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One hundred fifty-three subjects between the ages of 18 and 41 years
(mean age, 26.2 years) with no history of congenital or traumatic defor-
mity or foot problems walked along a 6-m walkway while the angular and
linear displacement of the tibia, calcaneus, navicular, and first metatarsal
was measured by means of an electromagnetic motion analysis system.
Three-dimensional movement of the calcaneus relative to the tibia, of the
navicular relative to the calcaneus, and of the first metatarsal relative to
the navicular during the stance phase of gait was calculated. The results
of this study provide information on, and an understanding of, how the cal-
caneus, navicular, and first metatarsal function during the stance phase
of normal human walking. (J Am Podiatr Med Assoc 92(2): 67-76, 2002)

The treatment of mechanically related foot disorders
is often a challenge to clinicians. Sometimes this is
due to the lack of information about how various
segments of the foot move in relation to one another,
especially during activities such as walking. The foot
may be divided into three functional units: the rear-
foot, the midfoot, and the first ray. Each of these
units is a component of the medial longitudinal arch,
which plays an important role in how the foot func-
tions during weightbearing activities.!

Of these three functional units, the rearfoot has
been studied the most. The vast majority of these in-
vestigations have focused on the calcaneus, probably
because of its close relationship with the subtalar
joint and the relative ease with which it can be mea-
sured during walking.>®> Almost exclusively, its move-
ment has been referenced to that of the tibia. The
frontal plane motion between the calcaneus and the
tibia has been referred to in the medical literature as
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the rearfoot angle.®® Although significant research at-
tention has been directed at the calcaneus, informa-
tion on the movement of more distal segments of the
foot during walking is relatively sparse.

The midfoot consists of the navicular and cuboid
bones. The articulation of these bones with the talus
and calcaneus constitutes what is generally termed
the midtarsal joint.1 Although the midtarsal joint is
composed of two separate anatomic articulations,
the transverse tarsal region is often described as a
single functional unit with two distinct axes: the lon-
gitudinal and the oblique.!% 1! With the early work of
Manter! and Hicks!? as a basis, a theoretical model
for motion at the midtarsal joint has been proposed.
Motion about the longitudinal axis is considered to
be primarily in the frontal plane and consists of in-
version and eversion.!’> 1315 During normal walking,
the midtarsal joint is said to invert about its longitu-
dinal axis during the loading response and then evert
during the midstance and propulsion phases.!0 14
These motions are opposite to those attributed to the
subtalar joint during normal walking and are consid-
ered to be the direct result of the interdependence of
the two joints. Such interdependence is necessary to
maintain a plantigrade foot during stance.!! Motion
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about the oblique axis of the midtarsal joint is con-
sidered to be primarily dorsiflexion coupled with ab-
duction, and plantarflexion coupled with adduc-
tion.!1 1517 During the stance phase, motion about the
oblique axis is theorized to consist of dorsiflexion
and abduction during the loading response and mid-
stance phases. It switches to plantarflexion and ad-
duction during the propulsion phase.!% * Unfortu-
nately, no data have been presented in the literature
to verify these proposed movements. In addition, no
functional range of motion of the midtarsal joint dur-
ing gait has been reported. Root et al,'* however, did
suggest that 4° to 6° of inversion about the longitudi-
nal axis is necessary to counteract a similar amount
of eversion at the subtalar joint.

The midfoot has frequently been represented by
tracking the movement of the navicular bone.!$ 19
Clinical tests such as “navicular drop” have been pro-
posed and used as a method of estimating midfoot
position and movement.?* 2! Research documenting
the dynamic movement of the midfoot through the
navicular bone during walking, however, is relatively
scarce.

In 1999, the authors of the current study measured
the vertical and horizontal linear displacement of the
navicular bone during the stance phase of walking.!?
They reported a mean displacement of 7.9 mm be-
tween the positions of foot flat and heel-off. That
same year, the authors also reported on angular
movement of the navicular bone relative to the tibia
during walking.!® That study demonstrated a very
similar pattern of movement compared with the rear-
foot. Leardini et al?? also published a study on the an-
gular displacement of the midfoot during walking.
Using rigid markers placed on the posterior calca-
neus and dorsum of the foot of nine individuals, they
recorded the movement of the midfoot relative to the
rearfoot. Unfortunately, the attachment of the rigid
marker on the dorsum of the foot to measure mid-
foot motion is extremely susceptible to error caused
by muscle contraction.

The first metatarsal and medial cuneiform bones
are frequently considered a functional unit because
of the extremely small amount of movement between
the two bones.!? Together, these are referred to as
the first ray. The first ray is thought to have a single,
tri-planar axis with an orientation of approximately
45° to the longitudinal reference of the foot.!> 1423 Be-
cause of the orientation of this tri-planar axis, the
amount of movement in the frontal plane is approxi-
mately equal to that in the sagittal plane.!* The major-
ity of authors agree that first ray dorsiflexion is ac-
companied by inversion.1% 12, 14,2426 Qther authors,
however, have described dorsiflexion and eversion.2730

Using cadavers, several investigators have shown
that as the rearfoot pronates, the first ray dorsiflex-
es.? These studies and the general consensus regard-
ing the first ray’s tri-plane movement pattern have
led authors to deduce how the first ray moves during
closed kinetic chain activities such as walking. Dur-
ing the loading response of normal gait, the first ray
is thought to dorsiflex and invert. During the propul-
sion phase, it plantarflexes and everts.!% 23,31 Wernick
and Volpe!? described the motion of the first ray dur-
ing gait to be maximally dorsiflexed at heel strike,
progressing to maximal plantarflexion after heel-off.
In addition to the theoretical pattern of movement of
the first ray during walking, its functional range of
motion has not been well documented. Root et all4
suggested that approximately 10° of plantarflexion
was needed during the propulsion phase of gait to
allow for full extension of the hallux. Unfortunately,
none of these authors investigated dynamic in vivo
movement of the first ray during activities such as
walking. Despite the lack of information on the actual
movement of the first ray during walking, numerous
theories exist about its dysfunction and the possible
consequences of that dysfunction.!4 3233

Mechanical dysfunction of the first ray involves
the presence of either hypomobility or hypermobility
in the sagittal plane. First ray hypomobility has been
linked to high plantar pressures beneath the first meta-
tarsal head,** impaired shock attenuation through the
medial longitudinal arch,? and a variety of mechani-
cal overuse injuries of the foot and lower extremity.36
Conversely, hypermobility of the first ray has been
hypothesized as contributing to such conditions as
acquired flatfoot, posterior tibialis tendinitis, plantar
fasciitis, and shin splints.? Hypermobility of the first
ray is also considered a causal factor in the develop-
ment of bunions.3> 37

As was mentioned previously, effective treatment
of mechanical foot problems is often a significant
challenge. There is a large body of theoretical writ-
ings concerning how the functional units of the foot
work and interact with each other. Unfortunately,
with the exception of the rearfoot, very little is known
about the dynamic movement of the midfoot and first
ray during walking. The purpose of this study was to
record three-dimensional motion of the rearfoot (cal-
caneus), midfoot (navicular), and first ray (first
metatarsal) during the stance phase of normal walk-
ing. Such information should dramatically improve
basic knowledge of foot function and shed light on
the etiology and management of pathological condi-
tions such as acquired flatfoot, plantar fasciitis, ten-
dinitis, metatarsalgia, and hallux abducto valgus.
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Materials and Methods

Subjects

The subjects for this study were 153 individuals (565
men, 98 women) between the ages of 18 and 41 years
(mean, 26.2 years). Subjects were chosen from a larg-
er pool of volunteers because they had no history of
congenital deformity, pain, or traumatic injury to ei-
ther of their lower extremities at least 6 months prior
to the start of the study. Table 1 shows the demo-
graphics for the subjects who participated in the
study. The Institutional Review Board at Northern
Arizona University approved the study prior to the
start of data collection, and all subjects provided in-
formed written consent.

Instrumentation

Movement of the tibia, calcaneus, navicular, and first
metatarsal of each subject’s right extremity was mea-
sured by means of the 6D-Research electromagnetic
motion analysis system (Skill Technologies Inc,
Phoenix, Arizona). This system is based upon the
Fastrak tracking device (Polhemus, Colchester, Ver-
mont) and uses an electromagnetic transmitter with
up to four electromagnetic sensors. The sensors
measure 2.8 x 2.3 cm and weigh 17 g. The signals
from each sensor are input to a digital signal proces-
sor that computes the sensor’s position and orienta-
tion relative to a transmitter. It has an effective accu-
rate range of a 76-cm radius from the transmitter.
Within this range, it has an accuracy of 0.8 mm and
0.15° RMS (root mean square).? Although a 76-cm ra-
dius is typically too small for recording a full walking
stride, it is sufficient for analyzing the stance phase
of a single limb.?*® For the present study, the electro-
magnetic transmitter was positioned at a height of 96
cm, at the midway point of a 6-m raised walkway.
The walkway was raised to a height of 76 cm to avoid
any possible distortion of the electromagnetic fields
caused by metal reinforcement in the laboratory’s
concrete floor. Figure 1 shows the experimental
setup used for this study. Four electromagnetic sen-

Table 1. Demographic Information of Subjects

N Age (years) Height (cm) Mass (kg)
Men 55 26.7 (5.2) 176.6 (6.4) 79.0(11.8)
Women 98 26.9 (4.7) 165.1 (4.7) 63.4(9.9)
Total 153  26.2(4.9) 169.2(7.8)  68.4 (12.8)

Note: Values in parentheses are SDs.

sors were used to collect the angular position data of
the tibia, calcaneus, navicular, and first metatarsal
during walking. Joint coordinate system angles for
the ankle, as defined by Allard et al,** were calculated
by means of the calcaneal and tibial sensors. Adapta-
tion of this definition was used to calculate joint co-
ordinate system angles between the navicular and
the calcaneus sensors, and between the first metatar-
sal and navicular sensors. Movement about a medio-
lateral axis (X) was defined as dorsiflexion/plan-
tarflexion while motion about an anterior-posterior
axis (Y) was inversion/eversion. Finally, movement
about a vertical (Z) or longitudinal axis of the proxi-
mal segment (either tibia, calcaneus, or navicular)
was defined as internal/external rotation for the cal-
caneus relative to the tibia, but abduction/adduction
for the navicular relative to the calcaneus and the first
metatarsal relative to the navicular. The sampling rate
for each sensor was 60 Hz, and the resulting angles
and linear displacements were smoothed by means
of a 6-Hz low-pass digital Butterworth filter.

The temporal occurrences of heel strike, foot flat,
heel-off and toe-off were recorded by means of four
force-sensing switches (Interlink Electronics, Camar-
illo, California). The switches were secured to the
plantar surface of the subject’s right heel, first meta-
tarsal head, fifth metatarsal head, and hallux with ad-
hesive tape. The signal produced by each switch was
recorded and synchronized with the kinematic data.

Procedure

Following the recording of the subject’s height and
body mass, the four electromagnetic sensors were
attached to the subject’s right lower extremity with
double-sided adhesive tape. A sensor was placed on
the tibial tubercle; the posterior calcaneus, just prox-
imal to the calcaneal fat pad; the navicular tubercle;
and the distal medial first metatarsal shaft (Fig. 2).
These locations were selected because the minimal
presence of soft tissue reduced the possibility of sen-
sor-skin movement during walking. Particular care
was taken with the navicular and first metatarsal sen-
sors to ensure that they were not influenced by con-
traction of the adjacent tendons of the extensor digi-
torum, extensor hallucis longus, and posterior tibialis.
The sensors were connected to a microcomputer for
data collection by means of a 30-foot serial cable.
The subject then stood relaxed with knees extended,
feet parallel to the line of progression, and heels cen-
tered with the second metatarsals. While the subject
was in this position, each sensor’s orientation was
initialized relative to the laboratory reference. This
position was used as the zero reference point for all
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Figure 1. Schematic representation of the experimental setup used for data collection with the 6D-Research elec-
tromagnetic motion analysis system. A, Sagittal plane view; B, transverse plane view.

angular measurements. After the sensors were initial-
ized, each subject walked along the walkway at a
self-selected speed. The subject’s stance phase dura-
tion for each trial was monitored to ensure the con-
sistency of his or her walking speed. Any trial in
which the stance phase duration deviated more than
10% from the mean of all other trials was deleted,
and another trial was collected. This process was re-
peated until five walking trials were recorded for
each subject. Angular movement of the calcaneus
relative to the tibia, the navicular relative to the cal-
caneus, and the first metatarsal relative to the navic-
ular was then calculated and stored for later analysis.

Data Analysis

Intraclass correlation coefficients (2,1) were used to
assess between-trial reliability of each subject’s
stance phase duration.*! Consistency of the motion

patterns obtained by the electromagnetic system was
estimated by means of the coefficient of multiple cor-
relation described by Kadaba et al.*

The five walking trials were first normalized to
each subject’s stance phase duration to allow com-
parison across trials and groups of subjects. Next,
the mean of all 153 subjects was calculated to pro-
vide an average pattern for all subjects. The resulting
average motion pattern of the calcaneus, navicular,
and first metatarsal about the three principle axes for
all subjects was then plotted to display the typical
movement pattern of each bone.

Results

By means of the force-sensitive foot switches at-
tached to the plantar surface of the subject’s right
foot, mean (= SD) stance phase duration was calcu-
lated to be 679 (+ 48) msec. The instant of foot flat,
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Figure 2. A, Diagram of sensor placement on the
right foot; B, definition of kinematic data on the right
lower extremity.

defined as when the first metatarsal head contacted
the ground, was found to be at 15.0% (= 3.1°) of the
stance phase. Heel-off was determined to be at 55.1%
(= 7.8°) of stance. With regard to between-trial relia-
bility of the stance phase duration, the calculated in-
traclass correlation coefficient value was .969. The
mean coefficient of multiple correlation values for
the motion patterns of all segments are presented in
Table 2. All mean coefficients of multiple correlation
were found to exceed .800 except for internal/external
rotation of the first metatarsal. This motion pattern
had a coefficient of .648, indicating moderate be-
tween-trial variability. The between-subject coeffi-
cients of multiple correlation for each motion pattern
are also shown in Table 2 and provide information on
the similarity of one subject to the next. Each of the
motion patterns had from moderate to good between-
subject consistency, with the exception of navicular
inversion/eversion, navicular abduction/adduction,
and first metatarsal abduction/adduction. The coeffi-
cient of multiple correlation values for these would
be classified as poor.

Calcaneus

The movement of the calcaneus relative to the tibia
about a mediolateral axis (dorsiflexion/plantarflex-
ion) is shown in Figure 3 A. As can be seen, the rear-
foot is very close to its zero position (resting standing

Table 2. Mean Coefficient of Multiple Correlation Values
for Dynamic Motion Pattern of the Calcaneus, Navicular,
and First Metatarsal

Intra-
Intertrial subject
CMC (SD) CMC

Calcaneal dorsiflexion/plantarflexion .976 (.023) .854
Calcaneal inversion/eversion .901 (.068) .678
Calcaneal internal/external rotation .891(.105) .635
Navicular dorsiflexion/plantarflexion .854 (.140) .686
Navicular inversion/eversion .825(.163) .277
Navicular abduction/adduction .834 (.184) .313
First metatarsal dorsiflexion/

plantarflexion .986 (.024) .970
First metatarsal inversion/eversion .841 (.142) .641
First metatarsal abduction/adduction .648 (.228) .286

Motion Pattern

Abbreviation: CMC, coefficient of multiple correlation.

position) at heel strike. It then rapidly plantarflexes to
-10.3° (= 3.2°) by 14% of the stance phase. At this
point, it reverses direction and dorsiflexes to 6.5°
(= 3.6°) by 73% of the stance phase. The calcaneus
then plantarflexes again until toe-off.

Figure 3 B shows the movement of the calcaneus
about an anterior-posterior axis (inversion/eversion).
At heel strike, it is inverted 3.0° (x 2.7°) relative to the
tibia and then gradually everts to —2.2° (+ 2.4°) by 55%
of the stance phase. Following this prolonged period
of eversion, the motion is reversed and quickly in-
verts to its maximum value of 5.5° (x 3.2°) just prior
to the foot leaving the ground.

Finally, the movement of the calcaneus relative to
the tibia about the longitudinal or vertical axis of the
tibia (internal/external rotation) is shown in Figure 3
C. Because the calcaneus is fixed to the supporting
surface by body weight during the stance phase, mo-
tion of the calcaneus relative to the tibia can be inter-
preted as being internal/external rotation of the tibia
on the calcaneus.® 9 4 Thus, at the instant of heel
strike, the tibia is essentially at its zero position of in-
ternal/external rotation, but quickly internally rotates
to its maximum value of —-3.8° (+ 3.5°) at 21% of the
stance phase. It then reverses direction and external-
ly rotates for the remainder of the stance phase. Its
maximum external rotation value is 6.2° (x 4.6°) and
occurs at the instant of toe-off.

Navicular

The angular movement of the navicular relative to
the calcaneus about the mediolateral axis (dorsiflex-
ion/plantarflexion) is shown in Figure 4 A. As can be
seen, the navicular is plantarflexed —2.4° (x 2.6°) at
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Figure 3. Joint angles of the calcaneus about each of
the principle axes during the stance phase of walking:
A, mediolateral axis (dorsiflexion/plantarflexion); B,
anterior-posterior axis (inversion/eversion); and C,
vertical axis (internal/external rotation). The broken
lines represent + 1SD from the mean motion pattern
calculated from the average of 153 subjects.

heel strike and rapidly dorsiflexes to its maximum
value of 3.2° (x 2.4°) at foot flat. It then reverses di-
rection and gradually plantarflexes to -5.9° (= 4.0°)
at toe-off.

Figure 4 B shows the angular movement of the
navicular relative to the calcaneus about the anterior-
posterior axis (inversion/eversion) during the stance
phase of walking. At the instant of heel strike, it is ev-
erted —-2.2° (x 2.9°), but rapidly inverts toward zero
until 24% of the stance phase. Its angle at this point is
—0.3° (= 2.4°). At this point, the navicular reverses di-
rection and everts for the remainder of the stance
phase, reaching its maximum value of —3.3° (+ 3.5°)
at toe-off. Although the navicular approaches a posi-
tion of inversion relative to the resting standing posi-
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tion, it is never actually inverted during the stance
phase of walking.

The angular movement of the navicular relative to
the calcaneus about the longitudinal or vertical axis
of the calcaneus (abduction/adduction) is shown in
Figure 4 C. As can be seen, it is in the defined zero
position at heel strike and adducts only 1.5° (= 3.0°)
during the initial 75% of the stance phase. Through-
out the final 25% of stance, the navicular rapidly
abducts to 2.7° (= 3.5°).

First Metatarsal

The movement of the first metatarsal relative to the
navicular about a mediolateral axis (dorsiflexion/
plantarflexion) is shown in Figure 5 A. As can be
seen, the first metatarsal is plantarflexed —1.3° (x 3.0°)
at heel strike and gradually dorsiflexes to its maxi-
mum value of 3.8° (+ 2.4°) at 70% of the stance phase.
It then reverses direction and rapidly plantarflexes to
—6.4° (£ 4.6°) at toe-off.

Figure 5 B shows the movement of the first meta-
tarsal relative to the navicular about an anterior-pos-
terior axis (inversion/eversion). At heel strike, the
first metatarsal is at its resting standing position, but
then everts to —2.6° (£ 2.4°) by 26% of the stance phase.
The first metatarsal then reverses direction and as-
sumes a position of inversion at 77% of the stance
phase. It continues to invert to its maximum value of
2.0° (£ 3.9°) at toe-off.

The movement of the first metatarsal relative to
the navicular about the longitudinal or vertical axis
of the navicular (abduction/adduction) is shown in
Figure 5 C. As the graph indicates, there is a general
pattern of abduction followed by adduction. The first
metatarsal is adducted 0.7° (= 3.3°) at heel strike, but
abducts to its maximum amount of abduction of —0.8°
(= 2.5°) by 52% of the stance phase. Its maximum ad-
duction of 1.8° (x 3.2°) is not obtained until late in
the stance phase (88% of stance phase duration).

Discussion

Intraclass Correlation Coefficients

With the use of the criteria for ICC classification sug-
gested by Landis and Koch,* stance phase duration
for this study was determined to be “almost perfect.”
In this study, the average between-trial motion pat-
tern repeatability as measured by the coefficient of
multiple correlation was considered to be excellent
for all patterns except for first metatarsal abduction/
adduction, which was considered good (Table 2). In
comparison with other published reports, these mea-
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Figure 4. Joint angles of the navicular relative to the
calcaneus about each of the principle axes during the
stance phase of walking: A, mediolateral axis (dorsi-
flexion/plantarflexion); B, anterior-posterior axis (in-
version/eversion); and C, vertical axis (abduction/
adduction). The broken lines represent + 1SD from
the mean motion pattern calculated from the average
of 153 subjects.

surements of reliability and consistency are slightly
larger than those reported by Liu et al® and Moseley
et al.? The higher values reported in the current study
may be related to the larger sample size compared
with Liu and Moseley. Liu et al® and Moseley et al’
studied 10 and 14 subjects, respectively.

The coefficients of multiple correlation calculated
as indicators of between-subject consistency indicate
that the results of the current study represent move-
ment patterns that are fairly common in the sagittal
and frontal planes, but less so in the transverse plane
(Table 2). The lower levels of between-subject con-
sistency of the navicular and first metatarsal in the
transverse plane therefore make it difficult to know
what is the most typical pattern of movement. Fur-
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Figure 5. Joint angles of the first metatarsal relative
to the navicular about each of the principle axes dur-
ing the stance phase of walking: A, mediolateral axis
(dorsiflexion/plantarflexion); B, anterior-posterior axis
(inversion/eversion); and C, vertical axis (abduction/
adduction). The broken lines represent + 1SD from
the mean motion pattern calculated from the average
of 153 subjects.

ther research may help to determine if these low be-
tween-subject coefficients of multiple correlation are
due simply to inherent subject variability, the pres-
ence of subpopulations within this average motion
pattern, or skin-sensor artifact. Although significant
care was taken to minimize skin-sensor movement, it
could not be eliminated completely. Further research
therefore needs to focus on the validity of using sen-
sors on the skin over the navicular and first metatar-
sal bones to measure osseous motion during walking.

Joint Angles

Calcaneus. Sagittal motion of the calcaneus relative
to the tibia is very similar to that reported previously
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in the literature.8 9 43 4% Frontal plane motion of the
calcaneus, sometimes called rearfoot motion, is also
comparable to that found by previous investigators.t% 4
The differences observed between this study and the
others involve the initial value at heel strike and are di-
rectly related to the different “zero” positions used by
the various investigators. The results obtained for the
internal/external rotation of the tibia upon the calca-
neus are also consistent with previous research.8 % 43 4547
The significance of these results is therefore not the
new information it provides, but the labeling of what
should be termed normal or typical motion because
of the fairly large sample size used in the present study.
As can be seen, most individuals do not evert quickly
during the loading response of the gait cycle. Instead,
subjects demonstrate a more gradual pattern of ever-
sion compared with previous reports in the literature
(Fig. 3 B).3 431,48

Navicular. Because the navicular is frequently
used as a clinical indicator of medial longitudinal
arch height, the results of this study on the move-
ment of the navicular relative to the calcaneus can be
extrapolated to be somewhat representative of the
midfoot region and thus the midtarsal joint.20 21 49, 50
The findings of the current study, for the most part,
substantiate the theoretical statements by previous
authors. It has been proposed that motion about the
longitudinal axis of the midfoot will be opposite to
that of the rearfoot.!% 1151 As can be seen in Figure 4 B,
the navicular does indeed invert during the loading
response and evert for the remainder of the stance
phase. This is essentially opposite from what has
been shown to occur in the frontal plane (inversion/
eversion) for the rearfoot.® % 43 The magnitude of mo-
tion about the longitudinal axis of the midfoot rela-
tive to that of the rearfoot, however, does not appear
to be equal as proposed by Root et al,>® who suggest-
ed that the magnitude of midfoot motion will be
roughly equivalent to that of the rearfoot. Lundberg et
al,”2 on the other hand, found that the majority of foot
motion occurred in the midfoot. The magnitude of
navicular inversion/eversion relative to the calcaneus
was found to be 1.9° in the current study compared
with 5.2° for the calcaneus relative to the tibia (Figs. 3
B and 4 B). The smaller magnitude of midfoot motion
obtained in the present study compared with Lund-
berg et al®®2 may be the result of several factors. For
example, the current study recorded motion of a sin-
gle bone (navicular) relative to the calcaneus during
walking while Lundberg et al®> measured movement
between several bones in a quasi-static condition.

With respect to the oblique axis of the midfoot,
the literature indicates that during the loading re-
sponse of gait, the midfoot will dorsiflex and abduct

and then during the propulsive phase it will plan-
tarflex and adduct.!’ 151753 The current study essen-
tially substantiates these statements. As is shown in
Figure 4 A, the navicular dorsiflexes and then plan-
tarflexes during the stance phase of walking. The
navicular adducts in conjunction with plantarflexion,
as seen in the later portion of the stance phase. Ab-
duction and dorsiflexion, however, do not occur dur-
ing the loading response. Instead, the navicular re-
mains essentially in a zero position for the first 10%
of the stance phase.

First metatarsal. The results of the current in-
vestigation reveal that movement of the first metatar-
sal (first ray), although consistent, is small. Total av-
erage excursion of the first metatarsal relative to the
navicular is 10.2° in the sagittal plane, 4.5° in the
frontal plane, and only 2.5° in the transverse plane.
Although no previous research could be found on
this topic, it appears that the requirement of 10° first-
ray plantarflexion during the propulsion phase of gait
previously cited by Root et al'* may be excessive.
Subjects in the current study had an average of only
6.4° of plantarflexion (Fig. 5 A). One reason for such
a discrepancy might be the reference point used for
defining dorsiflexion/plantarflexion of the first ray.
Root et al* defined dorsiflexion/plantarflexion of the
first ray relative to the rest of the foot proximal to
the medial cuneiform. The current study instead
used the navicular as its reference for movement. Of
interest, an additional 3.6° of plantarflexion is seen in
the present study between the navicular and the cal-
caneus (Fig. 4 A). If this 3.6° is added to the 6.4° ob-
served between the first metatarsal and the navicular
(Fig. 5 A), the 10° range motion of the first ray pro-
posed by Root et al'* appears to be valid. Further re-
search would certainly help to clarify this issue.

In other respects, however, the results of this study
do not substantiate the generally accepted move-
ment pattern of the first ray during walking. Previous
authors have suggested that the first ray is dorsi-
flexed and inverted during the loading response of
gait. It should then plantarflex and evert during the
propulsion phase of walking.!* 14 Instead, the current
study found the first metatarsal to be slightly plan-
tarflexed and everted during the loading phase of
walking (Figs. 5 A and B). From heel-off to toe-off,
instead of plantarflexion, the first metatarsal contin-
ues to dorsiflex until 70% of the stance phase before
it begins to plantarflex (Fig. 5 A). It does not assume
a position of plantarflexion until 88% of the stance
phase. At heel-off, the first metatarsal is slightly ev-
erted and doesn’t become inverted until 77% of the
stance phase. This pattern of movement is consistent
with that proposed by D’Amico and Schuster?’ in
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1979. They demonstrated dorsiflexion and eversion
of the first metatarsal in cadavers when the rearfoot
was pronated. Using a cadaver model, Oldenbrook
and Smith?® also demonstrated that all five metatar-
sals evert and dorsiflex with internal rotation of the
leg (pronation of the subtalar joint). They also
demonstrated abduction of the metatarsals with in-
ternal rotation of the leg. This second finding by Old-
enbrook and Smith? is also supported by the results
of the current study (Fig. 5 C).

Conclusion

Three-dimensional kinematic analysis of the calca-
neus relative to the tibia, the navicular relative to the
calcaneus, and the first metatarsal relative to the nav-
icular was undertaken in 153 healthy individuals dur-
ing the stance phase of normal walking. Mean motion
patterns of the resulting data were presented. The re-
sults of this study provide additional information on,
and an understanding of, the typical movement of the
calcaneus (rearfoot), navicular (midfoot), and first
metatarsal (first ray) during normal gait.

The results of this study certainly support the the-
ory of tri-planar motion traditionally ascribed to the
rearfoot, midfoot, and first ray. The complexity of
the dynamic weightbearing foot is also illustrated by
the results of this study. Treatment and clinical man-
agement of the foot, especially of the first ray, should
therefore seek to augment or control these motions
without preventing their natural occurrence. Further
research needs to be done to better understand the
action of the first ray relative to proximal segments,
such as the rearfoot or lower leg. Despite the need
for further research, the results of this study clearly
show that some of the current ideas about the kine-
matics of the foot during normal walking should be
reexamined. This information should therefore help
to reevaluate current strategies and define future ap-
proaches for the clinical management of injuries and
dysfunction in these regions. The kinematics of the
functional units of the foot in individuals with injury,
pathology, or deformity also needs to be studied. The
results of those studies could then be compared with
the current investigation.
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