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Detailed knowledge of the loading conditions within the human
body is essential for the development and optimization of treat-
ments for disorders and injuries of the musculoskeletal system.
While loads in the major joints of the lower limb have been the
subject of extensive study, relatively little is known about the
forces applied to the individual bones of the foot. The objective of
this study was to use a detailed musculoskeletal model to compute
the loads applied to the metatarsal bones during gait across sev-
eral healthy subjects. Motion-captured gait trials and computed
tomography (CT) foot scans from four healthy subjects were used
as the inputs to inverse dynamic simulations that allowed the com-
putation of loads at the metatarsal joints. Low loads in the meta-
tarsophalangeal (MTP) joint were predicted before terminal
stance, however, increased to an average peak of 1.9 times body
weight (BW) before toe-off in the first metatarsal. At the first tar-
sometatarsal (TMT) joint, loads of up to 1.0 times BW were seen
during the early part of stance, reflecting tension in the ligaments
and muscles. These loads subsequently increased to an average
peak of 3.0 times BW. Loads in the first ray were higher compared
to rays 2–5. The joints were primarily loaded in the longitudinal
direction of the bone. [DOI: 10.1115/1.4032413]

Introduction

While studies of the dynamic loading in major joints, such as
the knee [1,2], shoulder [3], and the hip [4], are well established,
the forces acting on the bones, ligaments, and muscles of the foot
have received much less attention [5,6].

Among foot injuries and diseases, the first metatarsal is one of
the most common bones requiring surgery [7]. To improve our
understanding of the biomechanical effects of surgeries of the
metatarsals and to effectively aid in planning the procedures, it is
important to know the loading conditions within the foot. While
it is relatively easy to measure overall ground reaction forces
generated during gait, it is considerably more difficult to accu-
rately determine the loading of individual foot bones. The highly
invasive nature of in vivo experiments required to obtain this
information means that researchers have been limited to cadaver
tests [5,8], manual calculations [6,9,10], or computer simulations
[11–13].

Recently, a detailed, fully dynamic, multisegment kinematic
foot model has been developed [14–16], containing 26 segments
representing all the bones in the foot as well as the muscles,
ligaments, and joints connecting them. The model utilizes inverse
dynamics to compute internal forces for all joints, ligaments, and
muscles for subject-specific anatomies and recorded motions
[14–16]. The objective of this study was to demonstrate the utility
of this musculoskeletal foot model to analyze loading of the meta-
tarsal joints during gait for different subjects. We focused on
determining dynamic joint loading at the MTP and the TMT
joints.

Materials and Methods

Participants. Four healthy male participants underwent bare-
foot instrumented gait analysis. Average age of the participants
was 40.6 (range: 28.3–45.1), average BW was 79 kg (range:
74–90 kg), and average foot length was 24.6 cm (range:
23–26.2 cm). IRB approval was obtained and participants gave
informed consent prior to enrolment [15,16].

Data Collection and Processing. The protocol used to obtain
the data for this study has been described in detail previously
[15,16]. In brief, three walking trials at a self-selected speed per
subject were recorded using a 12 camera motion capture system
(Oqus 3; Qualisys AB, Gothenburg, Sweden) and a marker proto-
col with 43 markers on the lower limb [16]. Synchronized ground
reaction forces were recorded using force plates embedded within
the walkway (9286B; Kistler Instrumente AG, Winterthur, Swit-
zerland), and plantar pressure distributions were recorded using
pressure plates (0.5 m length; RSScan International NV, Paal,
Belgium). All gait trials were normalized to percent of the gait
cycle; only the stance phase was analyzed for this study (0–60%
gait cycle, representing heel strike to toe-off). CT scans (1 mm
slice thickness) of the feet were taken and subsequently seg-
mented to obtain bone morphology and shape of the participant’s
feet.

Model. The ANYBODY MODELING SYSTEM V6.0 (AnyBody Technol-
ogy, Aalborg, Denmark) [17] including the Glasgow–Maastricht
foot model [14,15] was used for this investigation. Briefly, each
subject-specific model consists kinematically of 36 segments rep-
resenting the trunk, lumbar vertebras, pelvis, femur, and tibia, and
26 individual segments representing the foot. Trunk and leg seg-
ments were scaled according to the overall height of each subject; a
nonlinear scaling technique was used to morph the generic model
of each individual bone in the foot to the respective CT scan. Seg-
ments are connected via kinematic rhythms, constraints, and joints
of type revolute, universal, or spherical. The segments are driven
according to the recorded motion of the subject in an over-
determinate system, while accounting for skin motion relative to
the segments [18].
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The measured ground reaction forces and pressures were
applied to the foot model on distinctive nodes on the plantar side.
For each time frame, the overall force value and direction from
the force plates were used. The measured pressure distribution
was averaged in 180 distinctive zones and applied to 180 distinc-
tive nodes on the plantar side of the foot.

The model includes muscles in the leg divided into 159 fas-
cicles. Additionally, the model has the following intrinsic foot
muscles: abductor hallucis, flexor hallucis brevis medialis and
lateralis, adductor hallucis transverse and oblique, abductor digiti
minimi, flexor digiti minimi brevis, dorsal interosseous, plantar
interosseous, flexor digitorum brevis, lumbricals, quadratus plan-
tar medialis and lateralis, extensor hallucis brevis, and extensor
digitorum brevis. All major foot ligaments are implemented in the
model based on the literature data including collaterals divided into
several subgroups [19–23], as well as deep metatarsal transverse
[19,20], plantar fascia (PF) [19,20,24–26], long plantar [19,20], cal-
caneo cuboid plantar [19,20,27], calcaneo navicular plantar
[19,20,28–30], tarsal [11,19,20,23], and phalangeal [19,20] liga-
ments (Fig. 1).

The standard muscle recruitment solver [17] was used to com-
pute muscle activations and forces for the different gait trials for
each of the subject-specific models. For validation of the foot
model, electromyography (EMG) measurements of peroneus,
biceps femoris, rectus femoris, vastus lateralis, soleus, gastrocne-
mius lateralis, gastrocnemius medialis, and tibialis anterior were
measured and compared to the predicted muscle activation for 11
subjects (four subjects from this study, plus seven additional sub-
jects). The raw EMG data were low-pass filtered with a cut-off
frequency of 3 Hz with a fourth-order Butterworth filter in the
AnyBody Modeling System in order to get an envelope that
describes muscle activity as previously described [31]. The proc-
essed EMG data were normalized with respect to the maximum
measured EMG value for that muscle over all the measurements.

The predicted muscle activity in the model was defined as the
muscle force at that particular instant in time divided by the maxi-
mal force of that particular muscle. The strength of each muscle
in the model was scalable based on the subject’s weight and
height (“strength scaling” within the modeling system, previously
validated for other kinematic models [14,15,17,]). The passive
stiffness of the ligaments was validated by comparing load versus
displacement curves of the model with published data of an exper-
imental setup of a (passive) cadaveric foot [15].

Metatarsal Loads. In the model, more than 75 forces act on
the first metatarsal, including joint reaction, ground reaction (via
pressure nodes), muscle, and ligament forces. Three joints connect
the first metatarsal with its adjacent bones, including the TMT
joint (connecting the medial cuneiform with the metatarsal) and
the MTP joint (connecting the metatarsal with the phalanx). These
two joints are highly constrained, with motion described as minor
gliding in the anatomical literature [32] and in in vivo studies
[19,33,34]. Due to the difficulties in measuring the small move-
ments outside of the primary plane of motion using a noninvasive
motion capture approach, universal joints were used for these
joints in the model. The center of rotation (CoR) for the TMT
joint was estimated from the slightly concave joint facet at the
base of the first metatarsal. The CoR was placed posterior of
the two articulation surfaces, allowing for the gliding motions.
The position of the MTP CoR was placed in the center of the cor-
responding metatarsal head, and the orientation of the axes was
positioned in order to allow flexion/extension and abduction/
adduction. The third joint in the model associated with the first
metatarsal, connecting the first and second metatarsals, was mod-
eled as an ellipsoid joint.

Several muscles act directly or have via nodes on the metatar-
sal, with most muscles divided into several branches: tibialis

Fig. 1 The Glasgow–Maastricht foot model with bones, major muscles (right side), ligaments
(left side), and joints. The first metatarsal bone (MT1) with the MTP joint (J1) and the TMT joint
(J2) is highlighted separately. Extensor muscles (ExtDig) and tibialis anterior (TibAnt) can be
seen on the dorsal side, PF, and flexor muscles (FlexDig), and tibialis posterior (TibPost) can
be seen on the plantar side. Note that most of the foot muscles overlap the tarsal region, but
do not insert into it.
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anterior, peroneus, flexor hallucis longus, and extensor hallucis
longus. Additionally, multiple ligaments were directly attached to
the metatarsal in the model: metatarsal transversum profundum,
plantar plate (medial and lateral), TMT ligament (dorsal and
lateral), and aponeurosis plantaris (Fig. 1).

Metatarsals two to five were modeled in a similar way as
the first metatarsal, with joints to the phalanges, adjacent metatar-
sals, and intermediate cuneiform, lateral cuneiform, or cuboid,
respectively.

Joint reaction forces of the MTP joint and TMT joint were
computed. All the loads were normalized according to the BW of
each subject.

Results

The comparison of the EMG measurements of the peroneus,
biceps femoris, rectus femoris, vastus lateralis, soleus, gastrocne-
mius lateralis, gastrocnemius medialis, and tibialis anterior with
predicted muscle activations showed good qualitative agreement
with the exception of rectus femoris (Fig. 2).

The resultant joint reaction forces at the first MTP joint showed
very low loads in the first third of the gait cycle for each subject
(Fig. 3). Subsequently, the force increased until a peak force was
reached at about 75% stance phase. The average peak load was
measured as 1.9�BW 6 0.4.

The resultant joint reaction forces at the first TMT joint showed
loads of up to 1�BW until 50% of stance, followed by a peak at
80%, for each of the four subjects (Fig. 4). Peak forces at the joint
were 3.0�BW 6 0.56.

The reaction forces at individual MTP joints, averaged across
the four subjects, are presented in Fig. 5. The joint reaction forces
for the second to the fifth ray stay at around 0.1–0.2�BW, over
an order of magnitude less than for the first ray.

The reaction forces at individual TMT joints, averaged across
the four subjects, are presented in Fig. 6. The joint in ray 2
between the intermediate cuneiform and the second metatarsal
bone, as well as the joint in ray 3 between the lateral cuneiform
and the third metatarsal bone, had average peak loads of approxi-
mately 1�BW at around 75% of stance. The TMT joints in the
fourth and fifth ray, between the cuboid and fourth and fifth

Fig. 2 Comparison of EMG measurements (“EMG”) of the peroneus, biceps femoris, rectus
femoris, vatus lateralis, soleus, gastrocnemius lateralis, gastrocnemius medialis, and tibialis
anterior with predicted muscle activations (“ABT”) from the model
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metatarsals, respectively, had average peak loads of approxi-
mately 1.5�BW sustained across approximately 30% of the gait
cycle.

The peak forces in the first ray of the TMT and MTP joints are
shown in Table 1. The longitudinal (axial) component is the main
contributor for the reaction force in the joints.

Discussion

Increased understanding of the biomechanical loading across
bones and joints in the foot can facilitate the development and
testing of surgical and nonsurgical treatments for injuries and
diseases of the foot [7]. In this study, we have demonstrated the
utility of a musculoskeletal model to determine the loads across
the MTP and TMT joints of healthy subjects.

Four subjects were analyzed during gait with subject-specific
input from motion capture recordings and bone geometry taken
from CT scans. The results from the individual subjects follow
similar profiles, indicating that these patterns of dynamic loading
are characteristic for healthy subjects. Peak forces across the MTP

Fig. 4 First TMT joint reaction force during the gait cycle in
each of the four subjects

Fig. 5 Joint reaction forces of all the five MTP joints during
stance as average of four different subjects

Fig. 6 Joint reaction forces of all the five TMT joints during
stance as average of four different subjects

Fig. 3 First MTP joint reaction force during stance phase in
each of the four subjects

Table 1 Loads in the first ray of the TMT and MTP joints
divided into longitudinal, mediolateral, and plantodorsal
components

Longitudinal Mediolateral Plantodorsal Resultant

TMT (� BW) 1.67 6 0.36 0.81 6 0.16 0.29 6 0.20 1.90 6 0.38
MTP (�BW) 2.96 6 0.56 0.25 6 0.05 0.22 6 0.07 2.98 6 0.56
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and TMT joints, occurring around toe-off in the gait cycle, are
likely the result of the full BW passing through the forefoot as
well as the muscle forces required to stabilize the posture. High
muscle and ligament forces are necessary to transfer the loads
from an initial horizontal direction to the center of pressure under
the toes as the gait cycle approaches toe-off. The computed result-
ant forces include both axial (longitudinal) and shear components
though the dominant forces are in the longitudinal direction of the
first metatarsal bone. The shear force was seen to be relatively
small for the majority of the gait cycle indicating that the force is
primarily transferred straight through the metatarsal with minimal
bending.

Stokes et al., Jacob, and Kirane et al. reported peak forces of
0.8–0.9�BW in the first metatarsal joint and 1.2�BW in the first
metatarsal head [6,13,35]. These loads are low compared to our
findings, especially considering that the full ground reaction force
is usually applied via the big toe to the first metatarsal at the end
of the stance phase, and ground reaction forces show values dur-
ing this time point of about 1.1�BW. Combined with forces
from muscles stabilizing the joint, this current study predicts
1.5–2�BW loads in the metatarsal joint. In order to transfer the
vertical ground reaction force into the direction of the metatarsal
axis, several muscles and ligaments will be activated, as reflected
in the joint loading between the medial cuneiform and first
metatarsal.

Based on the predicted loads in both the TMT and MTP joints
for the four subjects examined here, load is primarily transferred
through the first metatarsal, as compared to the other rays, with
the loads more evenly distributed across the TMT joints than the
MTP joints. The predicted values compare well with the cadaveric
simulations by Sharkey et al. [36], who measured the axial load
on the second metatarsal at late terminal stance to be on
average> 800 N. Loads of this magnitude are in line with our
measurements, assuming the cadaveric loading is on average
representative of a 70–75 kg person. A full line of cadaveric
experiments from Sharkey et al. showed similar results for meta-
tarsal loads [8,36,37].

Musculoskeletal models enable investigation of natural proc-
esses that cannot be explored easily with in vitro or in vivo experi-
ments, and the 26 segment foot model used in this study is
currently the most detailed and advanced foot model available.
Nevertheless, proper appreciation of the limitations of the model
is important to ensure appropriate use of the results and predic-
tions presented here. First, the sample size of four subjects is not
expected to fully represent normal anatomical variation. For this
reason, no statistical assessments of model results are presented
here, but rather, results are intended as illustrative of a methodol-
ogy that may be more fully built out in subsequent work with
additional specimens. Additionally, all four models utilized here
represent healthy patients, and thus, the extensibility of the results
here to pathologic diseases or conditions of the foot (e.g., flatfoot,
hallux valgus, and metatarsalgia) that require biomechanical
intervention should be done cautiously. Third, the modeling
framework utilized here is based on rigid body simulation, which
has the benefit of including the complexity of the whole body
while still being an efficient simulation, but translation of the
loads predicted here to heterogeneous stress or strain in constitu-
ent bodies requires more detailed analysis, such as finite-element
analysis [38,39]. Finally, though EMG measurements generally
compare favorably to model predictions of muscle activity shown
here, there are no direct measurements of muscle activity in the
vicinity of the metatarsals, and thus, the application here repre-
sents a reasonable but nevertheless an extrapolation of the model
as validated.

Conclusion

In this study, we have demonstrated the utility of a novel mus-
culoskeletal foot model for providing detailed insights into the

loading on the metatarsal joints and indicate that peak axial loads
of around three times BW may be experienced during gait.
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