences the magnitude of
torques produced about the midfoot and also the lack of a
true foot-ground collision or need to generate propulsive
impulses. The observed torque production and LA deforma-
tion within the current experiment (0.6 Nm/kg, 5° deforma-
tion) are lower than that produced during walking (1 Nm/kg,
7° deformation) (5, 9, 20) and running (1.5 Nm/kg, 10o

deformation) (18). Therefore, it is likely that the observed
FDB activation may actually be greater during locomotion
than those reported within this study. We have shown that
the FDB MTU contributes to elastic energy storage within
the foot. Because of its similar anatomical pathway, it is
likely that the plantar aponeurosis was also stretched more
as loading increased and shared some of the increased
energy storage and return with the FDB tendons. However,
within the current experiment, we were unable to parse out
the relative contribution to energy storage of the plantar
aponeurosis and FDB MTU or indeed other tissues within
the foot. Further research is required to explore the capacity
of the intrinsic foot muscles to modulate the energetic
function of the human foot.

This study provides novel evidence that the CNS utilizes the
parallel anatomical arrangement of the intrinsic foot muscles
and plantar aponeurosis to control the spring-like behavior of
the human foot actively. It appears that considerable excitatory
neural drive is required to activate the intrinsic foot muscles,
allowing the foot to function as a relatively passive structure
during tasks that require low forces to be generated. When
active, the isometric function of the FDB muscle fascicles
facilitates energy storage and return from the FDB tendon, in
parallel to the energy stored within the plantar aponeurosis.
This mechanism may enhance the versatility of the human foot
during locomotion.

GRANTS

This study was funded by an Australian Research Council Discovery Grant
(Grant No. DP-160101117). L. Kelly is funded by a National Health &
Medical Research Council Peter Doherty Fellowship (Grant No. APP-
1111909).

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the authors.

AUTHOR CONTRIBUTIONS

L.A.K. conceived and designed of research; L.A.K. and D.J.F. performed
experiments; L.A.K. analyzed data; L.A.K., D.J.F., A.G.C., and G.A.L. inter-
preted results of experiments; L.A.K. prepared figures; L.A.K., D.J.F., A.G.C.,
and G.A.L. drafted manuscript; L.A.K., D.J.F., A.G.C., and G.A.L. edited and
revised manuscript; L.A.K., D.J.F., A.G.C., and G.A.L. approved final version
of manuscript.

ENDNOTE

At the request of the authors, readers are herein alerted to the fact that additional
materials related to this manuscript may be found at the institutional website of one
of the authors, which at the time of publication they indicate is: https://www.drop-
box.com/sh/okbsab120jsc2az/AAD05Q1dtaY6MLdi_dkaqUjsa?dl�0. These ma-
terials are not a part of this manuscript, and have not undergone peer review by the
American Physiological Society (APS). APS and the journal editors take no
responsibility for these materials, for the website address, or for any links to or
from it. Data Availability.

REFERENCES

1. Alexander RM, Bennett MB, Ker RF. Mechanical properties and func-
tion of the paw pads of some mammals. J Zool 209: 405–419, 1986.
doi:10.1111/j.1469-7998.1986.tb03601.x.

2. Bates KT, Collins D, Savage R, McClymont J, Webster E, Pataky TC,
D’Aout K, Sellers WI, Bennett MR, Crompton RH. The evolution of
compliance in the human lateral mid-foot. Proc Biol Sci 280: 20131818,
2013. doi:10.1098/rspb.2013.1818.

3. Biewener AA, Roberts TJ. Muscle and tendon contributions to force,
work, and elastic energy savings: a comparative perspective. Exerc Sport
Sci Rev 28: 99–107, 2000.

4. Bramble DM, Lieberman DE. Endurance running and the evolution of
Homo. Nature 432: 345–352, 2004. doi:10.1038/nature03052.

5. Bruening DA, Takahashi KZ. Partitioning ground reaction forces for
multi-segment foot joint kinetics. Gait Posture 62: 111–116, 2018. doi:
10.1016/j.gaitpost.2018.03.001.

6. Caravaggi P, Pataky T, Günther M, Savage R, Crompton R. Dynamics
of longitudinal arch support in relation to walking speed: contribution of
the plantar aponeurosis. J Anat 217: 254–261, 2010. doi:10.1111/j.1469-
7580.2010.01261.x.

7. Crompton RH, Sellers WI, Thorpe SKS. Arboreality, terrestriality and
bipedalism. Philos Trans R Soc Lond B Biol Sci 365: 3301–3314, 2010.
doi:10.1098/rstb.2010.0035.

8. Cronin NJ, Carty CP, Barrett RS, Lichtwark G. Automatic tracking of
medial gastrocnemius fascicle length during human locomotion. J Appl
Physiol (1985) 111: 1491–1496, 2011. doi:10.1152/japplphysiol.00530.
2011.

9. Dixon PC, Böhm H, Döderlein L. Ankle and midfoot kinetics during
normal gait: a multi-segment approach. J Biomech 45: 1011–1016, 2012.
doi:10.1016/j.jbiomech.2012.01.001.

10. Ellrich J, Steffens H, Treede RD, Schomburg ED. The Hoffmann reflex
of human plantar foot muscles. Muscle Nerve 21: 732–738, 1998. doi:10.
1002/(SICI)1097-4598(199806)21:6�732::AID-MUS4�3.0.CO;2-8.

11. Erdemir A, Hamel AJ, Fauth AR, Piazza SJ, Sharkey NA. Dynamic
loading of the plantar aponeurosis in walking. J Bone Joint Surg Am 86-A:
546–552, 2004. doi:10.2106/00004623-200403000-00013.

12. Farris DJ, Lichtwark GA. UltraTrack: software for semi-automated
tracking of muscle fascicles in sequences of B-mode ultrasound images.
Comput Methods Programs Biomed 128: 111–118, 2016. doi:10.1016/j.
cmpb.2016.02.016.

13. Farris DJ, Sawicki GS. Human medial gastrocnemius force-velocity
behavior shifts with locomotion speed and gait. Proc Natl Acad Sci USA
109: 977–982, 2012. doi:10.1073/pnas.1107972109.

237THE ACTIVE FOOT SPRING

J Appl Physiol • doi:10.1152/japplphysiol.00736.2018 • www.jappl.org

https://www.dropbox.com/sh/okbsab120jsc2az/AAD05Q1dtaY6MLdi_dkaqUjsa?dl=0
https://www.dropbox.com/sh/okbsab120jsc2az/AAD05Q1dtaY6MLdi_dkaqUjsa?dl=0
https://doi.org/10.1111/j.1469-7998.1986.tb03601.x
http://dx.doi.org/20131818
https://doi.org/10.1098/rspb.2013.1818
https://doi.org/10.1038/nature03052
https://doi.org/10.1016/j.gaitpost.2018.03.001
https://doi.org/10.1111/j.1469-7580.2010.01261.x
https://doi.org/10.1111/j.1469-7580.2010.01261.x
https://doi.org/10.1098/rstb.2010.0035
https://doi.org/10.1152/japplphysiol.00530.2011
https://doi.org/10.1152/japplphysiol.00530.2011
https://doi.org/10.1016/j.jbiomech.2012.01.001
https://doi.org/10.1002/%28SICI%291097-4598%28199806%2921:6%3C732::AID-MUS4%3E3.0.CO;2-8
https://doi.org/10.1002/%28SICI%291097-4598%28199806%2921:6%3C732::AID-MUS4%3E3.0.CO;2-8
https://doi.org/10.2106/00004623-200403000-00013
https://doi.org/10.1016/j.cmpb.2016.02.016
https://doi.org/10.1016/j.cmpb.2016.02.016
https://doi.org/10.1073/pnas.1107972109
https://journals.physiology.org/action/showLinks?crossref=10.1111%2Fj.1469-7998.1986.tb03601.x&isi=A1986D342100009&citationId=p_1
https://journals.physiology.org/action/showLinks?crossref=10.1016%2Fj.gaitpost.2018.03.001&isi=000432840100016&citationId=p_5
https://journals.physiology.org/action/showLinks?crossref=10.1016%2Fj.cmpb.2016.02.016&isi=000373495200011&citationId=p_12
https://journals.physiology.org/action/showLinks?crossref=10.1016%2Fj.jbiomech.2012.01.001&isi=000302980600016&citationId=p_9
https://journals.physiology.org/action/showLinks?crossref=10.1098%2Frspb.2013.1818&isi=000330322000023&citationId=p_2
https://journals.physiology.org/action/showLinks?pmid=22219360&crossref=10.1073%2Fpnas.1107972109&isi=000299154000066&citationId=p_13
https://journals.physiology.org/action/showLinks?crossref=10.1002%2F%28SICI%291097-4598%28199806%2921%3A6%3C732%3A%3AAID-MUS4%3E3.0.CO%3B2-8&isi=000073405100004&citationId=p_10
https://journals.physiology.org/action/showLinks?crossref=10.1098%2Frstb.2010.0035&isi=000281935500005&citationId=p_7
https://journals.physiology.org/action/showLinks?pmid=15549097&crossref=10.1038%2Fnature03052&isi=000225161400045&citationId=p_4


14. Hicks JH. The mechanics of the foot. II. The plantar aponeurosis and the
arch. J Anat 88: 25–30, 1954.

15. Hill AV. Dimensions of animals and their muscular dynamics. Nature
164: 820, 1949. doi:10.1038/164820b0.

16. Kelly LA, Cresswell AG, Farris DJ. The energetic behaviour of the
human foot across a range of running speeds. Sci Rep 8: 10576, 2018.
doi:10.1038/s41598-018-28946-1.

17. Kelly LA, Cresswell AG, Racinais S, Whiteley R, Lichtwark G.
Intrinsic foot muscles have the capacity to control deformation of the
longitudinal arch. J R Soc Interface 11: 20131188, 2014. doi:10.1098/rsif.
2013.1188.

18. Kelly LA, Farris DJ, Lichtwark GA, Cresswell AG. The Influence of
foot-strike technique on the neuromechanical function of the foot. Med Sci
Sports Exerc 50: 98–108, 2018. doi:10.1249/MSS.0000000000001420.

19. Kelly LA, Kuitunen S, Racinais S, Cresswell AG. Recruitment of the
plantar intrinsic foot muscles with increasing postural demand. Clin
Biomech (Bristol, Avon) 27: 46–51, 2012. doi:10.1016/j.clinbiomech.
2011.07.013.

20. Kelly LA, Lichtwark G, Cresswell AG. Active regulation of longitudinal
arch compression and recoil during walking and running. J R Soc Interface
12: 20141076, 2015. doi:10.1098/rsif.2014.1076.

21. Kelly LA, Lichtwark GA, Farris DJ, Cresswell A. Shoes alter the
spring-like function of the human foot during running. J R Soc Interface
13: 20160174, 2016. doi:10.1098/rsif.2016.0174.

22. Ker RF, Bennett MB, Bibby SR, Kester RC, Alexander RM. The
spring in the arch of the human foot. Nature 325: 147–149, 1987.
doi:10.1038/325147a0.

23. Konow N, Azizi E, Roberts TJ. Muscle power attenuation by tendon
during energy dissipation. Proc Biol Sci 279: 1108–1113, 2012. doi:10.
1098/rspb.2011.1435.

24. Kura H, Luo ZP, Kitaoka HB, An KN. Quantitative analysis of the
intrinsic muscles of the foot. Anat Rec 249: 143–151, 1997. doi:10.1002/
(SICI)1097-0185(199709)249:1�143::AID-AR17�3.0.CO;2-P.

25. Lai A, Lichtwark GA, Schache AG, Lin Y-C, Brown NA, Pandy MG.
In vivo behavior of the human soleus muscle with increasing walking and
running speeds. J Appl Physiol (1985) 118: 1266–1275, 2015. doi:10.
1152/japplphysiol.00128.2015.

26. Leardini A, Benedetti MG, Berti L, Bettinelli D, Nativo R, Giannini S.
Rear-foot, mid-foot and fore-foot motion during the stance phase of gait.
Gait Posture 25: 453–462, 2007. doi:10.1016/j.gaitpost.2006.05.017.

27. Ledoux WR, Hirsch BE, Church T, Caunin M. Pennation angles of the
intrinsic muscles of the foot. J Biomech 34: 399–403, 2001. doi:10.1016/
S0021-9290(00)00194-9.

28. Lichtwark GA, Wilson AM. Interactions between the human gastrocne-
mius muscle and the Achilles tendon during incline, level and decline
locomotion. J Exp Biol 209: 4379–4388, 2006. doi:10.1242/jeb.02434.

29. McDonald KA, Stearne SM, Alderson JA, North I, Pires NJ, Ruben-
son J. The role of arch compression and metatarsophalangeal joint
dynamics in modulating plantar fascia strain in running. PLoS One 11:
e0152602, 2016. doi:10.1371/journal.pone.0152602.

30. Roberts TJ, Konow N. How tendons buffer energy dissipation by
muscle. Exerc Sport Sci Rev 41: 186 –193, 2013. doi:10.1097/JES.
0b013e3182a4e6d5.

31. Stearne SM, McDonald KA, Alderson JA, North I, Oxnard CE,
Rubenson J. The foot’s arch and the energetics of human locomotion. Sci
Rep 6: 19403, 2016. doi:10.1038/srep19403.

32. Takahashi KZ, Kepple TM, Stanhope SJ. A unified deformable (UD)
segment model for quantifying total power of anatomical and prosthetic
below-knee structures during stance in gait. J Biomech 45: 2662–2667,
2012. doi:10.1016/j.jbiomech.2012.08.017.

33. Takahashi KZ, Stanhope SJ. Mechanical energy profiles of the com-
bined ankle-foot system in normal gait: insights for prosthetic designs.
Gait Posture 38: 818–823, 2013. doi:10.1016/j.gaitpost.2013.04.002.

34. Takahashi KZ, Worster K, Bruening DA. Energy neutral: the human
foot and ankle subsections combine to produce near zero net mechanical
work during walking. Sci Rep 7: 15404, 2017. doi:10.1038/s41598-017-
15218-7.

35. Tosovic D, Ghebremedhin E, Glen C, Gorelick M, Mark Brown J. The
architecture and contraction time of intrinsic foot muscles. J Electromyogr
Kinesiol 22: 930–938, 2012. doi:10.1016/j.jelekin.2012.05.002.

36. Wilson A, Lichtwark G. The anatomical arrangement of muscle and
tendon enhances limb versatility and locomotor performance. Philos Trans
R Soc Lond B Biol Sci 366: 1540–1553, 2011. doi:10.1098/rstb.2010.
0361.

37. Wilson AM, McGuigan MP, Su A, van Den Bogert AJ. Horses damp
the spring in their step. Nature 414: 895–899, 2001. doi:10.1038/414895a.

38. Zelik KE, Honert EC. Ankle and foot power in gait analysis: Implica-
tions for science, technology and clinical assessment. J Biomech 75: 1–12,
2018. doi:10.1016/j.jbiomech.2018.04.017.

238 THE ACTIVE FOOT SPRING

J Appl Physiol • doi:10.1152/japplphysiol.00736.2018 • www.jappl.org

https://doi.org/10.1038/164820b0
https://doi.org/10.1038/s41598-018-28946-1
http://dx.doi.org/20131188
https://doi.org/10.1098/rsif.2013.1188
https://doi.org/10.1098/rsif.2013.1188
https://doi.org/10.1249/MSS.0000000000001420
https://doi.org/10.1016/j.clinbiomech.2011.07.013
https://doi.org/10.1016/j.clinbiomech.2011.07.013
http://dx.doi.org/20141076
https://doi.org/10.1098/rsif.2014.1076
http://dx.doi.org/20160174
https://doi.org/10.1098/rsif.2016.0174
https://doi.org/10.1038/325147a0
https://doi.org/10.1098/rspb.2011.1435
https://doi.org/10.1098/rspb.2011.1435
https://doi.org/10.1002/%28SICI%291097-0185%28199709%29249:1%3C143::AID-AR17%3E3.0.CO;2-P
https://doi.org/10.1002/%28SICI%291097-0185%28199709%29249:1%3C143::AID-AR17%3E3.0.CO;2-P
https://doi.org/10.1152/japplphysiol.00128.2015
https://doi.org/10.1152/japplphysiol.00128.2015
https://doi.org/10.1016/j.gaitpost.2006.05.017
https://doi.org/10.1016/S0021-9290%2800%2900194-9
https://doi.org/10.1016/S0021-9290%2800%2900194-9
https://doi.org/10.1242/jeb.02434
http://dx.doi.org/e0152602
https://doi.org/10.1371/journal.pone.0152602
https://doi.org/10.1097/JES.0b013e3182a4e6d5
https://doi.org/10.1097/JES.0b013e3182a4e6d5
https://doi.org/10.1038/srep19403
https://doi.org/10.1016/j.jbiomech.2012.08.017
https://doi.org/10.1016/j.gaitpost.2013.04.002
https://doi.org/10.1038/s41598-017-15218-7
https://doi.org/10.1038/s41598-017-15218-7
https://doi.org/10.1016/j.jelekin.2012.05.002
https://doi.org/10.1098/rstb.2010.0361
https://doi.org/10.1098/rstb.2010.0361
https://doi.org/10.1038/414895a
https://doi.org/10.1016/j.jbiomech.2018.04.017
https://journals.physiology.org/action/showLinks?crossref=10.1038%2F164820b0&isi=A1949UA30600005&citationId=p_15
https://journals.physiology.org/action/showLinks?crossref=10.1038%2Fs41598-017-15218-7&isi=000415022900040&citationId=p_34
https://journals.physiology.org/action/showLinks?crossref=10.1016%2Fj.jbiomech.2018.04.017&isi=000437991500001&citationId=p_38
https://journals.physiology.org/action/showLinks?crossref=10.1038%2Fsrep19403&isi=000368335500001&citationId=p_31
https://journals.physiology.org/action/showLinks?crossref=10.1038%2Fs41598-018-28946-1&isi=000438343600086&citationId=p_16
https://journals.physiology.org/action/showLinks?pmid=25551151&crossref=10.1098%2Frsif.2014.1076&isi=000345500000025&citationId=p_20
https://journals.physiology.org/action/showLinks?pmid=9294659&crossref=10.1002%2F%28SICI%291097-0185%28199709%29249%3A1%3C143%3A%3AAID-AR17%3E3.0.CO%3B2-P&citationId=p_24
https://journals.physiology.org/action/showLinks?crossref=10.1016%2Fj.jbiomech.2012.08.017&isi=000310107300026&citationId=p_32
https://journals.physiology.org/action/showLinks?pmid=24478287&crossref=10.1098%2Frsif.2013.1188&isi=000332385000023&citationId=p_17
https://journals.physiology.org/action/showLinks?crossref=10.1098%2Frsif.2016.0174&isi=000386722200007&citationId=p_21
https://journals.physiology.org/action/showLinks?isi=A1954UZ92000004&citationId=p_14
https://journals.physiology.org/action/showLinks?crossref=10.1371%2Fjournal.pone.0152602&isi=000373608000027&citationId=p_29
https://journals.physiology.org/action/showLinks?pmid=3808070&crossref=10.1038%2F325147a0&isi=A1987F534300052&citationId=p_22
https://journals.physiology.org/action/showLinks?crossref=10.1038%2F414895a&isi=000172813300042&citationId=p_37
https://journals.physiology.org/action/showLinks?crossref=10.1016%2Fj.gaitpost.2006.05.017&isi=000245075600017&citationId=p_26

