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The kinematics of the human foot complex have been investigated to understand the weight bearing
mechanism of the foot. This study aims to investigate midtarsal joint locking during walking by nonin-
vasively measuring the movements of foot bones using a high-speed bi-planar fluoroscopic system.
Eighteen healthy subjects volunteered for the study; the subjects underwent computed tomography

Keywords: imaging and bi-planar radiographs of the foot in order to measure the three-dimensional (3D) midtarsal
;/‘[)%t Lioi joint kinematics using a 2D-to-3D registration method and anatomical coordinate system in each bone.
l(i;etra:::icjsomt The relative movements on bone surfaces were also calculated in the talonavicular and calcaneocuboid

joints and quantified as surface relative velocity vectors on articular surfaces to understand the kinematic
interactions in the midtarsal joint. The midtarsal joint performed a coupled motion in the early stance to
pronate the foot to extreme pose in the range of motion during walking and maintained this pose during
the mid-stance. In the terminal stance, the talonavicular joint performed plantar-flexion, inversion, and
internal rotation while the calcaneocuboid joint performed mainly inversion. The midtarsal joint moved
towards an extreme supinated pose, rather than a minimum motion in the terminal stance. The study
provides a new perspective to understand the kinematics and kinetics of the movement of foot bones
and so-called midtarsal joint locking, during walking. The midtarsal joint continuously moved towards
extreme poses together with the activation of muscle forces, which would support the foot for more
effective force transfer during push-off in the terminal stance.

© 2019 Elsevier Ltd. All rights reserved.

Contact surface
Locking mechanism

1. Introduction

The foot performs versatile functions during locomotion, and it
has been suggested that the midtarsal joint, with the talonavicular
and calcaneocuboid joints, contributes to the rigidity and flexibility
of the foot during dynamic motions (Blackwood et al., 2005; Tweed
et al., 2008). The foot was previously described to provide shock
absorption in the early stance, weight support in the mid-stance,
and a rigid lever arm for propulsion in the terminal stance
(Tweed et al., 2008). The mechanism of transition of the foot
between flexible and rigid structures during movement is thought
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of as a locking and unlocking mechanism (Elftman, 1960; Okita
et al., 2014).

The idea of a locking and unlocking mechanism in the foot has
been previously explained using the convex curvature axes of the
talonavicular and calcaneocuboid articular surfaces (Elftman,
1960). Inversion or eversion of the subtalar joint changes the direc-
tion of the convex curvature axes of the talonavicular and calca-
neocuboid articular surfaces, which might lock or unlock the
midtarsal joint and contribute to either a rigid or flexible foot
structure (Tweed et al., 2008; Elftman, 1960). For example, the
subtalar joint everts at heel-strike and the convex curvature axes
of the talonavicular and calcaneocuboid articular surfaces become
parallel, which may increase the flexibility of the midtarsal joint.
However, there is a lack of experimental evidence to suggest that
the change in the axes would make the foot either flexible or rigid
during walking.

Several experimental studies using cadaveric specimens have
been conducted to improve the understanding of the midtarsal
joint locking mechanism (Blackwood et al.,, 2005; Okita et al.,
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2014). It has been shown in a cadaveric foot experiment that the
first, second, and fifth metatarsal bones had a significantly reduced
range of rotation in the sagittal plane with respect to the coordi-
nated system fixed in the talus when the calcaneus was inverted
compared to everted (Blackwood et al., 2005). Meanwhile, the mid-
tarsal joint remained compliant and rotations were present when
the calcaneus was inverted during push-off, despite the axes of
the talonavicular and calcaneocuboid joints being diverged when
gait was simulated in a cadaveric foot (Okita et al., 2014). The
mechanism and existence of locking in the foot during push-off
has not been well investigated.

The movements of individual bones in the midfoot during
in vivo walking has been investigated using reflective markers
and metallic pins inserted in individual bones (Nester et al.,
2002, Nester et al., 2007, Leardini et al., 2007). Although most of
the joints in the midfoot had continuous movements during late
stance, they could not insert bone pins in the talus, and they did
not measure the motion in the talonavicular joint. Thus, it may
have had continuous movement along with its adjacent joints,
which made us revisit the definition and existence of midtarsal
joint locking especially in the talonavicular and calcaneocuboid
joints of intact feet during walking. Recent advances in radio-
graphic imaging techniques has enabled dynamic measurements
of in vivo skeletal motions in the foot, including the talus (Koo
et al., 2015, Phan et al., 2018, Wang et al., 2016).

This study aims to investigate the relative motion in the talon-
avicular and calcaneocuboid joints that comprise the midtarsal
joint during the stance phase of walking of intact feet, especially
in the early and terminal stance phases that are responsible for
the locking and unlocking mechanism in the foot. We used a bi-
planar fluoroscopic imaging system and calculated the skeletal
motion directly from the images for visualization and quantifica-
tion of the relative motions on articular surfaces. The relative
motions on articular surfaces and conventional rotations around
joint axes were quantified during walking to understand the con-
tribution of individual joint motions on the locking mechanism
at the terminal stance. We hypothesized that the relative motions
on articular surfaces in the talonavicular and calcaneocuboid joints
would be minimal at the terminal stance of walking in intact feet
because of joint locking in the midtarsal joint.

2. Method
2.1. Data acquisition

The study was approved by the Institutional Review Board of
Chung-Ang University. Eighteen healthy males, with no history of
pain and abnormal deformities in the foot and ankle, participated
in this study. Informed consent was obtained from each subject
prior to testing. The average (+SD) age, height, and weight of all
subjects were 23.2+1.8 years, 173.2+5.7 cm, and 70.9 + 6.4 kg,
respectively. Each subject underwent computed tomography (CT)
using the Optima CT660 CT scanner (GE Healthcare, Chicago,
USA). The in-plane image had 512 x 512 pixels, and each pixel
was equivalent to 0.59 mm x 0.59 mm. The number of CT slices
(images) changed depending on the foot size, and the slice thick-
ness was 0.67 mm. Polygonal models of the talus, navicular, calca-
neus, and cuboid bones were then segmented and reconstructed
using Seg3D software (CIBC, Salt Lake City, UT, USA). The subjects
were instructed to walk along an elevated walkway made of
high-strength polystyrene foam. They practiced this for 5 to
10 min until they could walk naturally. Bi-planar fluoroscopic
images were taken for the right foot during a walking trial at the
speed of 100 frames per second with a 0.1 ms exposure time,
1024 x 1024-pixel resolution, and 14-bit depth image. The average

stance time was 683 + 52 ms. The three-dimensional (3D) models
of the talus, navicular, calcaneus, and cuboid were registered to
the bi-planar fluoroscopic images using custom 2D-to-3D registra-
tion software (Koo et al., 2015). The orientations and positions of
the bones were determined for the stance period of walking, which
was 683 + 52 ms, or around 70 frames, as shown in Fig. 1. The accu-
racy of the 2D-to-3D registration method used to measure the
ankle joint in vivo was reported to be approximately 0.63° in orien-
tation and 0.3 mm in translation (Wang et al., 2015).

2.2. Three-dimensional kinematics in the midtarsal joint

Bi-planar fluoroscopic images of the foot at standing posture
were obtained in order to determine the standard bone positions.
The anatomical coordinate systems (ACS) of the talus and calca-
neus were defined based on the talar-dome and posterior talar
articular surfaces at standing position using the automatic bone
template registration algorithm (Phan and Koo, 2015) described
in our previous study. The ACS origins of the navicular and cuboid
were set at the center of the talar head and the center of the cuboid
model, respectively. The ACS orientations of the navicular and
cuboid were set the same as the talus and calcaneus. Thus, the
ACS of all bones had the same orientation at the standing position,
as shown in Fig. 1.

Rotational motions in the talonavicular and calcaneocuboid
joints were quantified using the ACS, according to the joint coordi-
nate system used in a previous study (Grood and Suntay, 1983; Wu
et al., 2002). The dorsiflexion/plantar-flexion, inversion/eversion,
and internal/external rotation angles in the two joints were calcu-
lated from the heel-strike to toe-off during normal walking. The
frames of the stance period were determined from the bi-planar
fluoroscopic images, and the frame time was normalized as 0% to
100% of the stance phase. The temporal rotational kinematics were
averaged for all subjects for the stance phase, and the rotational
ranges of motion (ROMs) of the two joints were quantified for
the stance phase of walking.

2.3. Surface motion in the midtarsal joint

The relative surface motions in the joints were visualized and
quantified. The boundaries of the articular surfaces of midtarsal

Fig. 1. Three-dimensional poses of the talus, calcaneus, navicular, and cuboid were
determined using bi-planar fluoroscopic images. The anatomical joint coordinate
systems of the bones were identified using the bi-planar images obtained at
standing position.
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joint (Fig. 2A) were determined in the bone models using our auto-
matic bone template registration algorithm (Phan and Koo, 2015).
The distances between the closest vertex pairs in the articular sur-
faces were calculated for all vertices inside the boundaries, and
visualized as color maps for each frame as shown in Fig. 2.

The transformation matrices, or motions, of the bones were
interpolated so that we could resample the bone poses at every
1% of the stance phase. We chose bone poses at every 10% between
0% and 90% of the stance phase, i.e., ten time points, to quantify the
relative surface motion. We resampled up to 90% because the bone
pose at toe-off, or 100% of the stance phase, was not available for
most trials. Surface relative velocity vectors (SRVVs) were calcu-
lated for all vertices inside the boundaries (1911 vertices for talus
and 1688 vertices for calcaneus) using the movements of the clos-
est vertex pairs between the 10% time interval, and visualized as
arrows at the vertices, as shown in Fig. 2B (Anderst and
Tashman, 2010; Phan et al., 2018).

Once the SRVVs were calculated for the two joints in all 18 sub-
jects, they were averaged vertex-wise because the sampled ver-
tices were at similar anatomical locations between subjects. The
SRVVs on the articular surface of each joint were averaged in order
to calculate the average direction of the motion on the surface; this
is represented as green solid lines in Fig. 2C. The average direction
of motion was used to understand the main motion and kinematic
interaction in the midtarsal joint. In the polar density map, the dis-
tribution of directions and magnitudes of projected SRVVs could
visually represent kinematics on the articular contact surface
(Fig. 2D), which helps in understanding the relative dominance of
translation and rotation on the surface.

A plane was determined that best fit the 1911 vertices on the
talus, and the SRVVs at the vertices were projected onto the plane.
We generated a polar density map of the velocity vectors using
their polar directions and lengths (Rodriguez et al., 2014; Botev
et al., 2010). The process was repeated for the SRVVs on the calca-
neus. The polar density map was used to qualitatively classify the
contact motion into either translation or rotation on the surfaces of
midtarsal joint during walking (Phan et al., 2018).

3. Results

The period of motion measured by the bi-planar fluoroscopic
system was from 0% to at least 93% (Koo et al., 2015) of the stance
phase for 18 subjects. In some subjects, the ankle moved outside of
the imaging field of view before the toe-off. The kinematic patterns

A B

of the two joints comprising the midtarsal joint were qualitatively
different at the terminal stance of walking, as shown in Fig. 3. In
the early stance phase, both the talonavicular and calcaneocuboid
joints showed dorsiflexion, eversion, and external rotation from
heel-strike to approximately 10% of the stance phase. During the
mid-stance phase (up to 72% of the stance phase), both joints
had relatively smaller rotational motions in all three directions
than during the early and terminal stance phases. The rotational
kinematics of the talonavicular and calcaneocuboid joints had sim-
ilar ROMs in dorsiflexion/plantar-flexion (11.2° vs. 12.9°) and
inversion/eversion (14.5° vs. 15.8°), but the talonavicular joint
had a significantly larger ROM than the calcaneocuboid joint in
internal/external rotation (14.9° vs. 11.5°), as summarized in
Table 1. However, in the terminal stance phase, between 72% and
93% of the stance phase, the talonavicular joint had plantar-
flexion, inversion, and internal rotation, while the calcaneocuboid
joint had mainly inversion rotation.

The average SRVVs on the talonavicular and calcaneocuboid
joints were calculated for every 10% of the stance phase, as shown
in Fig. 4A. In the talonavicular joint, the average magnitudes of the
velocity vectors were 31 mm/s and 46 mm/s for the early and ter-
minal stance phases, respectively (Table 2). In the early stance, the
talonavicular joint was externally rotated and everted, but in the
terminal stance the talonavicular joint had a motion in the oppo-
site direction, according to the distribution of the velocity vectors.
In the calcaneocuboid joint, the SRVVs on the articular surface of
the calcaneus generally headed in a medial-superior direction
(Fig. 4A), and showed an inversion rotation pattern (Fig. 3) in the
terminal stance. During the mid-stance, the magnitudes of the
velocity vectors in the calcaneocuboid joint were less than
17 mm/s from 10% to 80% of the stance phase.

The polar density maps of the SRVVs (Fig. 4B and C) demon-
strate the distribution of modules (length of SRVV in a polar coor-
dinate system) and the directions of velocity vectors on articular
surfaces. The average modules, range of direction, and maximum
density of the SRVVs on the articular surfaces of the talonavicular
and calcaneocuboid joints are outlined in Table 3. The density
map revealed that the SRVVs in the talonavicular and calca-
neocuboid joints had larger modules in the early and terminal
stances than in the mid-stance. The SRVVs in both joints had
opposite directions between the early and terminal stances. Dur-
ing the mid-stance, the SRVVs in the talonavicular joint were
fairly homogeneous with red regions (density > 0.03) in the polar
density map.

20 300 20 0
210 2n

C D

Fig. 2. (A) Anatomical coordinate system and articular surfaces on the midtarsal joint; (B) surface relative velocity vectors (SRVVs; V') were calculated for each vertex on the
articular surface, based on the movements of the closest vertex pairs between the 10% time interval during the stance phase; (C) SRVVs (white arrows) and average motion
directions (green solid line) on the articular surfaces at a time point; (D) The SRVVs on each contact surface were projected to a plane fitted to the contact surface, and the
distribution of their directions and magnitudes were plotted using a polar density to quantify to better visualize a rotational pattern (left) and a translational pattern (right).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Average (solid line) and one standard deviation of rotational angles in the talonavicular and calcaneocuboid joints during normal walking. In the terminal stance phase,
the talonavicular joint had plantar-flexion, inversion, and internal rotation, while the calcaneocuboid joint had mainly inversion rotation as marked by arrows.

Table 1
Range of motion of rotational angle in the talonavicular and calcaneocuboid joints durin

g stance phase of normal walking.

Dorsiflexion/plantarflexion (°)

Inversion/eversion (°)

Internal/external rotation (°)

Min. Max. ROM Min. Max. ROM Min. internal Max. external ROM
dorsiflexion plantarflexion Inversion Eversion rotation rotation
Talo-navicular 0.7+3.1" 104 +4.7* 11.2+33 124+55 21+54 145+45 13.2+5.6° 1.7 £3.7¢ 149 +5.1*
joint
Calcaneocuboid 94 +6.2" 3.5+4.2 129+62 129+6.3 29+4.38 158+43 5.8+5.0° 57+33" 11.5+£3.3"
joint

" Significant at p < 0.05 using paired-sample t-test.

SRVVs

B 0-10% 10-20% 20-30% 30-40% 40-50% 50-60% 60-70% 70-80% 80-90%
) VV‘ " -:r 3 ";;. " “ 20 "o 20 o« o @ = e 0.05
Talonavicular 6’.: ; :A’L‘v\ 0.04
joint =
" 0.03
C 0.02
i; e - 1 T : = . ool
Culcax}z::r::‘ubuld : (j‘\ @ : A Q,J : I/ ] :(é) o 0
Density map, Sample size: n =1911,n, =1688

Fig. 4. Surface motion on the articular surfaces of the midtarsal joint for each 10% of st
joints; (B) density map of talonavicular joint; (C) density map of calcaneocuboid joint.

The average motion directions of the talonavicular and calca-
neocuboid joints were calculated and visualized as green lines
on top of the SRVVs in Fig. 5, which shows the major motion in
the joints. The navicular and cuboid moved superiorly and later-
ally in the early stance (0%-10% of the stance phase) and inferiorly
and medially in the terminal stance (80%-90% of the stance

ance phase: (A) surface relative velocity vectors on talonavicular and calcaneocuboid

phase), as shown in the density map (Fig. 4) and by the SRVVs
on articular surfaces (Fig. 5). The direction of the SRVVs in the
talonavicular (320°-338°) and calcaneocuboid (286°-343°) joints
in the plane close to the frontal plane were fairly similar, with
both heading in inferior and medial directions at the terminal
stance (Table 3).
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Table 2

Average (standard deviation) magnitudes of the surface relative velocity vectors (SRVVs) on articular surface of talonavicular and calcaneocuboid joints at 10% intervals of the

stance phase.

Average (std) magnitudes of the surface relative velocity vectors SRVVs (mm)

0-10% 10-20% 20-30% 30-40% 40-50% 50-60% 60-70% 70-80% 80-90%
Talonavicular joints 31.1(3.9) 14.4 (1.9) 7.1 (1.0) 7.5 (0.9) 9.2 (0.4) 9.3 (0.5) 9.7 (0.8) 18.1 (3.1) 46.0 (4.6)
Calcaneocuboid joints 36.0 (2.1) 16.8 (1.3) 108 (0.6) 12.5 (0.6) 14.1 (1.1) 1356 (1.1) 15.3 (1.6) 17 (1.1) 31.6 (4.7)

Table 3

Average (standard deviation) module, range of direction, and maximum density of the density map in talonavicular and calcaneocuboid joints at 10% intervals of the stance phase

of walking.

Stance phase

0-10% 10-20% 20-30% 30-40% 40-50% 50-60% 60-70% 70-80% 80-90%
Talonavicular joint
Average (std) module (mm)  26.2 (14.3)  13.4(10.0) 262 (143) 13.4(10.0) 262 (143) 134(100) 262 (143) 13.4(10.0) 262 (143)
Range of direction (°) 91-160 179-201 60-98 261-68 18-139 118-139 0-126 306-9 320-338
Maximum density 0.01 0.17 0.17 0.08 0.09 0.16 0.08 0.03 0.03
Calcaneocuboid joint
Average (std) module (mm)  27.2(16.8)  13.9 (8.1) 9.6 (4.6) 10.5 (7.6) 10.9 (6.2) 113 (5.2) 12.4 (8.8) 13.1(6.2) 24.0 (10.7)
Range of direction (°) 84-113 38-218 12-353 3-356 165-186 160-243 249-275 331-18 286-343
Maximum density 0.03 0.02 0.03 0.03 0.11 0.03 0.08 0.06 0.01

Early stance

Mid-stance

Terminal stance

Fig. 5. Surface relative velocity vectors and average motion directions of the talonavicular and calcaneocuboid joints at 0%-10%, 30%-40%, and 80%-90% of the stance phase.

4. Discussion

The relative motions on articular surfaces in the talonavicular
and calcaneocuboid joints were not minimum at the terminal
stance of walking contrary to our hypothesis. The motion in the
midtarsal joint was larger during the early and terminal stances
than during the mid-stance of walking. The relative surface
motions in the talonavicular and calcaneocuboid joints at push-
off started to increase from 72% of the stance phase and continued
to the terminal stance, with an opposite direction to those at the
heel-strike and early stance phases. The midtarsal joint had a con-
tinuous joint motion towards extreme poses in the range of motion
at the terminal stance in both the talonavicular and calca-
neocuboid joints, possibly through activation of the plantar flexors
of the foot and ankle.

We used both ACS and SRVV to quantify the midtarsal foot kine-
matics during the stance phase of walking. The joint kinematics
using the ACS showed that the talonavicular and calcaneocuboid
joints had rotations in the same direction during early stance. At
the terminal stance, the talonavicular joint had plantarflexion,
inversion, and internal rotation, while the calcaneocuboid joint
had mainly inversion. The talonavicular and calcaneocuboid joints
performed dorsiflexion, eversion, and external rotation during the
early stance (0%-10% of the stance phase), as shown in Fig. 3, con-
sistent with a previous report from Okita et al. (2014). The coupled

motion in the early stance demonstrated that the two joints had
the same rotational axis, which transformed the midtarsal joint
into a more flexible position (Blackwood et al.,, 2005; Mann,
1975; Elftman, 1960; Manter, 1941). After the large rotational
motion in the early stance, the midtarsal joint was in an extreme
pronation pose, possibly because of muscle and ligament con-
straints during the mid-stance (Anderson and Pandy, 2003;
Maharaj et al., 2016). The talonavicular and calcaneocuboid joints
had different rotational movements in the terminal stance (72%-
93% of the stance phase): The talonavicular joint performed plan-
tarflexion (4.4°), inversion (10.6°), and internal rotation (20.8°) in
the terminal stance (Fig. 3), while the calcaneocuboid joint per-
formed mainly inversion (8.1°), which is consistent with previous
studies using bone pins inserted in foot bones (Lundgren et al.,
2008; Okita et al., 2014). This movement demonstrated that the
two joints might have different rotational axes during push-off.
During the stance phase, the talonavicular joint had a significantly
larger ROM (Table 1) than the calcaneocuboid joint, only for the
internal/external rotation (14.9° vs. 11.5°), which is likely to be
caused by the convex shape of the talar head, in that its ball and
socket joint allows for larger movement (Lundgren et al., 2008;
Nester et al., 2001).

Complementing the ACS-based 3D rotational kinematics, the
suggested SRVV provided intuitive visualization of the relative
movements on the contact surfaces in the midtarsal joint during
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walking to better understand the essence of midtarsal joint lock-
ing. The SRVVs on the talonavicular and calcaneocuboid joints
revealed that the two joints were mainly translated and rotated
during 0%-10% (31 mm/s and 36 mm/s in the talonavicular and
calcaneocuboid joints, respectively) and 80%-90% (46 mm/s and
32 mmy/s in the talonavicular and calcaneocuboid joints, respec-
tively) of the stance phase, as shown in Fig. 4A, which moved the
foot into an extremely pronated position at the heel strike, and
an extremely supinated position at the toe-off in the range of
motion during walking. In the early stance, the SRVVs on the talus
and calcaneus articular surfaces were distributed around 135° and
110°, respectively (Fig. 4B), which revealed that both the talonav-
icular and calcaneocuboid joints had dorsi-flexion and eversion.
The midtarsal joint had a small amount of motion during the
mid-stance, with SRVVs of less than 20 mm/s (Fig. 4B and C). Dur-
ing the terminal stance, the talonavicular and calcaneocuboid
joints had inversion and medial and inferior translation with the
SRVVs distributed around 330° and 290°, respectively, in the plane
fitted to the contact surfaces. Combining the observations in the
ACS-based 3D kinematics and the SRVV-based plane kinematics,
the talonavicular joint had plantar-flexion, inversion, and internal
rotation raising the medial longitudinal arch of the foot, while
the calcaneocuboid joint had inversion and medial and inferior
translation. These extreme supinations at the midtarsal joint are
likely due to a large force from the tibialis posterior muscle, which
can also provide the propulsion force in the terminal stance (Hunt
et al., 2001; Niki et al., 2001).

Together with movement toward extreme poses, active and
passive tissues, such as muscles and ligaments, would help the foot
absorb and transfer forces during the stance phase of walking. In
the early stance, the tibialis posterior tendon provides tension for
the subtalar joint pronation (Maharaj et al., 2017). The peroneus
longus plays a role as a co-contractor with the tibialis anterior to
stabilize the whole foot during the early stance (Gray and
Basmajian, 1968; Hunt et al.,, 2001). The peroneus longus then
works as a stabilizer for the foot during mid-stance (Gray and
Basmajian, 1968). The push-off period started from approximately
62% of the stance phase (Hunt et al., 2001), when the anterior-
posterior ground friction force pushes the body forward. The plan-
tar flexors including tibialis posterior muscle in the foot fire at
around 60% of the stance phase (Okita et al., 2014; Hunt et al,,
2001) to generate forces and rotate joints. It has been reported that
the tibialis posterior muscle actively shortens during the early
stance and then efficiently returns the elastic strain in the terminal
stance for propulsion (Maharaj et al., 2016). However, the tibialis
posterior muscle is not strong enough to produce the foot propul-
sion force and maintain a medial longitudinal arch (Jones, 1941),
but instead contributes to deformation of the foot structure
(Kitaoka et al., 1997). In the terminal stance, the tibialis posterior
and plantar flexor muscles activate to invert the subtalar joint,
which transforms the talonavicular and calcaneocuboid movement
to the extreme supinated position (Maharaj et al., 2016). The rota-
tion of the subtalar joint, combined with the activation of the plan-
tar flexors at the terminal stance, would support the foot for the
effective transfer of force during push-off (Anderson & Pandy,
2003).

This study has several limitations. Our bi-planar fluoroscopic
system has 14-inch circular image intensifiers and is not a mobile
system, as shown in Fig. 1. As a result, the ankle moved outside of
the field of view at the terminal stance and the joint kinematics
could not be quantified. Although we have implemented several
automatic 2D-to-3D registration methods, the foot radiographs
were fairly challenging for our automatic registration software.
Therefore, the bones were manually matched to the bi-planar flu-
oroscopic images. The intraclass correlation coefficient (ICC) of the
registration of the tibia, talus, and calcaneus by three independent

observers was 0.94 + 0.05 in translation and 0.99 + 0.01 in rotation,
respectively. Since the foot kinetics were neither measured nor cal-
culated in this study, we used the muscle activities and passive tis-
sue forces that were investigated in previous studies.

In conclusion, our results are contrary to the hypothesis that the
midtarsal joint had minimum relative motion at the terminal
stance. The midtarsal joint had a continuous joint motion toward
extreme pose, together with constraint of muscles and ligaments
during the terminal stance, which would enable effective push-
off. The talonavicular and calcaneocuboid joints performed a cou-
pled motion that quickly rotated the foot to extreme pronation
during the early stance and maintained the pose during the mid-
stance. Then, the motion directions of the talonavicular and calca-
neocuboid joints twisted against each other, while the two joints
moved to the extreme supination in the terminal stance. These
findings provide an additional perspective to understand the foot
kinematics of so-called midtarsal joint locking and unlocking dur-
ing walking.
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