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Analysis of foot kinematics wearing high heels using the Oxford Foot Model
Wang, Meizi ; Gu, Yaodong; Baker, Julien S
Abstract
Wearing high heels is thought to lead to various foot disorders and injuries such as metatarsal
pain, Achilles tendon tension, plantar fasciitis and haglund malformation. However, there is little
available information explaining the specific mechanisms and reasons why wearing high heels
causes foot deformity. Therefore, the purpose of this study was to investigate the foot kinematics of
high heel wearers and compare any differences with barefoot individuals using the Oxford Foot
Model (OFM). Fifteen healthy women aged 20-25 years were measured while walking barefoot and
when wearing high heels. All subjects had little experience of wearing high heels when walking.
The peak value of angular motion for the hallux with respect to the forefoot, the forefoot with
respect to the hind foot, and the hind foot with respect to the tibia were all analyzed. Compared to
the barefoot, participants wearing high heels demonstrated larger hallux dorsiflexion (22.55o± 1.62o
VS 26.6o ± 2.33o for the barefoot; P= 0.001), and less hallux plantarflexion during the initial stance
phase (-4.86o ± 2.32o VS -8.68o ± 1.13o; P< 0.001). There were also greater forefoot abduction
(16.15o ± 1.37o VS 13.18o ± 0.79o; P< 0.001), but no significant differences were found in forefoot
adduction between the two conditions. The hind foot demonstrated a larger dorsiflexion in the
horizontal plane (16.59o ± 1.69o VS 12.08o ± 0.9o; P< 0.001), greater internal rotation (16.72o ±
0.48o VS 7.97o ± 0.55o; P< 0.001), and decreased peak hind foot extension rotation (-5.49o ± 0.69o
VS -10.73o ± 0.42o; P= 0.001). This study is the first of its kind to investigate, in detail, foot motion
kinematics when wearing high heels during walking. These findings complement existing kinematic
evidence that wearing high heels can lead to foot deformities and injuries.

1. Introduction
Fashion pressures and modern lifestyles, have encouraged women to wear high-heeled shoes
(HH). These fashion items have become the dominant choice of footwear for women, and are the
preferred shoe of choice worn on many different occasions. High heeled shoes, while pleasant to
look at, could be causing the wearer harm to the foot and lower limb. In spite of numerous opinions
that oppose the use of HH, these fashion items still remain highly popular among the female
population. Several surveys have identified that between 37% to 69% of women wear HH on a
daily basis [1]. It has also been suggested that wearing HH can change the force distribution of the
foot and have negative effect on foot structure and morphology. The greater pressure observed
might affect the foot segments involved in controlling the whole body during the standing phase
and throughout motion. This noticeable at the first metatarsal where shear force, ground reaction
force and loading rate significantly increase when wearing HH [2, 3]. This abnormally high force
increase during landing changes the function of the foot. Research has shown that wearing HH on a
regular basis leads to foot deformities and injuries that include metatarsal pain, Achilles tendon
tension, plantar fasciitis and Haglund malformation [4]. In addition, a survey of high heeled shoe
wearers has shown that the foot pain usually occurs in the toes, the hind foot and arch [5]. In spite
of these research findings, there is still not enough evidence to explain the specific mechanisms
associated with foot injury, deformity and disease that occurs from wearing HH. Also, research
focusing on the understanding of the kinematic effects on the foot when wearing HH is currently
limited, therefore additional work is needed to explore this further [6].
The kinematic multitudinous literature has outlined the effects of high heels on the lower
limbs. This research, has focused on the hip, knee and ankle, and has investigated the associated
changes in the angles of these joints in three different planes during motion. The inner movement
mechanisms have been identified when wearing high heels in these specific joints. However,
kinematic details of the effects of wearing high heels on the dynamics and the structure of the foot
are limited. Yu et al. [7] has suggested that the force distribution changes when wearing high heels
and contributes to hallux valgus in forefoot. Theoretically, foot posture consists of alignment of the
foot skeleton, and any abnormal landings or misalignments will change posture and affect the
function of the foot directly.

Data relating to the impact of high heels on foot kinematics is needed using a more reliable and
objective classification method. Mechanical/biomechanical performance evaluation when wearing
high heels, can be achieved using three-dimensional kinematics. This technique may provide a more
in-depth analysis of foot mechanics while outlining greater structural detail.
The Oxford foot model (OFM) is a multi-segment model and provides comprehensive foot
movement details that can be analysed to reveal the mechanical structure of the hallux, forefoot and
hind foot during gait [8, 9]. The repeatability and reliability of the Oxford foot model has been
outlined in many biomechanical studies and has been widely used, particularly in experiments
investigating foot movement [10, 11]. In order to better understand the function of the flatfoot and
to evaluate any degree of deformation, researchers have used the Oxford foot model to explore the
characteristics of the flat-arched foot during gait analysis. Using the OFM, the different flatfoot
features were revealed. The findings outlined that movement of the forefoot and hind foot in the
dimensional space were significantly different from the normal foot. This study provided additional
scientific support for the study of flatfoot pathology [12, 13]. In addition, further details of foot
movement were analyzed using the Oxford foot model that provided useful information to alleviate
foot deformation in children [14, 10]. In this context, the OFM can also be used to explore the
complicated motion characteristics of the foot when subjects are wearing high heels. There have
been no systematic studies published investigating high heel effects on foot mechanics using the
Oxford Food Model. It has been reported that wearing high-heeled shoes can directly affect foot
movement characteristics, such as the hallux, metatarsophalangeal joint and the hind foot. In
relation to this, a more accurate and objective measurement of the foot position is needed when
analysing and evaluating the kinematics and potential influence of wearing high heels on the feet.
The Oxford foot model has not been used to evaluate mechanical characteristics of the foot in
individuals wearing high heeled shoes. Therefore, the purpose of this study was to investigate
changes in the hallux, forefoot and hind foot motions when wearing high heels using the Oxford
Foot Model. A further aim was to compare any kinematic differences between barefoot subjects and
wearing high heels during gait analysis.

2. Method
2.1 Subjects
Fifteen healthy women (23+2.5 years, 1.65+0.3 m, 51+3.6 kg) were recruited from Ningbo
University. Prior to testing, individual subject foot posture were scanned to ensure normality of the
foot. In addition, all participants reported as having no previous lower extremity damage, foot
diseases or deformities. The subjects in this study were all inexperienced high heeled wearers. Prior
to commencement of the experiment, all subjects were clearly informed of experimental purpose,
procedure and process, and all provided written informed consent. The experiment was granted
Ethical approval by the Ethics Committee of the University (RAGH20171215).
2. 2 Equipment and procedure
A Vicon motion system with 8 cameras (Oxford Metrics Ltd., Oxford, UK) was used to
capture kinematic data of the hallux, forefoot and hind foot using a frequency at 100HZ. The study
was conducted under two different experimental conditions, walking barefoot (BF) versus wearing
standard high heels of 5cm (HH). The foot size of experimental shoes ranged from 36-38. Data was
collected from their dominant foot. To evaluate the three-dimensional movement of the left foot, the
reflective markers were placed according to guidelines outlined in Plug in Gait as defined by
Stebbins et al [11]. The OFM markers attached on the right leg were based on a previous definition
(Fig 1). In order to define the hallux segment, a marker was placed (HLX) on the hallux, on the
proximal end of the distal phalanx, or the distal end of the medial phalanx. The forefoot segment
was identified by markers placed on the base of the 1st metatarsal (P1M), and markers on the base
of the 5th metatarsal (P5M). The D1M marker was placed on the head of the 1st metatarsal, and the
D5M marker on the head of the 5th metatarsal. This was completed ensuring that they were all the
same distance from the plantar surface of the foot. The hind foot segment was defined by placing
the MMA marker on the medial malleoli, with the LCA and STL markers on the lateral and medial
aspects of the calcaneus respectively. The HEE marker was placed on the line that bisected the
calcaneus, and the CPG marker was placed on the same line, above the HEE marker. The PAC
marker was located on the same line, above the base of the CPG marker. To define the tibia
segment, the marker (TUB) was placed on the tibial tuberosity, attached to the HFB marker on the
head of the fibula, palpating the landmark from inferior to superior. The SHN marker was placed on

the anterior crest of the tibia. To determine the position of the pelvis, the markers were attached to
the anterior superior iliac spine (RASI), posterior superior iliac spine (RPSI) and a sacral marker
attached midway between the posterior superior iliac spines (SACR). The markers for the pelvis
and right lower limb are shown in Table 1 and Fig 1.
Following warm up, the subjects with markers were asked to stand in a suitable data capture
position in front of the camera for static data collection. Once dynamic testing was performed, the
three markers (RMMA, RPCA, RD1M) were removed [8]. Participants were asked to walk through
the data capture area at a normal speed. The subjects were tested five times to ensure gait stability
and to reduce experimental data collection error. All subjects completed the study twice, barefoot
and wearing high heeled shoes on two separate days. Subjects were randomly assigned to both
experimental conditions.

Figure 1 near here.

Table 1 near here.

2.3 Data analysis
The timing and magnitude of angular movement of the hallux with forefoot, forefoot with
respect to hind foot, hind foot with respect to tibia during a complete gait cycle were compared
between barefoot and wearing high heels in a sagittal plane, a frontal plane and a transverse plane
respectively. Statistical analysis was performed using statistical software SPSS 19.0 (SPSS Inc,
Chicago, IL, USA). In order to assess any differences in kinematic parameters between the barefoot
and high heeled conditions, independent sample t-tests were used. For all analysis the significance
level was set at 0. 05.
3. Results
Peak values for angular motion for hallux relative to forefoot in all three planes, for barefoot
and when wearing high heels are shown in Fig2 (a). Walking with high heeled shoes demonstrated

significantly greater hallux dorsiflexion during the last stance phase (22.55o± 1.62o VS 26.6o ± 2.33o
for the barefoot; P= 0.001). In addition, high heels showed less hallux plantarflexion during the
initial stance phase (-4.86o ± 2.32o VS -8.68o ± 1.13; P< 0.001) (see Table 2).
In all three planes of motion the kinematics of the forefoot relative to the hind foot are
presented in Fig2 (b). Walking with high heeled shoes significantly increase forefoot abduction
compared to barefoot walking during the late stance (16.15o ± 1.37o VS 13.18o ± 0.79o; P< 0.001).
Compared to the barefoot condition, the forefoot adduction angle when wearing high heels was not
statistically different. Furthermore, there were no significant differences found between the sagittal
and frontal planes (see Table 2).
For all three planes of motion, the kinematic data of the hind foot relative to the tibia are
outlined in Fig2 (c). In contrast to barefoot, the high heeled values show larger dorsiflexion in the
horizontal plane during the terminal stance phase (16.59o ± 1.69o VS 12.08o ± 0.9o; P< 0.001), but
no differences were found in plantarflexion. Additionally, in the frontal plane, high heeled wearers
showed greater angle of internal rotation than barefooted subjects during the initial stance phase
(16.72o ± 0.48o VS 7.97o ± 0.55o; P< 0.001). Also, the HH presented significantly less extension
rotation compared to BF during the mid-stance phase (-5.49o ± 0.69o VS -10.73o ± 0.42o), but there
were no significant differences recorded in the transverse plane (see Table 2).

Table 2 near here.

Figure 2 near here.

4. Discussion
This was first study to use the Oxford foot model to investigate changes in foot kinematics
with and without high heels during walking. The hallux, forefoot and hind foot kinematics during
gait were analysed. The results from this study showed that there were significant differences in
sagittal plane motion of the hallux between BF and HH during gait analysis.

There is a general opinion that wearing high heels leads to unfavourable load conditions that
have detrimental effects on the structure of the foot [15]. In order to maintain gait stability, the
larger sagittal plane dorsiflexion may be compensated by increased duration and amplitude of the
ankle extensor moment, which increases the load on the ankle. This observation is consistent with
the findings of Cronin and Barrett [16]. These factors greatly increase the risk of ankle injury.
Healey et al. [17] observed that when wearing HH the hallux dorsiflexion increased significantly,
and would lead to a shortening of the metatarsal fascia. This was related to the winch mechanism
which causes the medial longitudinal arch to rise due to the traction of the metatarsal fascia.
Previous research has stated that when wearing high heels, the peak pressure and pressure time
integral increased in the hallux [18, 19]. The results of this experiment demonstrated that the hallux
presented higher dorsiflexion when wearing high heels and indicated that there was longer stress
times recorded. This may explain in part why there is a greater pressure time integral in the hallux.
The greater force observed and longer times spent in this position, would increase the risk of pain
and malformation.
In the transverse plane of movement, the forefoot abduction maximum value increased during
the last stance (toe off) was found to be higher for the high heeled condition compared to barefoot.
Wearing high heels caused the foot to slide towards the head of the shoe. This resulted in squeezing
between the shoes and the forefoot, and was problematic as the head of the high heel shoes were
narrower than the foot. This had a major effect on the first metatarsal head, and this was extruded
inwards significantly. Therefore, the peak value for abduction increased in the forefoot when
wearing HH. The abduction of the forefoot was a part of the foot supination-external rotation during
the terminal stance. This increase might impact on the foot and cause hallux valgus. These two
measures have been observed to be highly correlated. Hallux valgus is defined as a common foot
abnormality which is defined as the hallux angle being deviated more than 15o toward the lesser
toes relative to the first metatarsal head [20]. McBride at al. [15] stated that when wearing high
heeled shoes greater GRF are recorded at the first metatarsal than observed in barefoot conditions.
In addition, the loading rate, shear stress and force concentration have also been observed to
increase remarkably. This change in distribution of force in the forefoot has been thought to be
correlated with foot deformities such as hallux valgus [21]. This study provided kinematic evidence
that wearing high heels can lead to hallux valgus. The study further revealed the potential internal

mechanism which caused foot deformity.
In the present study, compared to BF, when walking with HH we observed that in the hind foot
dorsiflexion was significantly increased and plantarflexion decreased. This may be an important
potential factor in restricting the range of motion of the ankle in the kinetic chain. Cronin et al. [22]
suggested that Achilles tendon force increased when wearing high heels shoes and caused Achilles
tendon stiffness. The research identified that when wearing high heels, there was a significant
increase in hind foot dorsiflexion that may contribute to maintenance of body balance and gait
stability which was compensated by an increase in Achilles tendon stiffness. However, Achilles
tendon stiffness could be attributable to a reduction the range of movement at the ankle joint [23].
Therefore, wearing HH for a long time periods can lead to Achilles pain and increases the risk of
ankle sprain. Furthermore, the results of this study suggest that (Table 2), compared to the BF
condition, wearing HH showed larger internal rotation. In anatomical terms the talus provides close
links between the hind foot and the tibia. It is possible therefore to speculate that the internal
rotation increase in the hind foot might also lead to an increase in the internal rotation of the tibia.
Also, there is a coupling movement relationship between the subtalar joint and the lower limb [24].
If the hind foot motion was changed, this may affect the movement of the tibia and therefore would
have consequences for the function of the proximal joints, such as knee [25]. Simonsen et al. [26]
suggested that the arches were raised when wearing high heels, and that ankle plantarflexion was
significantly increased. This would restrict ankle eversion, and any compensatory motion would
increase the inversion of hind foot. However, the results from this study have indicated that there no
significant differences in measures on inversion between the HH and the BF conditions (Table 2).
Conversely, the kinematic model of the foot and classification method of posture is very
different between studies which makes the results difficult to compare [27]. In previous studies, the
OFM has been used to evaluate different populations which can prove valid repeatability measures
for the hallux, the forefoot and hind foot segment [8]. The midfoot has a very important role in
motion transfer from the forefoot to the hind foot, but in this study movement in the midfoot was
not detected. A further finding was that the height variation of the arch was not evaluated, and high
heels can damage the natural arch form which increase the risk of arch injury. Baker et al. [28]
suggested that a more detailed analysis is needed on the kinematics of the foot. Therefore, in order

to make further conclusions about the effects of high heels on foot morphology and biomechanics,
further specific research is required.
5. Conclusion
The OFM has revealed the kinematic and biomechanical details of the foot when wearing high
heels during the walking. Subjects wearing high heels showed greater peak dorsiflexion and smaller
plantarflexion of the hallux, and greater abduction of the forefoot. These findings support the
opinion that wearing high heels can lead to hallux valgus. This is the first time that the intrinsic
detailed mechanism of wearing high heels has been recorded, and provides details of how the foot is
affected. This dataset on foot kinematics during walking gait provide an important basis for the
explanation of foot deformity, foot disease and knee osteoarthritis in relation to wearing high heeled
shoes.
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Table 1: Marker description of the Oxford foot model
Markers
RASI
RPSI
SACR

Description- Position
Anterior Superior illiac Spine
Posterior Superior iliac Spine
Sacral marker- midway between the posterior

RKNE
RTIB
RHFB
RTUB
RSHN
RANK
RMMA
RCPG
RHEE
RACA
RLCA
RSTL
RP1M

superior iliac spines
Standard lateral knee
Tibia
marker
iliac spines
Later head of fibula
Iliactuberosity
spines
Tibia
Anterior aspect of the skin
Ankle
Medial Malleoli
Peg marker-Posterior end ot the calcaneus
Heel
Posterior calcaneus proximal
Lateral calcaneus
Sustaniculum Tail
st
1 metatarsal, proximal dorsal

RD1M
RP5M
RD5M
RTOE
RHLX

1st metatarsal, distal medial
5st metatarsal, proximal lateral
5st metatarsal, distal lateral
Toe
Hallux

Table 2. The peak value of angular motion for hallux relative to forefoot, forefoot relative to
hindfoot and hindfoot relative to tibia in the barefoot and high heels shoes.
Variable

BF (deg)

HH (deg)

P Value

(Mean ± SD)

(Mean ± SD)

Dorsiflexion

22.55±1.62

26.6±2.33

0.001

Plantar- flexion

-8.68±1.13

-4.86±2.32

<0.001

Dorsiflexion

12.49±0.45

11.46±2.49

0.7

Plantar- flexion

-4.04±1.04

-1.7±1.79

0.05

Abduction

13.18±0.79

16.15±1.37

<0.001

Adduction

8.42±2.81

7.19±0.41

0.15

Inversion

4.16±1.67

4.45±1.06

0.11

Eversion

-4.47±0.64

-5.12±0.7

0.86

Dorsiflexion

12.08±0.9

16.59±1.69

<0.001

Plantar- flexion

-16.26±1.93

-18.1±2.29

0.16

Inversion

6.88±0.9

8.16±1.16

0.07

Eversion

-14.4±1.69

-15.92±0.41

0.19

Internal rotation

7.97±0.55

16.72±0.48

<0.001

External rotation

-10.73±0.42

-5.49±0.69

0.001

Hallux relative to forefoot

Forefoot relative to hindfoot

Hindfoot relative to tibia

Note: the significant at P<0.05.

Fig 1. Oxford Foot Model Markers position under barefoot and high heel conditions.

Fig 2. The foot kinematics (o) in three different plane during the gait cycle for high heels (HH) VS
barefoot (BF). Arrows indicated the significant differences between HH and BF. The shaded band
shows mean ± SD in all controls.
a. Hallux relative to forefoot movement (degrees) in sagitta plane in subjects with HH and BF.
b. Forefoot relative to hindfoot motion (degrees) in sagitta, frontal and transverse planes in subjects
with HH and BF.
c. Hindfoot relative to tibia motion (degrees) in sagitta, frontal and transverse planes in subjects
with HH and BF.

