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The motivation for the work

The potential impact of high heel shoes (HHS) on women’s health has been concerned over
50 years in medical circles. Despite widespread warnings from public health institutions and
international medical societies [1], there is still a large proportion of the population wearing
HHS in their daily life. Regarding why women choose to wear HHS, Broega et al. surveyed
574 females, between the age of 24 to 45, who indicated that beauty and femininity were
the key drivers of women's behavior [2]. However, the pursuit of beauty also comes with
the risk of injury. According to the latest reported data on injury related to HHS wearing
among the women in America from 2016-to 2020, it was recorded 6,290 HHS related
emergency cases in 2020 involving ages from 15 to 69 years old [3]. More interestingly, the
number of cases in 2020 was significantly lower than the 16,000 cases per year in 2016-
2019. This decline in HHS-related injury cases began after the implementation of
Coronavirus disease 2019 (COVID-19) shutdowns and quarantine regulations, which
caused a restriction on mobility and socializing and more work from home, leading to

women wearing HHS less, and eventually decreasing the HHS-related injury rate.

From the biomechanics perspective, it has been demonstrated that HHS resulted in a lower
self-selected walking speed, shorter step length, and smaller stance phase duration, while it
increased ankle plantar flexion, knee plantar flexion, anterior pelvic tilt, and trunk extension
[4-10]. Redistributing the plantar pressure, higher ground reaction forces (GRF), larger
loading rate, higher peak knee external adduction moments, and higher peak patellofemoral
joint stress have been detected during walking in HHS [5, 9-11]. It is worthy to note that
substantial bodily adjustments have been observed in HHS gait, such as altered
neuromuscular activation pattern, shortening of the gastrocnemius fascicle, increased
Achilles tendon stiffness, and increased muscle activity of the soleus, tibialis anterior,
medial gastrocnemius [12-14]. These alterations have been identified as negatively affecting
the musculoskeletal system, leading to a variety of pathologies including metatarsalgia,
hallux valgus, Achilles’ tendon tightness, knee osteoarthritis (OA), plantar fasciitis, and
lower back pain, as well as instability and imbalance of body posture in HHS gait, which

may lead to a greater risk of falling and slipping [3, 15-18].



As mentioned above, the biomechanical characteristic of the lower extremities in HHS gait
have been extensively studied, mainly focusing on kinematic and dynamic changes in the
lower extremities (ankle, knee, and hip joint) and muscle activation patterns. However,
several limitations still exist in the previous literatures. Firstly, the foot as a multi-segmental
structure plays a crucial role in human locomotion, but information on multi-segmental
movement of the foot in HHS gait is limited. In particular, the study of biomechanical
variation in the hallux segment could provide valuable details for understanding the
potential mechanism of hallux valgus development related to HHS wearing. Secondly, the
research on the morphological characteristics of foot structure under HHS condition is still
blank, which could provide an important clue for exploring functional adaptation and
pathology of the HHS-related foot injuries. Thirdly, the biomechanical response of plantar
fascia in HHS gait is still unclear, and traditional methods have limitations in studying the
in vivo structure of the foot under HHS conditions. In this case, the finite element model
(FEM) and musculoskeletal modeling (MSM) analysis could provide an efficient and

fidelity way to simulate the internal variation of the foot in HHS.

Research Objectives

The first objective: To reveal the mechanism of hallux valgus development related to HHS
wearing during gait. This aim is to be accomplished by investigating the biomechanical
characteristics of the hallux, forefoot, and hindfoot segments under HHS conditions by

using a multi-segment model (Oxford foot model).

The second objective: To determine how the foot morphology is modified by HHS wearing
as a function of different heel heights. This aim is to be accomplished by investigating the
angular variation of the multi-bone structure of the foot, where a three-dimensional model
reconstruction method will be adapted to create the high-fidelity 3D foot model in four

different heel heights (Ocm, 3cm, Scm, 7cm) respectively.

The third objective: To reveal the plantar fascia biomechanical response in HHS gait. This
aim is to be accomplished by investigating the strain distribution on the plantar fascia in

HHS gait, where a methodology workflow of FEM combined with MSM derived force will
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be used to predict the internal strain distribution of the plantar fascia strain variation in three

different heel height (3cm, Scm, 7cm) respectively.

Methodology of the dissertation

In this doctoral work, the complex method is used to address problems involving
experimental measurement, 3D model reconstruction, and numerical methods. Firstly, the
thesis begins with the experimental measurement to describe the kinematics characteristic
of the foot multi-segments in HHS gait. A Vicon motion system with 8 cameras (Oxford
Metrics Ltd., Oxford, UK) was used to capture kinematic data, the oxford foot model (OFM)
was utilized in this measurement to estimate the hallux, forefoot, and hindfoot movement

in HHS gait.

Secondly, reconstruction technique is used to establish a high-fidelity 3D foot model under
HHS conditions with different heel heights. The reconstruction of the foot model is based
on computed tomography (CT) images, which can scan the foot shape of the subject under
the HHS wearing. Therefore, foot models with high reliability and fidelity will be created,
and foot morphometry conducts using different angle descriptions at different heel heights

(Ocm, 3cm, Scm, 7cm). Also, foot model is provided for finite element analysis.

Thirdly, the MSM analysis is used to estimate the major muscle force in HHS gait with
different heel heights, the analysis is carried out in Opensim software to establish a specific

model to provide optimal loading conditions for finite element analysis.

Fourthly, the FEM is used to evaluate the biomechanical response of the plantar fascia under
HHS condition with different heel heights, and the major muscle forces obtained from MSM
analysis as loading condition is combined. In this part, the workflow of FEM and MSM

analysis is established.



1 Literature review

1.1 Musculoskeletal system of the human foot
1.1.1 Structure build-up of bone and major joint of the foot

The foot has been considered one of the most dynamic structures in the human bodyj, it acts
in coordination with the rest of the body segment during various movements. The vivid
interplay of internal forces makes its multiple functions possible, but it is easily neglected
and that it is often seen as a static and sculpted graph of the whole structure. From the
anatomical and clinical viewpoints, the foot structure is one of the most complex structures.
The foot comprises 26 individual bones, made up of 42 muscles, and controlled by
numerous ligaments to provide support, balance, and mobility [19]. The whole foot can be
transversely divided into three segments which include the hindfoot, midfoot, and forefoot
(metatarsus and phalanx) (Fig. 1.1). The ankle joint complex is the most complex structure,
which comprises three joints, namely tibiotalar joint, subtalar joint, and transverse-tarsal
joint, all those joints assembly shaped the stable kinetic linkage meet a key requirement for
daily movement. Despite sustaining high compressive and bone-to-bone pressure occurring
on the ankle joint in weight-bearing, the special bony structure, muscles, and ligamentous

facilitate it to function with a high degree of flexibility and stability [20, 21].
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Fig 1.1. Regions of foot

The tibiotalar joint (talocrural joint)
The tibiotalar joint (TJ) is made up of the distal end of the tibial and fibula, and the superior

of the talus (Fig 1.2). The tibial-talus interface is a major part of load-bearing, the force is



transferred from the tibial to the trochlea superior until the talus [22]. The trochlea surface
of the talus fits well into the mortise of the tibial and fibula, then both malleoli of the tibial
and fibula are positioned to constrain the talus, such hinge shape primarily determines the

plane in which plantarflexion and dorsiflexion movements occur [23].

There are three major groups of ligaments that provide the stability of TJ, the tibiofibular
syndesmosis acts to restrict motion between the tibia and fibula in tri-plantar, the deltoid
ligament conjuncts movement of the tibial, talar, navicular, and calcaneus, and the lateral

collateral ligaments limit the inversion and rotation of the joint [20, 24, 25].
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Fig 1.2. The tibiotalar joint.

The subtalar joint

The subtalar joint consists of two independent chambers consisting of talus and calcaneus.
The inferior convex facet of the talus matches the superior concave facet of the calcaneus
as the anterior talocalcaneal joint (TCJ), and the superior convex aspect of the talus fits with
the inferior concave aspect of the calcaneus as the posterior TCJ (Fig. 1.3 (A)). Due to the
subtalar joint being enclosed by articular cartilage, it is considered a synovial joint
structurally and plane synovial joint functionally [26]. This joint is supported by the
talocalcaneal ligament which distributes in the posterior, medial, and lateral respectively

[27]. The subtalar joint is located on an oblique axis and is, therefore, the main part of



eversion and inversion movement in the foot, it is likely to be an important contributor to

the mechanical change of foot function [28]. The subtalar joint axis view showed in Fig. 1.3
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Fig 1.3. A is the subtalar joint; B is the subtalar joint axis in the anterior-posterior view
demonstrating deviation; C is the subtalar joint axis in the lateral view demonstrating

inclination.

The transverse tarsal joint (TTJ)

The TTJ also known as the midtarsal joint or Chopart’s joint, horizontally crosses the foot,
combining the two segments of the hindfoot and midfoot [29], as a composite joint
consisting of two synovial joints: talonavicular and calcaneocuboid joint. The talonavicular
joint, which is more mobile out of the two, is an articulation between the talus and the
navicular, the calcaneocuboid joint is formed of cuboid and calcaneus. The surrounding
ligamentous reinforcements TTJ exhibited unique motion patterns and multiple functions
[30]. The movement of TTJ is biaxial and tri-plantar, TTJ moves around the longitudinal
and oblique axis in three planes, which involves supination and pronation movement, the
detail of supination and pronation movement see below. Additionally, the TTJ motion is
mechanically accompanied by that of the subtalar joint, especially when TTJ performs
inversion and eversion movement, which require the synchronous participation of the

subtalar joint [31].



1.1.2 Structure build-up of foot arch

There are three arches in the human foot, including the transverse arch, medial longitudinal
arch, and lateral longitudinal arch (Fig 1.4). These arches are formed by the metatarsal and
tarsal bones, supported by tendons and ligaments of the foot, in which the medial
longitudinal arch is the highest. The arch could play as an elastic and adaptive base to sustain

the entire body.

The medial longitudinal arch is shaped by the metatarsals (first to third metatarsals),
navicular, three cuneiforms, talus, and calcaneus of the foot. It is supported by the
calcaneonavicular ligament, deltoid ligament, medial talocalcaneal ligament,
talotalocalcaneal interosseous ligament, posterior tibial tendon, and plantar fascia.
Particularly, the calcaneonavicular ligament supports the head of the talus, and the plantar
fascia plays a supporting function between the two pillars of the medial arch. In addition,
the medial longitudinal arch acts as an important function in shock absorption during

weight-bearing, and foot propulsion during the gait [32].

The lateral longitudinal arch is formed by the calcaneus, cuboid, fifth and fourth metatarsal.
The height of the lateral arch is lower than the medial longitudinal arch and closing contact
with the support surface in the weight-bearing foot. It also plays an important role in
supporting the body’s weight during locomotion [33, 34]. The transverse arch travels from
the medial to the lateral side of the tarsometatarsal portion of the foot. It is shaped by three
cuneiforms, cuboid proximally, and five metatarsals distally [35]. Clinically, the transverse
arch comprises the complex capsuloligamentous structures that maintain stability in the

midfoot and forefoot [36].

The height of the medial longitudinal arch is often used to define the foot morphology, such
as normal foot, pes planus (flatfoot), and pes cavus (high-ached foot). The medial
longitudinal arch is directly associated with flatfoot and high-arched foot. Those abnormal
arch structures could display the disturbed biomechanical parameters of lower limbs during

the movement, and predispose an individual more vulnerable to injury [37].



Transverse arch

Lateral longitudinal arch

‘“/‘ Medial longitudinal arch

Medial longitudinal arch

Fig 1.4. Three arches of the foot, represent by the right foot, A is a view of the transverse
arch from the distal row of tarsals and metatarsals; B is a lateral view of the lateral

longitudinal arch; C is a medial view of the medial longitudinal arch.

1.1.3 Major muscle and plantar fascia structure

Major muscle anatomy

During the movement, the integrated function of joints, ligaments, and muscles facilitates
the foot with the capability to support the weight-bearing, absorb the impact, and propel the
body move [38]. The majority of foot movement is dominated by the 12 extrinsic muscles,
which originate in the leg and extend to the foot, and these muscles are classified into four
compartments based on EMG evidence [39]. Firstly, the anterior compartment contains four
muscle groups: the anterior tibialis (AT), the extensor digitorum longus (EDL), the extensor
hallucis longus (EHL), and the peroneus tertius (PT). The AT and the EHL perform
dorsiflexion and inversion motion of the foot, and the AT has been described as the most
active and also supports the movement of the forefoot. The PT dominates the dorsiflexion
and eversion movement of the foot, the EDL only manages the dorsiflexion of the foot.
Secondly, the posterior compartment composes of three muscles known as triceps surae
which involve the gastrocnemius, the soleus, and the plantaris, primarily producing the
plantar flexing of the foot. Thirdly, the lateral compartment is combined with two muscles:
the peroneus longus and brevis, which conducts the foot motion of plantarflexion and

eversion. Lastly, the deep posterior compartment includes three muscles: the posterior
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tibialis, the flexor digitorum longus, and the flexor hallucis longus, which perform the

plantarflexion and inversion movement (Fig 1.5).

Plantaris

Flexor

Selous Digitorum Longus

Flexor

Achilles Hallucis Longus

1 Tendon

Peroneus
Tibialis Longus
Posterior L. Extensor
Digitorum Longus§
! Extensor

Hallucis Longus

Peroneus
Tertius

Fig 1.5. The major group of muscles in the lower extremities.
Plantar fascia structure
The plantar fascia (plantar aponeurosis) originates from the medial tubercle of the calcaneus
and inserts into the plantar forefoot creating a complex network of connective and adipose
tissue. It acts mainly static and occasionally dynamic function, serving the role of stretching
or constraining the motion of musculoskeletal segments beyond their anatomical restriction
[40-42]. The complete structure of plantar fascia consists of three main areas, such as central,

lateral, and medial, in which the central portion is the major component [43, 44].

The central component body is divided into five superficial longitudinal tracts that extend
to the five toes, end up inserting into the overlying subcutaneous tissues and skin (Fig 1.6).
At the level of the proximal metatarsophalangeal joint (MPJ), the superficial longitudinal
tracts are interconnected and oriented transversely forming the superficial transverse tracts.
At the distal level of the MPJ joints, the transversely directed fibers generated from the

central superficial longitudinal tracts to contribute the natatory ligament [45-47].
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Fig 1.6. The figure depicting the anatomy of the plantar fascia is from [48].

The biomechanical function of plantar fascia has been well demonstrated in previous studies.
According to Hicks’ detailed description that the plantar fascia can be analogous to a
“windlass mechanism” [49]. Functionally, the distal end of the plantar fascia is blended with
the plantar pads of the metatarso-phalangeal joints, the plantar pads are pulled forward and
lie anterior to the metatarsal head while toe extending, and this movement ended up pulling
the attachment process of the plantar fascia, causing distance between the metatarsal bone
and the calcaneus became shorter, eventually causing the elevation of the arch, this whole
process 1s defined as “windlass mechanism” [49] (Fig 1.7). Additionally, the loading on
plantar fascia caused by the windlass acting during the push off phase of gait contributes to
stabilizing the longitudinal arches, transforming the foot into the rigid lever for effective
propulsion [50-52]. Also, the plantar facia provides an energy storage function in the foot

and cushioning against the GRF occurring in gait [53, 54].
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Fig 1.7. The windlass mechanism of the plantar fascia, extracted from [55].

1.1.4 Biomechanical characteristics of lower limbs during gait

Basic characteristic of foot movement

Foot movement is a complex action involving six degrees of freedom in three planes, the
sagittal plane presents dorsiflexion and plantarflexion, the frontal plane shows adduction
and abduction movement, and the transverse plane exhibits inversion and eversion [56] (Fig
1.8). The combination of these motions produces the interdependence movement throughout

the foot known as supination and pronation [20].

Supination is defined as the tri-plantar movement including the plantarflexion, inversion,
and adduction. There two mechanisms are thought to cause supination movement of the foot,
firstly, it is intrigued by extrinsic muscle during the midstance to toe-off phase. The
electromyography (EMGQG) studies reported that muscle activity increased in gastrocnemius,
soleus, posterior tibialis, FDL, and FHL at end of the stance phase of gait, this enables the
muscles to function more efficiently and plays a rigid lever to propel the body moving
forward [57, 58]. The second contributor to the supination of the foot is the external rotation

of the lower limb ankle joint [59].

Pronation is a normal foot movement that happens at the heel strike to toe strike phase while
running or walking. It is also composed of three plantar motions: eversion, dorsiflexion, and

abduction, which occur simultaneously. Normal pronation of the foot is a very important
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postural for attenuating multiple forces during the heel strike to toe strike period since four
types of general force occurred during gait, which includes compression, torque moment,
anterior-posterior shear, and medial-lateral shear. Unlike the moment when supination
occurs, pronation is initiated at the heel strike phase, and dominated by the eccentric
supinator. The three muscles that show high activity during the pronation movement are the

anterior tibialis, extensor digitorum longus, and extensor hallucis longus.

Pronation Supination
.. Neutral .
Leaning inward Leaning outward

Fig 1.8. The pronation and supination position of the foot.

Foot movement during gait cycle

Gait analysis is an effective objective tool to quantify kinematic and dynamic changes in
foot motion. The gait cycle was suggested to be divided into two different phases, which
involved stance and swing phase. Specifically, standing phase accounts for 62% of a
complete gait cycle and can be subdivided into the three phases: 1) the heel contact; i1) the
stance phase; iii) the toe-off. The swing phase constitutes 38% of a complete gait cycle,
which is classified into three phases: acceleration, toe clearance, and deceleration [20].
During the stance phase, starting with heel contact ground to whole plantar contact ground,
the subtalar joint is everted, because of the pivot between heel and ground being shifted
laterally from ankle joint central. At the same time, the tibia segment is internally rotated
and foot is pronated. Then, during the heel rise to toe off phase, the subtalar joint eversion
combined with tibia extension rotation can be observed. This movement provides the foot

with enough rigidity which is required to propel the body moving forward [60].

12



In terms of the range of motion (ROM) of the ankle joint, previous studies have shown that
the sagittal ROM of the ankle is 65-75° during the gait, ranging from 10-20° dorsiflexion to
40-55° plantarflexion, and an overall ROM in the frontal plane is approximately 35° [61].
Indeed, the ankle joint position, muscles, and the surrounding ligaments determine the
loading distribution on the talus. During the weight-bearing, 77 to 90% loading is transferred
from the ankle to the dome of the talus, with the rest carried by the medial and lateral talar
facets [62]. When the ankle joint moves from the plantarflexion to dorsiflexion, the talar
contact area shifts from the posterior to the anterior and reaches its maximum at the
dorsiflexion angle [63]. When the ankle moves inversion to eversion, the loading on the
talar facet moves laterally. The kinematic characteristic of the ankle joint during the gait is

shown in (Fig 1.9)
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Fig 1.9. The ankle joint angle in the sagittal plane during gait by Deanna and Nielsen [63].

1.2 High heel shoe gait biomechanics
1.2.1 Introduction of high heel shoes
HHS is designed as shoes in which the heel is higher than the forefoot region, shaped by a

narrow toe box, a rigid heel cap, and a curved plantar region, all of those characteristics
disturb the natural foot function. On the other hand, HHS is considered one of the most
important fashion accessories and could achieve a slender and taller body shape in female

wearers. Many women wear HHS regularly in their daily life in attempt to increase their
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attractiveness. The American Podiatric Medical Association (APMA) has reported that 72%
of women wore HHS in America and 39% of them wore HHS daily, representing a larger

proportion of the female population [18].

It has been revealed that HHS shoes pose a high prevalence of injury in the female
population. A survey conducted on the 3000 HHS wearers, reported that 10% of females
had to receive medical treatment or even be hospitalized due to the HHS use and near half
of the subjects had the experience of ankle sprain, and the most prevalent injuries were ankle
and knee joint twisted, infected blisters, bunions and tendon pains [64]. However, despite
the numerous medical cautions against HHS use, it remains popular among females. What’s
more, previous studies demonstrated that, postural control, plantar pressure, impact force,

muscular activities and gait kinematics and kinetics can be changed by HHS [65].

Heel elevation is also related to an increased risk of falling. Studies indicated that wearing
HHS led to a backward rotation of the pelvic and a decrease in the distance between the
ankle and keen joint, creating an unstable posture that disturbs the human balance system
[66]. In addition, recently, relative research demonstrated that the consequence of posture
change caused by HHS regarding posture control balance, gait, and general well-being is
not only localized on the foot but instead there is a chain reaction traveling up the lower

extremities at least as far as the spine [7].

1.2.2 Biomechanical characteristic of lower limbs in HHS gait

Center of pressure (COP) trajectory and plantar pressure distribution

Walking stability and tilting foot movement during HHS gait can be analyzed based on the
COP trajectory in the anterior-posterior and medial-lateral direction, which is calculated by
summing the product of the pressure which is measured by each sensor with its insole
coordinates system. Earlier studies compared the gait and standing balance among the
various heel heights of HHS by investigating the COP oscillation, indicating that both gait
and standing balance were significantly worse with COP trajectory shifted medially, and
anteriorly as heel height increased [67-71] (Fig 1.10). What’s more, Wan et al. pointed out

the effect of heel height (1cm, S5cm, 8cm, and 10cm) on standing stability, in addition to
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finding consistent results, they also indicated that the main effect of heel height on COP
oscillation was found in the medial-lateral direction increased by 129.5% at 10cm than 1cm,
and only increased by 66.9% in the anterior-lateral direction. Meanwhile, the plantar

pressure distribution showed a similar trend with increasing heel height in HHS gait [72].

The distribution characteristics of plantar pressure in gait of HHS can be reflected by the
insole measurement system [73-75]. It has been demonstrated that plantar pressure was
anteriorly shifted from the hindfoot to the forefoot, and medially shifted from the lateral
forefoot to the medial forefoot under HHS condition, the peak pressure increased by 30%-
40% in the center of the forefoot (2nd-4th metatarsals), the pressure time-integral increased
by 12% on the hindfoot region, 48% on the center forefoot, 47% on the medial forefoot (1st
metatarsal), and 20% on the hallux region, respectively. In addition, the magnitude of peak
pressure and pressure time-integral in the medial forefoot was linearly correlated with the
heel height [75]. The anteriorly and medially shifted plantar pressure under HHS condition
has been considered as an adverse factor leading to forefoot deformities such as hallux

valgus [76-78].
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Fig 1.10. COP trajectory on the insole measurement system [79].
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The GRF

The time history of GRF reflects information about the magnitude, direction in the three
planes, and point of application of the impact force (Fig 1.11). Studies have demonstrated
that the time history variation of GRF is dependent upon numerous factors, such as gait
speed, subject’s body mass, gait style, loading rate, foot contact area, shoe type, etc. During
HHS gait, a significant change has been found in GRF with its magnitude increased in the

vertical, anteroposterior, and mediolateral direction as heel height elevation [80].
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Fig 1.11. The ground reaction force during the stance phase of one step.

In terms of different shoe types and heel heights, Wang et al. investigate the GRF changes
during normal gait by comparing three different types of shoes (running shoes, 2.5cm;
leather shoes, 1.3cm; HHS, 7.5cm) using the Kistler force platform. The major findings
indicated that the greater impact force in the vertical and anterior-posterior direction was
found in the toe-off phase compared to the heel contact phase under both HHS and leather
shoe conditions. The explanation of smaller vertical GRF in heel strike phase and larger
vertical GRF at the toe-off phase can be related to the 1) HHS causes an unstable postural
leading to a conservative strategy with a softer heel strike pattern; 2) The larger braking
force causes a significant deceleration of center of mass (COM), which need to be
counteracted by increasing the peak propulsive force to accelerate the COM at toe-off phase,

thus propelling body move forward during gait [76].
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Kinematics, kinetic and muscle activity of lower limbs in HHS gait

The ankle joint: The foot can automatically adapt to various shoe surface structures by
adjusting the function of muscle, ligament, tendon, and inner foot segments. Especially,
during HHS gait, the foot mechanical function has experienced a dramatic change. For
instance, the ankle joint axis displaces anteriorly and the line of gravity displaces posteriorly
relative to the ankle joint [77]. More significantly, HHS leads to a higher and shorter foot
length [78]. This deformation even continuously remains after a day of wearing HHS, that
heel heights of no more than 2.1cm resulting in a 0.3cm reduction in arch height; and the

heel height range from 6.2cm to 7.1cm contributes to a 0.4cm higher arch height [79].

There is a consistent result that a larger plantarflexion and a smaller peak plantar flexor
moment in the ankle joint were found during HHS gait. [6, 8, 14, 81]. Previous evidences
suggested that the smaller moment of ankle plantar flexor was an inevitable reaction to the
shorter length of triceps surae fascicle and Achilles tendon moment arm caused by HHS

with the foot at a more plantar flexed angle [6, 15, 81].

In the frontal plane, ankle eversion moment progressively increased as heel height gradually
elevated [4, 81]. This may be due to the medial displacement of the ankle joint center caused
by supinated foot posture HHS condition, which leads the ankle to locate in an inversion
biased direction, and this needs to be counteracted by an eversion moment to provide a
stable gait. In addition, the ROM of subtalar joint and tibial internal rotation movement is
restricted at the heel strike phase due to the more plantar flexed foot posture, these kinetic
limitations may adversely affect the ability of the foot to absorb impact loads early in heel

contact phase [82].

Additionally, the muscle activation pattern of lower extremities can be changed by HHS
wearing, previous studies found higher muscle force in the soleus, anterior tibialis, medial
gastrocnemius, and peroneus longus during HHS gait [6, 8, 83]. And the increased muscle
force around the ankle joint promotes higher joint stiffness and presumably contributes to
HHS gait stability [7, 83]. However, considering the adverse aspect that the increased

muscle activity leads to higher transport energy costing and fatigue is easily appeared in
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higher activated muscle than lower activated [84].

Csapo et al. showed that the length of gastrocnemius muscle fascicles was decreased and
Achilles tension size and stiffness size were increased after long-term wearing HHS, thoes
changes contributed to a reduction in the sagittal ROM of ankle joint, and relatively
increased frontal ROM of ankle joint, which was thought to be a major factor for ankle
sprain [3]. The consistent results were also found by Cronin et al. the strain value of
gastrocnemius muscle fascicles in experienced HHS wearers showed 3 times higher than
barefoot condition [6]. Normally, the muscle-tendon unit (MTU) undergoes adaptive
changes during movement. When the muscle tendons are passively stretched and upon a
higher tension, the MTU is forced away from the tendon tissue and transfer to muscle
fascicles. This change may interfere with the neural activation pattern, resulting in reduced

MTU efficiency and increased energy expenditure [85, 86].

The knee joint: In the sagittal plane, the plantarflexion angle of knee joint has been
significantly increased with heel height elevation in HHS gait [12, 15, 87]. Accordingly,
knee extensor moment increased which is thought to be a compensation mechanism of
decreased ankle plantarflexion moment to maintain a stable body posture [7, 14, 88].
Although, a few inconsistent results showed that there was no difference in peak keen
extensor moment among the varied heel heights [81, 82], which may be caused by different
walking speeds and wearing experience. As mentioned above, the spatiotemporal
characteristics of HHS gait tend to manifest as a decrease in walking speed and an increase
in strike length with increasing heel height to achieve gait balance. The similar gait strategy
has also been found in inexperienced HHS wearers of HHS compared to experience wearers
[89, 90]. According to previous research, the influence factors of walking speed and wearing

experience on HHS gait are easily neglected.

In the frontal plane, the significant effect of heel height on the keen moment has been
confirmed. Kerrigan et al. found the peak external knee varus moment was 23-24% larger
in 6¢cm heels than in barefoot walking [81]. Similarly, Esenyel et al. indicated a 25% greater

peak external knee varus moment in 6cm wide-heeled shoes compared with a sports shoe
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[8]. Also, Barkema et al. reported the frontal plane knee net joint moment increased as heel
height elevated (1cm, Scm, 9cm) [4]. There was no significant difference in the transverse

plane motion of knee joint under different heel height.

On the other hand, the increased knee moment in the frontal plane corresponds with higher
quadriceps muscle activity [14, 91], leading to an increase in the patella tendon tension,
patellofemoral joint pressure, and tibia-femoral compressive force in the medial
compartment, which eventually causes knee degenerative and development of knee OA [92,
93]. This has been confirmed by Kerrigan et al. in a 1998’s publication, which investigated
the potential relationship between OA and HHS wearing, and found that the normal varus
torque at the knee was exaggerated by 23% during the stance period at 6cm heel height
when compared with the barefoot condition [81]. The increased varus torque imposes
greater ligament stretching force and muscle force through the knee joint, leading to
degenerative development in the medial compartment, which has been demonstrated in

animal experiments [94].

The hip joint: The increased internal hip abduction moment has been found during HHS
gait, Stefanyshyn et al. reported a 25% increase in hip varus moment in HHS gait compared
to barefoot [16]. Esenyel et al. observed an 11% increase in the hip abductors which was
thought as a mechanism to counter higher hip varus moment induced by HHS [8]. As well
as the greater gluteus medius activity was observed during the HHS gait, which was thought
to be a response to reduced varus torque at the hip or knee [95]. The biomechanical
difference in the hip joint under HHS condition receives less attention when compared with
knee and ankle joint, it seems the changes in hip joint generally small throughout the
previous findings, and most pathologies development caused by HHS wearing occurs in
foot, ankle, and knee joint. The comparisons of the angle and moment variation in ankle,

knee, and the hip joint between the flat shoes (1cm) and HHS (6¢m) are shown in Fig 1.12.
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Fig 1.12. The angle and moment variation of lower limbs in the sagittal plane during gait,
the red solid line represents HHS with 6cm, and black dash line represents flat shoes with

Icm. The data was extracted from Esenyel et al. [8].

1.2.3 HHS biomechanics in experience and inexperience wearer

According to previous literature, the experience of HHS wearing is another aspect that has
attracted the attention of researchers, while most previous studies have ignored its possible
importance. Opila-Correia et al. indicated that the biomechanical adaptations varied
between the experience wearers (EW) and inexperience wearers (IEW) in HHS gait, which
demonstrated a higher knee extension and greater upper trunk rotation in the IEW group
than in EW [87]. There more differences were found in the previous research, such as
increased abductor and decreased internal rotator moment of the hip joint; decreased knee

joint ROM in both sagittal and frontal plane; increased internal rotation and external rotator
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moment of ankle joint in EW when compared to IEW during HHS gait with self-selected
speed [11, 90]. Furthermore, Gefen et al. reported that EMG activity of gastrocnemius in
two heads were unbalanced in EW, the muscles of peroneus longus and gastrocnemius
lateralis were more easily prone to fatigue in IEW groups than EW, negatively affecting gait
stability [96]. In contrast, Simonsen et al. noted that there was no different in the kinetic
features muscle activity between the EW and IEW groups [14]. Similar results have also
been previously reported by Ebbeling et al. suggesting that HHS wearing experience did not

affect lower limb mechanisms, or even heart rate and oxygen consumption [7].

In terms this controversy, there are several factors needed to be concerned about. The age
of participants can be a potential contributor since the various aspect of neuromuscular
function and balance control can be directly affected by age. Additionally, the capacity of
chronical adaptation for foot structural and soft tissue induced by HHS is also different with
age [6, 97]. Furthermore, the height of heels also needs to take into account, the habitual
wearer of lower heel height such as 2-3cm may not present a chronic adaptation of

neuromuscular function.

1.2.4 Pathologies associated with increased HHS wearing

Clinical presentation of the potential foot disease related to HHS wearing range from
commonly discomfort to foot pathologies, such as foot deformity, hallux valgus, plantar
fasciitis, plantar calluses, ankle inversion sprain, Morton’s neuroma, Achilles tendon pain,
and knee osteoarthritis have been presented in the previous studies (Fig 1.13) [6]. In addition,
the foot pain generally appeared in the toes, ball of the forefoot, heel, as well as arch. The
difference in foot pathology happens over time courses, can also be affected by individual
foot structure and shoe structure such as heel height, the based support size, and shoe

materials.
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Fig. 1.13. The common foot disease induced by HHS wearing.

In conclusion. Gait biomechanics is a comprehensive system, therefore, a sing change, like
elevating heel height in HHS gait, modifies the whole movement pattern. We can see from
this brief review that the movement performance, balance, and musculoskeletal system
control are compromised during HHS gait. The most significant change is observed in the
ankle and knee joints, the references show that the biomechanical changes induced by HHS
wear are in good agreement. In further research, the long-term neuromuscular adaptations
in HHS wearing should be investigated, as well as the biomechanical mechanism
responsible for such neuromuscular adaptations. Three major factors seem to play a
determinant role in the occurrence of adaptation, such as the heel height, duration, and
frequency of HHS wearing. These factors are needed to be investigated in a comprehensive
and long-term way. Once the main factor affecting high heel gait are identified, along with
musculoskeletal adaptations, we can give more suggestions to counteract the negative

effects of high heels.
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1.3 Musculoskeletal modeling of human movement
1.3.1 Introduction of Opensim application

The neuromusculoskeletal system is made up of a variety of elements, each of which
interacted functionally, efficiently enables coordinated movement, facilitating a wide range
of human movements. The relationships between muscles and joint motions during static
movements have been extensively characterized by an abundance of data [98]. However, it
remains a major challenge to integrate a detailed description of the neuromusculoskeletal
system elements with movement measurements to develop a comprehensive understanding
of extensive movement and to create a scientific fundamental for modifying abnormal
movement [98]. A dynamic simulation of movement involves multiple aspects, including
element of the anatomy, physiology, and multi-joint motions that must be combined
coordinately to provide an integrated neuromusculoskeletal system. Therefore, a muscle-
driven dynamic simulation is needed to estimate muscle and joint force which are difficult

to record by experimental measurement.

OpenSim as an open-source software, provides a musculoskeletal modeling environment
that allows users to create dynamics simulations of various movements based on the motion
capture data. The OpenSim Software has plug-in architecture that enables user to establish
individual’s muscle models according to their needs, and a dozen plug-in analysis models

developed by different users can be utilized by the public.

The musculoskeletal system in OpenSim is described by sets of differential equations that
enable to the analysis of muscle contraction dynamics, musculoskeletal geometry, and body
segment dynamics [99]. Neuromuscular excitation properties based on the time-dependent
behavior are defined by differential equations. Once a dynamics model is described, it is
necessary to find a pattern of muscle excitation to construct a coordinated movement of the
musculoskeletal system. Simulation is usually verified by the degree of consistency of
kinematic, kinetic, and EMG activities in experimental measurements. Once the simulation
is performed and validated, it can be analyzed to assess the muscle contributions to body
movement and the outcome of the simulated treatment. In terms of developing a dynamic
simulation to generate a coordinated movement, the important challenge is to identify a set
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of muscle excitations. Now, with the development of computer science, robotic computed

muscle control technology can quickly determine the level of muscle excitation.

Operate steps in OpenSim software

There are four steps to establish a dynamic simulation model. In Step 1, MSM scaling is
used to match the anthropometry of specific individual. Each body part is scaled according
to the location of the marker captured from a 3D motion capture system. The mass
characteristics of each body part are scaled to reproduce the individual’s total measured

mass, and the length of muscle-tendon actuators is also scaled.

In Step 2, inverse kinematics (IK) is used to identify the generalized coordinate values of
the model to regenerate the original data of markers. This step is processed by a least-squares
formulation that minimizes the marker array deformation between the measured marker
positions and the model’s virtual markers position, along with joint constraints [100]. If the
experimental measurement includes the joint angle of the body segment generated by the
motion capture system, can also be involved in the formulation. Therefore, the inverse
kinematics is used to reduce the weighted squared error for each frame of kinematics

variables obtained from experimental measurement [101].

In step 3, differences exist between the modeling assumptions and experimental error, such
as values of the GRF and joint moment measured in the experiment are often differing from
those in the MSM. In this step, a residual reduction algorithm (RRA) is utilized to promote
the generalized coordinates of a model that made in step 2 more in accordance with the GRF

and joint movement obtained from experimental measurement.

In Step 4, the computed muscle control (CMC) algorithm is utilized to generate a muscle-
driven simulation. CMC distributes forces across synergistic muscles by using a static
optimization criterion to produce a dynamic simulation [102]. The activation and
contraction dynamic of muscles are represented by the full state equations, to be

incorporated into the dynamic simulation.
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1.3.2 MSM establishment for muscle-drive simulation of human gait in OpenSim

Rajagopal et al. provide a complete process for creating a generic open-source 3D
musculoskeletal dynamic model in OpenSim and describe a reliable method for verifying
the model using reference value [103]. The purpose of their study is to establish a highly
validated musculoskeletal dynamics model of lower limb muscles in healthy young subjects
for gait simulation, and computationally efficient enough to be used for conducting muscle-
driven simulation in the OpenSim. In their study, the muscle architecture of lower limbs was
created by combining the cadaver-based evaluation of muscle length and MRI (magnetic
resonance imaging) muscle volume data [100]. The generic musculoskeletal modeling was
created by following several steps: (1) rigid body geometry construction, the model’s
skeleton structure was created by 22 articulating rigid bones, containing 20 degrees of
freedom (DOF) in the lower extremities and 17 DOF in the upper body. The coordinated
system was aligned in each rigid structure, with the X-direction assigned as anteriorly, the
Y-direction assigned as superiorly, and the Z-direction assigned as the right. all joints and
the segments were modeled with motion range and DOF; (2) muscle and torque actuators
establishment, 80 muscle-tendon units and 17 torque actuators were used in the lower
extremities to drive the model. Each muscle unit was defined by a Hill-type muscle model
(Fig 1.14), based on the description of Millard et al [104]. Each of the muscle-tendon force-
length functions and joint angles was scaled by experimentally measured values according
to previous research. In their study, the software of OpenSim (3.3 version) was used to

produce muscle-driven simulations in a single gait cycle of a healthy subject.
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Fig 1.14. A computational model of muscle-tendon. (a): total muscle-tendon length is
presented by the geometric pose function of the model, a represents muscle pennation
angle; (b): function of tendon strain; (c): muscle fiber is designed as a contractile element;

(d): muscle fiber velocity [103].

The four simulation steps have also been used. Firstly, the scaled version of the generic
model was created using Scale Tool in OpenSim to match subject anthropometry. Secondly,
joint kinematics of lower extremities during gait was calculated based on motion capture
data in OpenSim using an inverse kinematic tool. The subtalar and metatarsal-phalangeal
joints in lower limbs, as well as DOF of the wrist and ulnar, were constrained due to lower
accuracy. Thirdly, the RRA was utilized to create smoothed kinematics that minimizes the
inconsistency between the measured kinematic and kinetic data. Finally, the smoothed
kinematics obtained in step 3 were input into the CMC algorithm to compute muscle

excitations, activations, as well as muscle force.

For simulated model validation, fidelity and speed criteria of the model were tested, 1) the
musculoskeletal geometry in the simulation and experimental parameter were compared; ii)

muscle activities in simulation and EMG data were compared; iii) joint moment in muscle-
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driven simulation and inverse dynamics calculated were compared; iv) time for simulating
a single gait cycle was computed. The final result of relative muscles is presented in Fig
1.15. The muscle architecture, which includes muscle-fiber length and muscle volume, is
well consistent with experimental data, and the simulation timing of lower limb muscles in

a single gait cycle was well-matched with EMG measurement.
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Fig. 1.15. Muscle activities compared between the simulation and measurement during
walking and running, (a) is walking and (b) is running. The Red line represents the

simulation result, and the gray shadow represents the EMG measurement result [103].

Personalized ability is currently one of the important trends in the development of MSM.
The biological characteristics of individuals are complex and personalized, requiring more
accurate and effective methods to diagnose and treat musculoskeletal diseases. Current
MSM development involves personalized 3D body segments, intrinsic properties of muscles,
activation patterns of muscles, and comprehensive process of individual kinematics and

dynamics [104-107].
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The combination of medical imaging and 3D motion analysis allows exploration of the
relationship between external kinematic properties and internal joint behavior. Although
3D motion capture systems are widely used to measure the kinematic variation of body
segment, 3D capture technology has certain limitations when applied to specific body
systems due to the complex anatomical nature of individuals. Recently, new imaging
techniques such as dynamic MRI have been used to measure more accurate and enriched
kinematic parameters. Additionally, the fluoroscopic application of lower limb joint
kinematics also provides a useful and efficient way to study human biomechanics in various
sports [108-110]. These new imaging models open a new perspective for biomechanical
research and provide accurate kinematic parameter support for personalized MSM
construction. Compared with other calculation methods such as finite element modeling,
the calculation efficiency of multi-rigid body segment is higher. In addition, the use of
generic MSM in Opensim can provide an efficient solution, especially in clinical
applications where decisions need to be made in a short period of time with minimal

computational effort [111, 112].
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1.4. Finite element model application of human foot
1.4.1. Introduction of finite element model analysis

The complexity of foot anatomy and function, along with the difficulty of making in vivo
measurements to explore the physiological strain-stress that occurs in response to loading,
prompted researchers to computational methods to model its behavior. In the early 1970s,
with the development of computer technology, FEM analysis was introduced into the
analysis of human musculoskeletal mechanisms. The fundamental advantage of finite
element analysis in foot mechanical simulation is its ability to simulate irregular geometry,
complex material properties, and create a variety of load and boundary conditions, which
play an important role in biomechanical evaluation of foot and ankle composite joints.
Furthermore, the biomechanical investigation of the foot and ankle complex based on the
FEM analysis has been used to conduct a wide range of foot biomechanical investigations,
which include foot pathologies analysis, prosthetic designs, rehabilitation evaluation, shoe,
and insole design, and soft tissue evaluation (muscle-tendon, skin, ligament, and plantar

fascia).

Creating a comprehensive fidelity foot model to explore the specific mechanical
characteristic of the foot in its specific condition is one of the excellent hallmarks of a
scientific investigation. Neither the foot model should not be so complex that the results
cannot be predicted, nor should it so simple that results deviate from reality. Establishing a
model that balances these aspects needs knowledge of creating processes and how they can

meet the optimal condition.

Naturally, judgment based on previous research and experience in processing molding is
needed. To provide insight into foot FEM analysis, three simple but concrete viewpoints can

be concluded, which will be applied in our further research:

1. The model should be determined by the purpose of the investigation. Depending on the
study’s aim, specific foot regions can be modeled, and scanning a smaller area of the
foot can help reduce computational costs.

2. Given the complex nature of the foot model, extensive validation of the modeling
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process, the final integrated system, and the prediction results is required to ensure the
accuracy of the model.

3. The FEM analysis of the foot can combine the MSM approach which provides loading
and boundary conditions for foot model prediction, creating a realistic simulation

environment.

Even though there is no integrated foot modeling could be directly applied in the clinic,
there are considerable progress still needed, based on the current research that the
comprehensive toolbox of foot FEM creating for future work towards clinically application
has been demonstrated. The major challenge is to collect information about geometry
construction, the material properties assignment and loading requirement on a specific basis,

and computational cost-effectiveness.

1.4.2 The procedure of the finite element model performed on the human foot

Geometry reconstruction

A complete 3D foot model is generally reconstructed from computed tomography (CT) and
MRI by image segmentation [113-115]. The surface scanning of a specific dissected part of
cadavers also has been utilized [116]. If the soft tissues (muscle-tendon, ligament, plantar
fascia) are included in the model, the insertion location of soft tissues needs to be determined
by imaging data or anatomical reference [117]. Previous research has generated a highly
detailed foot model which involved multiple components such as bones, cartilages, muscles,
ligaments, and even plantar fascia (Fig 1. 16) [118]. While this detailed model exhibits a

more realistic structure of the foot and assumedly should provide a more reliable result.
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Fig 1.16. The foot component reconstruction [118].

Normally, in terms of constructing a complexity foot model, a significant amount of time
for both development and solution is needed. Therefore, a simplified model with a specific
part of the foot is also used in an attempt to provide a useful evaluation in shorter timeframes
and improve the efficiency of the solution [119]. In a systematic review of FEM clinical
application, Behforootan et al. reported that 64% of the 96 collected studies showed a
detailed 3D model of the entire foot, and while 10% of these researches focused on a specific
part of the foot, then 14% of reviewed researches generated two-dimensional (2D) foot
model based on an X-ray/CT/MRI image [120]. Additionally, Actis et al. performed a
simplified simulation on a 2D foot model that was based on the sagittal plane of the X-ray
images to evaluate the effects of removing anatomy on foot function, the results indicated

that even a small part of phalange could lead to a negligible influence on the model result

[121].

Assignment of material properties
Regarding the foot structure, multiple components including bones, cartilages, ligaments,

tendons, and soft tissues are having different material behavior. Particularly, the soft tissue
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of the foot has been assigned as non-linear viscoelastic behavior [73, 122, 123], some studies
also simplified soft tissue as a linearly elastic mechanical behavior to minimize the model
solution time [124]. According to previous studies reported, bones and cartilages were
usually modeled as homogenous linearly elastic material ranging from 7000 to 15,000 MPa
[125-127], and ligaments and tendons were defined as linearly elastic with Young’s modulus
ranging from 11.5 to 1500MPa, the fiber-reinforces, viscohyperelastic model also was used
on ligament simulation [128]. The material properties are crucial in the simulation process
for realistic simulation of the mechanical behavior of ligaments and tendons [129]. It has
been suggested that considering the increased computational costs and complexity of
simulations, the optimal material model selection in each case should be rigorously

validated according to the specific objectives and level of accuracy of the study [129, 130].

Interactions, boundary, and loading condition

Depending on the model characteristic, it is necessary to define the interaction between
different tissues, interfaces, and connector elements. For example, to create a realistic
simulation of the foot interacting with the insole, the contact mechanical behavior between
the foot and insole is defined by friction coefficients ranging from 0.3 to 0.6. Behforootan
et al. reported that 43% of the 96 reviewed studies assigned loading force on the model as a
percentage of body weight (BW), in which 50% of BW loading condition is mostly applied
on the static standing simulation, and the muscle force usually assigned 25% to the Achilles
tendon [120]. Besides, the magnitude of the imposed loading can also be obtained by Vivo
measurement, the GRF as an important loading parameter can be directly measured using
force plates, or insole pressure sensors. The amount of GRF applied load from
measurements appears to be more relevant for studies that focus on specific gait stages and
foot regions to provide reliable and accurate plantar pressure estimates. For example,
Budhabhatti et al. imposed a measured GRF at the toe-off phase on a specific individual 3D
foot model [131].

Indeed, all FEM analyses compute the foot inner strain and stress distribution according to

the assumed and measured loading force. This fundamental feature of FEM simulation
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indicates that FEM method cannot directly predict and calculate the gait adaptation and even
internal tissue loading. To overcome this limitation, FEM foot simulation can be performed
in combination with the MSM. More specifically, Scarton et al. created a workflow
estimating the effect of gait modification on strain and stress in the diabetic foot by
integrating MSM and FEM, in which MSM model was used to evaluate the forces in
muscles, ligaments, and joint contact during the modeled movement, and FEM was used to
establish the foot model of a specific individual, the calculated muscle and ligament forces
were assigned as loading and boundary condition on the FEM foot model to improve the
prediction of internal strain and stress on the foot [ 132]. Despite the high computational cost,
this approach enables to performance of the non-invasion estimation of the tissue’s strain

and stress characteristic on diabetic foot using optimal loading control.

Meshing

Individual component needs to be meshed into discrete elements which connected by nodes.
According to the complexity and geometry of the parts, a series of element geometry can be
used for discrete solid parts, such as triangles, quadrilaterals, tetrahedra, hexahedral
elements, etc. (Fig 1.17). The various behavior options of these basic element shapes can
be assigned to meet model requirements, such as, hybrid elements can be used on one
component to reduce the solution time at the expense of accuracy. Tadepalli et al. used a
hybrid element that combined the hexahedral, quadratic, and tetrahedral to model

incompressible materials of soft tissue [133].

Additionally, mesh density is another important factor that distinctly affects the simulation
results. Fontanella et al. conducted a mesh convergence analysis on a foot model and showed
that more than 10,000 hexahedral elements are required to achieve an optimal mesh density
for simulating the peak plantar pressure at the push-off phase [134]. While Chokhandre et
al. [135] used 30,576 hexahedral elements for their heel model. In terms of how to conduct
a convergence test of mesh, according to Li et al, the sizes of the elements were gradually
reduced until the variation of force-displacement is less than 3% between the two size

meshes [136].
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FEM validation

The validation of FEM analysis is paramount important for FEM application, also this is
one of the most challenging aspects of biomechanical simulation. According statistic data
reported by Behforootan et al. indicated that 56% of studies of 96 reviewed articles validated
the computational foot model by comparing prediction results with in vivo or in-vitro
experimental data or with previously published data [120]. In terms of experimental data
comparison, the plantar pressure distribution or the peak value of plantar pressure was
compared between prediction and experimental measurement [137, 138]; as for comparing
data to literature, the numerically predicted plantar pressures, or strain-stress mechanical

behavior of specific tissues was being used to compare the published data [127, 139-141].

1.4.3 Summary

The application of FEM analysis on human musculoskeletal structure, provides an invented
insight into evaluating the internal biomechanical mechanism of human multi-segment.
However, creating a geometrically and kinematically accurate model is still a challenge in
conducting a fundamental investigation for pathology feature simulation and prediction in
clinical application. Besides, the several challenges of foot FEM analysis need to be

carefully concerned in further investigation:
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The first challenge is that reconstructing the foot geometry in a non-invasive way is a
time-consuming and laborious step, due to the foot structure being rebuilt based on the
images of CT scanning and MRI.

The second challenge is that the material properties of soft tissue increase the difficulty
of simulation because of the complex nonlinear mechanical behavior of soft tissue.

The third challenge is to assign boundary and loading conditions for the foot model that
can apply clinically relevant loading without using time consuming measurement.

The fourth challenge is to determine the threshold of mesh density for each foot

component, which is time-consuming progress needed to do progressive mesh testing.
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2 The foot multi-segment biomechanics in HHS gait

2.1 Introduction

Kinematic details regarding the effects of HHS on foot movement and structure are limited.
Yu et al. have suggested that the force distribution in the foot can be changed by HHS and
contributes to hallux valgus [139]. Theoretically, foot posture consists of an alignment of
the foot skeleton, and any abnormal landings or misalignments will change posture and
directly affect the function of the foot. Therefore, a more reliable and objective classification

method is needed to study the details of foot kinematics in HHS gait.

The OFM is a multi-segment model and provides comprehensive foot movement details that
can be analyzed to reveal the kinematic characteristic of the hallux, forefoot, and hindfoot
during gait [142, 143]. The repeatability and reliability of the Oxford foot model have been
outlined, it has been widely used in the biomechanical filed and in a range of populations to
observe both normal and pathological foot in the children and adult [144, 145, 146].
Levinger et al. investigated the kinematic difference in foot segment between normal and
flat-arched feet during walking by using OFM, demonstrated a significant difference in
forefoot and hindfoot movement in the sagittal and transverse plane between two
comparison groups, revealing the flat-arched feet had a greater pronation than normal feet
during walking, then it was suggested that this altered biomechanical mechanism could pose
a high injury risk on flat-arched feet population [147]. Alonso-Vazquez et al. assessed the
kinematic characteristic of forefoot varus during gait among the children who age ranged
from 7 to 13 years, demonstrated the specific kinematic chain and movement pattern of

lower extremities in subjects with forefoot varus [148].

In terms of foot movement in HHS gait, the foot structure has been changed dramatically as
hindfoot passively elevated by heel along with COM shifted toward to the forefoot which
becomes the major support. Despite this special foot structure attracted massive researchers’
attention with biomechanical research centered around topics of the HHS gait which manly
investigated the kinematical and kinetic of lower limbs including ankle, knee, and hip joint,

the foot movement still unclear in HHS gait. Therefore, in order to provide insight into the

36



biomechanical function of foot and acquire the possible kinematic evidence to explain the
pathology of foot related to HHS wearing, such as hallux valgus, the hallux, forefoot, and

hindfoot movement in HHS gait was assessed using OFM.

2.2 Method
Fifteen healthy women (23 + 2.5 years, 1.65 £ 0.3 m, 51 + 3.6 kg) were recruited. A Vicon

motion system with 8 cameras (Oxford Metrics Ltd., Oxford, UK) was used to capture
kinematic data of the hallux, forefoot, and hindfoot using a frequency at 100 HZ. This trial
was conducted under two different experimental conditions, barefoot walking (BF) and
HHS with heel height of 5 cm. The size of experimental shoes ranged from 36 to 38. Data
was collected right foot. To evaluate the three-dimensional movement of left foot, the
reflective markers were placed according to guidelines outlined in Plug-in Gait as defined
in previous study [ 145]. The OFM markers attached to the right leg were based on a previous
definition (Fig 2.1).

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, RDIM) were removed [142]. 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.
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Fig 2.1. Oxford markers position on lower limbs under barefoot and HHS condition. The

maker description: RASI- Anterior Superior illiac Spine; RPSI- Posterior Superior iliac
Spine; SACR- Posterior Superior iliac Spine; RKNE- Standard lateral knee; RTIB- Tibia
marker; RHFB- Later head of fibula; RTUB- Tibia tuberosity; RSHN- Anterior aspect of
the skin; RANK- Ankle; RMMA - Medial Malleoli; RCPG- Posterior end of the calcaneus;
RHEE- Heel; RACA- Posterior calcaneus proximal; RLCA- Lateral calcaneus; RSTL-
Sustaniculum tail; RP1M-1% metatarsal, proximal dorsal; RD1M-1* metatarsal, distal
medial; RP5SM-5st metatarsal, proximal lateral; RDSM-5st metatarsal, distal lateral;

RTOE- Toe; RHLX- Hallux.

Data analysis

The timing and magnitude of angular movement of the hallux with respect to forefoot,
forefoot with respect to hindfoot, and hindfoot with respect to the tibia during a complete
gait cycle were compared between barefoot and HHS gait in a sagittal plane, a frontal plane,

and a transverse plane respectively. Statistical analysis was performed using statistical
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software SPSS 19.0 (SPSS Inc, Chicago, IL, USA). Independent sample t-tests were used
to assess any differences in kinematic parameters between the barefoot and HHS gait. For

all analyses the significance level was set at 0.05.

2.3 Results and Discussion

Kinematic variations of hallux, forefoot, and hindfoot in both HHS and barefoot gait are
shown in the Figure 2.2. The findings demonstrated significantly greater hallux dorsiflexion
in HHS gait than barefoot during the last stance phase (22.55° = 1.62° VS 26.6° = 2.33°% P
= 0.001). There is smaller hallux plantarflexion in HHS than barefoot during the initial
stance phase (—4.86° + 2.32° VS —8.68° = 1.13; P < 0.001) (Table 2.1)

In terms of forefoot movement relative to the hindfoot. HHS significantly increased forefoot
abduction compared to barefoot during the late stance (16.15° = 1.37° VS 13.18° + 0.79°; P
< 0.001). However, there was no statistical different in forefoot adduction between HHS
and barefoot. Also, no difference was found in the sagittal and transverse plane movement

of foot between HHS and barefoot (Table 2.1).

In term of hindfoot movement respective with tibia. There was a greater value of
dorsiflexion angle during the terminal stance phase in HHS compared to barefoot (16.59° +
1.69° VS 12.08° + 0.9° P < 0.001), but no difference was found in plantarflexion.
Additionally, in the frontal plane, subject with HHS showed a greater internal rotation angle
barefoot during the initial stance phase (16.72° + 0.48° VS 7.97° + 0.55° P < 0.001). Also,
HHS indicated a significantly decreased in the extension rotation compared to barefoot
during the mid-stance phase (—5.49° + 0.69° VS —10.73° + 0.42°), but there was no

significant difference observed in the transverse plane (Table 2.1).
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Table 2.1. The peak value of angular motion for hallux relative to the forefoot, forefoot

relative to hindfoot, and hindfoot relative to the tibia in the barefoot and high heels shoes

(Ocm vs Scm).

Variable BF (deg) HHS (deg) P Value
(Mean = SD) (Mean = SD)
Hallux relative to the forefoot
Dorsiflexion 22.55+1.62 26.6 £2.33 0.001
Plantar- flexion -8.68 + 1.13 -4.86 +2.32 <0.001
Forefoot relative to hindfoot
Dorsiflexion 12.49 £ 0.45 11.46 +2.49 0.7
Plantar- flexion -4.04 + 1.04 -1.7+£1.79 0.05
Adduction 13.18 +0.79 16.15+1.37 <0.001
Abduction 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
Hindfoot relative to the tibia
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

Note: the significance at P < 0.05.
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Fig 2.2. The comparison of foot kinematics in three different planes between the HHS

and BF. The red region indicated the significant differences between HHS and BF.

Discussion
The kinematic characteristics of the hallux, forefoot and hindfoot in HHS gait were studied
by using OFM technique. The major results showed that the hallux sagittal plane changed

significantly in HHS than barefoot.

It is widely accepted that wearing high heels can lead to adverse loading conditions and
negatively affect the structure of the foot [149]. Healey and Chen [150] pointed out that the
hallux dorsiflexion is significantly increased due to the elevation of the hind foot, which
will lead to shortening of the metatarsal fascia and elevation of the medial longitudinal arch.
To maintain a stable gait, larger sagittal dorsiflexion can be compensated by increasing the
duration and amplitude of ankle extensor moments, which may increase ankle load, pose
greater risk of an ankle injury. In addition, high heels were associated with hallux valgus
which was defined as a common foot abnormality structure [151]. The movement of the
hallux dorsiflexion causes the sesamoid to move to the distal segment, and a significant
increase in hallux dorsiflexion may result in a high risk of sesamoid dislocation. The

sesamoid has the function of limiting hallux toward eversion and can alleviate most of the
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load bearing force in the first metatarsal head [152].

Regarding movement of forefoot relative to the hindfoot, the forefoot showed an increased
value of adduction during the last stance (toe-off) and it was found to be higher in HHS gait
compared to barefoot. HHS could cause foot to slide towards the head of the shoe,
contributing to squeeze between the shoe and the forefoot. Particularly, the squeezing can
be more intense when the head of the high heel shoes was narrower than the forefoot.
Inevitably, the hallux is squeezed toward abduction direction, as a compensate reaction the
forefoot increases adduction angle during HHS gait to maintain the foot stability. However,
the increased forefoot adduction movement are usually accompanied by foot supination
motion, and potentially increase the risk of the overuse injury [147]. Adduction movement
of the first metastatic is considered to be a serious underlying cause of bunions [153]. On
the other hand, the stress of the foot would be correspondingly changed as forefoot
adduction angle increased. Cavanagh et al. [149] pointed out that compared with barefoot,
HHS can transfer larger GRF to the first metatarsal bone, and then the loading rate, shear

stress and force concentration can be significantly increased.

In addition, a significant increase in the hindfoot dorsiflexion and a significant decrease in
hindfoot plantarflexion were observed. Those changes induced by HHS could constraint the
ankle ROM during gait. Cronin et al. demonstrated that HHS increased Achilles tendon
force, resulting in a stiffer Achilles tendon condition, which leads to a reduction in ankle
range of motion [154]. Therefore, wearing HHS for long periods may lead to Achilles pain
and increases the risk of ankle sprain. Furthermore, a greater internal rotation of hindfoot
was found HHS gait compared to the BF condition. Anatomically, the hindfoot segment is
connected to the tibia by the talus, and we hypothesized that increased rotation of the
hindfoot may also lead to increased rotation of the tibia. Meanwhile, there is a coupling
relationship between subtalar joint movement and lower limb [155]. If the movement of the
hindfoot is abnormally altered, this may affect the movement of the tibia and therefore have

an adversely impact on the function of the proximal joint such as the knee joint [156 157].

42



Several limitations need to be taken consideration. In previous studies, the OFM has been
used to evaluate different populations which can prove valid repeatability measures for the
hallux, the forefoot, and hindfoot segment [142]. However, kinematic models of the foot
and classification methods of postures vary greatly from study to study, which makes it
difficult to compare the results with other studies [158]. The midfoot has a very important
role in loading transfer from the forefoot to the hindfoot, but in this study, movement in the
midfoot was unable to investigate due to the OFM’s limitation that midfoot segment is not
involved. Another limitation in this study is that only inexperienced wearers were involved,
the experienced participators may show an appropriate walking pattern which could lead to

different results.

2.4 Conclusion

Based on this experimental, the major findings indicated that significantly higher
dorsiflexed movement occurred on the hallux and higher adduction movement occurred on
the forefoot segment during HHS gait compared to barefoot gait. The combined effect of
cyclic bending and the high rate of change will result that the hallux will be twisting
outwardly, while the forefoot will be twisting inwardly. This mechanism will create a
propagating, long term trauma that eventually ends in hallux valgus or “bunion”. Meanwhile,
the hindfoot internal rotation becomes significantly higher during HHS gait, in the stance
phase (between 0% and 50% of the complete gait cycle). Higher movement of the hindfoot
in the transverse plane leads to an unstable posture during stance phase that could increase

the risk of the ankle sprain.
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3 Foot model reconstruction and the foot morphology measurement

under HHS condition

3.1 Introduction

Footwear has been implicated as being responsible for the majority of foot pathologies and
deformities. The adverse effect of footwear has been proposed by previous literature, ill-
fitting shoes pose deforming effect on the foot leading to various foot pathologies, such as
hammertoes, hallux valgus, corns [159]. Frey et al. indicated that footwear is the essential
extrinsic factor leading to foot deformities, especially, for the development of forefoot
pathologies in women, and they showed that 80% of the healthy women in 356 subjects
have sort of foot deformity. However, there is a fact remained in their study that 20% of the
investigated women who did not suffer foot deformities and developed foot pains, even for
those who wear HHS. There must be some intrinsic factors that resist foot deformation in

HHS wearing.

From a biomechanical point of view, the foot as a multi-segment structure can be
dramatically changed by ill-fitting shoes, such as HHS with heel elevated, small support
base areas, narrow forefoot box. What’s more, the HHS leads to a dramatic change on the
foot morphology, with arch passively raised and shorten as heel elevated, and the forefoot
becomes a major support segment, as well as the internal multiple-bone position, has been
modified. The biomechanical characteristic of lower extremities under HHS conditions is
increasingly being investigated in the complex 3D kinematics and kinetics. These and many
other researchers led to a tremendous increase in our knowledge, and in vivo function of the
foot on HHS gait is being more and more appreciated. However, Anthropometric in 3D foot

shape under HHS conditions has not been proposed yet.

Traditionally, the X-ray image is frequently used to analyze the skeletal morphology by
obtaining weight-bearing radiographs of the specific segment of the body, but these are
intrinsically limited due to the single plane projection view. Nowadays, most of the

restrictions of traditional radiographic measurement can be addressed by current MRI and
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CT technology, which provide the 3D volume of the skeletal structure with high spatial
resolution. As such, the image of CT and MRI can also support more precise assessment
and diagnoses of various musculoskeletal pathologies [160]. Foot morphology is, therefore,
of tantamount importance to understanding foot functional adaption, and provides a
reference for further work to address the relationship between foot function and foot

morphology.

3.2 Methods

CT examination: one healthy female subject was recruited to conduct a CT scan. Prior to
the measurement, the foot condition of the subject has been checked without any foot
deformity or foot pathologies. Then subject with high heels of different heel heights (Ocm,
3cm, Sem, 7cm) conducted CT scanning. The subject was supine on the CT scanning bed,
and the ankle joint was kept in a neutral position. Thin layer scanning was performed on the
tibiofibular and the whole foot. Scanning parameters were assigned as: the voltage was 120
kV, the current intensity was 240 mA, and the scanning layer thickness was 0.600 mm. A
total of 8232d tomography images' interval thickness was 2 mm interval, and resolution
quality was 512x512. Then CT scanning images were saved in DICOM (Digital Imaging

and Communications in Medicine) format.

Data import: The obtained DICOM file is imported into the software of Mimics Medical
20.0 (Materialise, Belgium). The image orientation is determined in Mimics software to
complete the CT data import. Regarding the foot reconstruction in Mimics, firstly, the
thresholding option was used for varying grayscale values, with a minimum threshold of
213 and a maximum of 3 071; Secondly, the regional growth option was used to separate
the bony structure from each other; thirdly, calculate 3D from Mask was used to reconstruct
bony one by one (Fig 3.1); fourthly, all 3D models are saved in Stereolithography (STL) file
format, input Geomagic Wrap 2017(Raindrop, America) software to smooth surface model
of optimizing bone, curved surface reconstruction function was used to establish the foot
bone, then each part of the proceeds to the STL format file, import into 3-MATC software

for angle measurement. The final reconstruction foot model is presented in Fig 3.2.
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Fig 3.1. The foot image is in three planes; A is in the frontal plane; B is in the transverse

plane; C is in the sagittal plane; D is a reconstructed bony involving 24 bones.

Ocm 3cm S5cm 7 em

Fig 3.2. The final reconstruction 3D foot model under HHS condition with four different
heel heights.
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3.3 Results and Discussion

Foot morphology in different heel height conditions (Ocm, 3cm, Scm, 7cm) was quantified

by using angle measurement, which included Bohler angle, Gissane angle, the talus-first

metatarsal (TFM) angle, the Calcaneal-1st metatarsal (C1M) angle, the hallux valgus (HV)

angle, the metatarsal break (MB) angle, the first metatarsal declination (1MD) angle, the

First intermetatarsal (FIM) angle. The angle description is presented in table 3.1.

Table 3.1. The description of measured angle [160][167].

Angle

Description

Image

Bchler angle

Gissane angle

TFM angle/
Meary’s angle

C1M angle

1MD angle

The angle between the tangents of the
anterior-dorsal aspect and the posterior-

dorsal aspect of the calcaneus

The angle between the downward and
upward slopes of the calcaneal anterior-

superior surface

The angle between the long axis of talus and

the long axis of the first metatarsal

The angle between the axis of the first

metatarsal and the long axis of calcaneus

The angle between the long axis of the first
metatarsal bone and the supporting surface
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HV angle The angle between the long axis of the first
metatarsal and the long axis of the hallux

proximal phalanx

FIM angle The angle between the long axis of the first
metatarsal and the long axis of the second

metatarsal

MB angle The angle between two lines segment

through the most anterior aspect of the head m

of the 1% 2" and 5™ metatarsal bones

As shown in Fig 3.3, the Bohler angle is an angle between the tangents of the anterior-dorsal
aspect and the posterior-dorsal aspect of the calcaneus [161-163]. More specifically, is the
angle on a lateral foot view between a line from the highest anterior process of the calcaneus
to the highest point of the posterior calcaneus articular facet, and the line from the highest
posterior calcaneus articular to the highest location of the calcaneus tuberosity [164]. The
normal range value of the Bohler angle is from 25° to 40°. Although there is a wide
difference between the individuals, also a little variation is apparent in the left and right feet
of a single individual. According to the angle measurement, the Bohler angle in the five
different foot conditions showed a significant difference. The largest value of the Bohler
angle is shown at Ocm heel height, and gradually decreased from 36.62° to 29.36° with heel
height increased from Ocm to Scm, presented the smallest angle at Scm. Following the
slightly increased from 29.36° to 30.34° as heel height raised from 5cm to 7cm. Although

the heel height posed an important influence on the Bohler angle under HHS conditions, all
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those angle magnitudes are within the normal range, even the heel raised from Ocm to 7cm.
The calcaneus segment has a relatively higher ROM in the sagittal plane among the multiple
segments of the foot, thus the acceptable ROM activities are relatively large. The Bohler
angle is correlated with the calcaneal function, and a reduction value in the Bohler angle
can be considered an indicator of the severity of the calcaneal injury. Under HHS conditions,
with heel height elevated from Ocm to 7cm, the Bohler angle varied by 7.26° from the largest
value of 36.62° in Ocm to the lowest value of 29.36° in 5cm. This slight change of Bohler
angle under dramatically increased heel height may indicate that the calcaneus position in
the sagittal plane is not changed with heel height elevation to provide a stability function on

the subtalar joint and ankle joint.
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Fig 3.3. The Bohler angle variation among the four different heel heights.

As shown in Fig 3.4, the Gissane angle in five different foot conditions is displayed. Gissane
angle is measured by 2 lines in lateral view: one line is along the anterosuperior facet of the
calcaneus and joins another line along the posterosuperior facet of the calcaneus, which is
used to estimate the severity of calcaneal fractures [164]. The normal value of the Gissane
angle is between 120° and 145°, and a wide variation in the value of the Gissane angle has
existed between the individuals, as well as a relative difference between the right and left
foot [164]. According to the angle measurement among the five different heel heights, the

whole angle varies by 7.94° from Ocm to 7cm, the highest angle (150.34°) was found at 5cm,
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and the smallest angle (142.4°) was observed in 7cm. Normally, the Gissane angle and
together with the Bohler angle is utilized to diagnose the severity of the calcaneal fractures
and stability, and these angles can provide the restored reference for surgical treatment of
calcaneal fractures [165]. The Gissane angle and the Bohler angle varied by 7.94° and 7.26°,
the similar variation range from Ocm to 7cm could highlight that the subtalar joint is
relatively stable in the sagittal plane since calcaneal segment position is only slightly

disturbed by heel height.
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Fig 3.4. The Gissane angle variation among the four different heel heights.

As shown at Fig 3.5, the TFM angle is formed by the midline of the talus axis and the
longitudinal line of the first metatarsal, also known as Meary’s angle has been used to
determine the apex deformity in individuals with pes cavus. The positive value of the TFM
angle indicated the angle apex is in the dorsal direction and represents a greater talar
declination; while the negative value is directed in a plantar direction and represents a
greater first metatarsal inclination [165-167]. The normal angle value of TFM is 0° which
means the extension lines of the midline axis between the first metatarsal and talus are
parallel. And the severity of pes cavus can be classified into three conditions based on the
TFM angle which include mild: < 15°; moderate: 15-30°; severe: >30°[168-170]. According
to measurement, the TFM angle increased as heel height elevated from Ocm to 7cm, and
there is a dramatic increase of 87.67% as heel height raised from Ocm to 3cm, and the angle

increased by 22.1% from 3cm to 7cm. The HHS forces the foot into a pes cavus with
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moderate deformation, and the severity of the pes cavus would develop further with heel
height increasing. Under HHS condition, the medial and longitudinal arch is passively raised
as the heel increasing, which tighten the Achilles tendon and plantar fascia producing claw
toes due to the windlass mechanism influence [171]. Furthermore, the high rigidity arch
lacks shock absorption and is prone to heel pain and plantar fasciitis. In here, the heel height
we measured is limited to 7cm, and if a heel height of HHS more than 7cm is chosen, which
could force the foot into a more severe condition of pes cavus, causing severe damage to

the musculoskeletal system.
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Fig 3.5. The TFM angle variation among the four different heel heights.

As shown in Fig 3.6, the C1M angle also known as the Hibbs angle, is defined as the angle
between the line from the inferior surface of the calcaneus and joined a line of the
longitudinal axis of the first metatarsal. C1M angle measured as lateral view reflecting the
sagittal alignment of the hindfoot and forefoot, there is a strong relationship between the
arch height, the normal angle of it is 150°, and it decreases as the signal of cavus deformity
and high longitudinal arch. Cavus deformity can result in a loss of arch shock absorption
function in gait due to the inability of the hindfoot to bear a valgus alignment. What more’s,
the Cavus deformity also leads to an unstable tripod weight-bearing structure of the foot,
which causes ankle instability or painful calluses of the plantar [172-175]. According to the
measurement, the magnitude of C1M angle decreased as heel height elevated from Ocm to

7cm, a sharp decrease of 17.2% occurred on 3cm compared with Ocm. The angle variation
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significantly exceeds the normal range from 3cm to 7cm, which indicates a cavus deformity

induced by HHS. The results are consistent with Meary’s angle which describe above.
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Fig 3.6. The C1M angle variation among the four different heel heights.

The hallux valgus (HV) angle in five different foot conditions is presented at 3.7. The HV
is the angle defined between the longitudinal axis of the first metatarsal and the longitudinal
axis of the first proximal phalanx [176-179]. HV malformation is considered to be one of
the most common foot disorders, particularly among women who regularly wear HHS, and
previous studies have shown that the prevalence of HV is significantly higher in those who
are habitual HHS wearers than those with unshod or flat-shoes feet [180]. The index of HV
angle is used to evaluate the severity of the deformity, which is classified into three groups:
mild (15°- 20°); moderate (20° - 40°); severe (> 40°). According to the angle measurement,
the HV angle increased as heel height elevated from Ocm to 7cm. There is a significant
increase of 65.27% found at 3cm when compared with Ocm, and a slight increase from 3cm
to Scm, and the largest HV angle of 35.1 ° was found at 7cm. Therefore, the HHS could pose
a high risk of HV development on the foot. As Gu et al. demonstrated that a subject with
mild HV resulted in an increased pressure under the first metatarsal head compared to
healthy control groups [181]. Additionally, the COP oscillation medially shifted to the first
head metatarsal was found in the mild HV group, which may adversely affect the first ray

and lead to a greater susceptibility to HV deformity [82].
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Fig 3.7. The HV angle variation among the four different heel heights.

As shown in Fig 3.8, the first intermetatarsal (FIM) angle is formed between the line of the
longitudinal axis of the first metatarsal and the line of the second metatarsal [177, 181-183].
The identification and measurement of the FIM angle indicate the HA deformity severity
degree [176, 178, 184, 185]. It has been reported that the normal angle of FIM angle is no
more than 9°, the increased FIM angle implicates the hallux valgus deformity [184]. The
correlates with HV severity following: mild (9°-11°), moderate (12°-17°), and severe (>
18°). According to the measurement, the FIM angle increased with heel height elevation,
and the tendency of increased angle is consistent with HV angle characteristic that has been
described above. Additionally, there is a sharply increase of 23.9% found from 3cm to Scm,
and from S5cm to 7cm only increased by 3.2%. The FIM angle provides obvious evidence
that there is at least a moderate risk of HV development in HHS population. The prevalence
of HV in HHS population may continuously increase to the severity level when heel height

1s raised more than 7cm.
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Fig. 3.8. The FIM angle variation among the four different heel height.

Fig 3.9 presents the metatarsal break (MB) angle, also known as metatarsal index, which is
formed by the line from the most anterior point of the first metatarsal head to the most
anterior point of second metatarsal head and another line from the most anterior point of
second metatarsal head to the most anterior point of the fifth metatarsal head [183, 186,
187]. The MB angle is used to evaluate the length relationship between the first metatarsal
and the rest of metatarsals, and has been classified into three categories: plus index indicates
that the first metatarsal is at the distal end of the arc; plus-minus indicates that the distal end
of the first metatarsal contact with the arc; minus index indicates that the first metatarsal
head approaches the arc. Additionally, a minus index indicates increased bunion and (related)
metatarsal pain due to increased load on the second and third metatarsal bones [186]. Also,
the magnitude of the MB angle increases with relatively longer first and five metatarsals,
and decreases with relatively shorten first and five metatarsals [187]. According to
measurement, the angle variation of MB among different conditions is consistent with the
changes of foot structure under HHS, that is, the arch height raised and forefoot segment
shortened as heel height elevation. Therefore, the MB angle is reduced as heel height

increased from Ocm to 7cm, but there was only a 4.5% difference between 7cm and S5cm.
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Fig 3.9. The MB angle variation among the four different heel height.

Fig 3.10 shows the first metatarsal declination (1MD) angle, which is defined as the angle
formed by the longitudinal axis of the first metatarsal with respect to the supporting plane
[163, 177, 183, 188]. The IMDA is normally utilized to evaluate the primary metatarsal of
hallux rigidus associated with the metatarsus primus elevatus [189], which is considered to
be induced by wear and tear of the first metatarsophalangeal joint [190-193]. In terms of the
patient with hallux rigidus, the most common surgical approach for treating the severity
hallux rigidus is reducing the elevation of the proximal end of the first metatarsal [194, 195].
The normal 1MD angle has been defined as 20°-21° in the previous research [184, 196, 197].
Regarding the influence of the heel height on the magnitude of the 1MD angle, the results
indicate an increased tendency of 1MD angle as heel height elevated from Ocm to 7cm.
Additionally, there a sharply increased value of 57.0% is found from Ocm to 3cm heel height,
12.3% increase is found from 3cm to Scm heel height, and 6.5% increase is found between
Scm and 7cm. The increase rate of MDA is decreased with heel height gradually elevated
from Ocm to 7cm, this may be caused by the limitation of metatarsophalangeal joint motion
range. The rigid metatarsophalangeal joint increased under HHS conditions, to provide a

stable support on the lower extremity, its strength increases as heel height elevation.
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Fig 3.10. The 1MD angle variation among the four different heel heights.

3.4 Conclusion

Based on the 3D model reconstruction method, the high-fidelity 3D foot model in four
different heel heights (Ocm, 3cm, Scm, and 7cm) has been built respectively, as a new
perspective to provide the foot morphological details under HHS condition. According to
the measured angle, the morphology of the longitudinal arch and the hallux valgus
experience a dramatically modified by HHS as heel height elevation from Ocm to 7cm
(average difference of 89.71% in the TFM angle; average difference of 18.56 % in the C1M
angle; average difference of 71.5% in the HV angle; average difference of 36.28% in the
FIM angle; average difference of 63.13% in the IMD angle), which result in a loss of the
arch shock absorption ability and increase the risk of hallux valgus development. In addition,
it seems that general foot deformity induced by HHS reaches a limitation level at the heel
height of 5cm since there only a slight difference in the measured angles are observed from
S5cm to 7cm when compared to other heel heights (average difference of 6.5% in thelMD
angle; average difference of 3.2% in the MB angle; average difference of 2.4% in the C1M
angle; average difference of 9.3% in the TFM angle).
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4 MSM and FEM analysis on plantar fascia strain under HHS condition

4.1 Introduction

The plantar fascia is a rather complex and important structure, which has different
biomechanical functions in gait, such as supporting transverse and longitudinal arch,
facilitating force transmission between foot and ground, balancing weight-bearing
distribution on foot, cushioning ground reaction force, preventing the foot from injury [47,
198-201]. However, any injury to plantar fascia inevitably affects the biomechanical
function of the foot. In the United States, approximately 2 million people experience
symptoms of heel and plantar pain due to plantar fascia injury yearly [198]. Known as
plantar fasciitis, which is caused by excessive repetitive loading of the plantar fascia leading
to microtears and inflammation of the calcaneal adhesions [202, 203], and it is a common

complaint among women, especially those wearing HHS regularly [204].

It is evidence that wearing HHS adversely affects the musculoskeletal system, altering
ankle-foot complex function, changing the force transmission pattern of a muscle tendon,
interfering load distribution of the foot [72, 205, 206]. The length of the calcaneus to
metatarsals is shortened in accompanied by arch rising under HHS conditions, leading to a
change in arch morphology, transferring a greater portion of weight-bearing to the forefoot,
reducing the plantar contact area of midfoot, leading to increased contraction and tension
force on plantar fascia [207]. Khodair and Younes investigated the relationship between the
plantar fasciitis pathology and HHS wearing in 40 female patients with resulting heel pain,
they reported that 30 patients had fascial edema at calcaneal insertion and plantar fascia
thickened; signal intensity in plantar fascia increased in 21 patients, which are characteristic

signals of plantar fasciitis [208].

On the contrary, there are different opinions about the effect of HHS on plantar fascia strain.
Some investigators have suggested that the appropriate heel elevation was beneficial in the
treatment of plantar fasciitis on account of the plantar fascia tension could be temporarily
reduced by heel raising [209, 210]. It was believed that the angle discrepancy between the

hindfoot and metatarsus decreased under HHS, which allowed more movement of the
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forefoot in the plantar-flexion position, and reduced fascia tension [209]. Recently, Yu et al.
investigated the effect of heel height on strain-stress on the plantar fascia using FEM, its
total tension force was reduced by 77.3% as heel height raised from 0 to 5.08 cm during
balanced standing [18]. However, the plantar fascia in this research was simply represented
by a one-dimensional (1D) linear truss element, which may overestimate its elastic modulus

resulting in an inaccurate plantar fascia strain [198, 211].

Accordingly, to address the controversial views of the tension force in plantar fascia as the
main crucial biomechanical concern in foot pathological in HHS population, to further
understand the influence of heel height on plantar fascia tension, a solid 3D plantar fascia
modeling is established. In this experimental, the effects of HHS with three different heel
heights (3cm, Scm, 7cm) on the strain-stress variation of 3D plantar fascia by using a
combination of FEM and MSM analysis. Comparison of 3D and 1D digitization of plantar
fascia, with 1D of plantar fascia created by linear truss elements that simply connect the

heel and five proximal phalanxes was carried out.

4.2 Methods
In this study, a healthy female (age: 26 years old; height: 165c¢m; weight: 53kg) with no sign

of musculoskeletal pathology and lower limbs injury was recruited. For data acquisition,
gait capturing 3D motions of the subject wearing HHS in three different heel heights (3cm,
S5cm,7cm), and each gait corresponding to relevant muscle forces and strain distribution in

plantar fascia were computed using MSM and FEM, respectively.

4.2.1 MSM analysis during HHS gait with different heel height

Gait analysis

The gait analysis was used to drive MSM. A Vicon motion capture system (Oxford Metrics
Ltd., Oxford, UK) consisting of 8 cameras and two AMTI force platforms (Watertown, MA,
United States) was utilized to capture the kinematic and kinetic of lower extremities during
HHS gait. The kinematic and kinetic data were measured synchronously at frequencies of
100 Hz and 1000 Hz respectively (Fig 4.1). The marker set was placed on the subject’s

various lower extremities key points according to generic GaitModel 2392 in Opensim. One
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static standing trial and 6 successful walking trials were captured on each heel height
condition. For walking trail data acquisition, the subject walked through the motion capture
area in a straight direction at self-selected speed with both feet stepping entirely at the force
platforms. The captured representative data of 6 trials of each heel height were selected for

musculoskeletal modeling analysis.

= = = Movement direction

i Vicon Camera
- 0.6m < 0.8m
Force plate -

“? Foot landing position

Start

Finish

Fig 4.1. Experimental set-up.

EMG measurement

In this experimental, the muscle activity was acquired from EMG signals that were captured
by Delsys system (Delsys, Boston, MA, United States), involving gastrocnemius (GC),
tibial anterior (TA), and soleus (SL), these three muscles play an important function on ankle
joint control under HHS condition. The EMG was conducted at a frequency of 100Hz, band-
pass filtered between 16 to 380Hz. In addition, a low-pass filter with a 10 Hz frequency was
utilized to smooth EMG signals (Fig 4.2). The amplified EMG signals obtained from
experimental measurement can be used to compare with simulated muscle variation in the

OpenSim, which serves as efficient validation for MSM model.
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Fig 4.2. The Delsys surface electromyography devices.

MSM simulation in OpenSim

To calculate the relevant muscle forces in the lower lime, GaitModel 2392 as a generic MSM
was selected in Opensim. The GaitModel 2392 has 10 main rigid body segments, 23 degrees
of freedom, and 92 musculotendon actuators to represent 76 muscles in the lower limbs and
torso [211]. Three major extrinsic muscle groups of lower extremities: -GC, SL, and TA for
foot movement were digitized. GC and SL play important roles in ankle plantarflexor and

TA produces major dorsiflexion moment to the ankle during gait [212].

The kinematic data and GRF in 3cm, 5cm, and 7cm heel height condition was converted
into Opensim from the Visual 3D (V3D) to calculate the muscle forces. The following
process was performed in Opensim: the selected musculoskeletal modeling was scaled to
accommodate the height and mass of the test subject with adjusting muscle attachments and
length. The scaling process is performed as follows: the model anthropometry is adjusted
by a scale tool to match a particular subject. Scaling is typically performed by comparing
the position between the experimental makers and virtual markers on a model. Then, the
residual reduction algorithm was applied to match the coordinates of the model which drives
the generalized coordination of the dynamic musculoskeletal model toward the desired

kinematic trajectory. The workflow of the MSM establishment is shown in Fig 4.3.
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Fig 4.3. The workflow of MSM establishment using OpenSim.

4.2.2 Development of the FEM

Geometry model construction

CT scan was performed on one subject using a 3.0-T SIEMENS MR system, and the images
of the sagittal, coronal, and transverse planes were collected (repetition time:4.11s; slice
thickness: 1mm; and matrix:320x260). Before CT scanning, the foot health of the participant
has been carefully checked by an experienced physician and it was found that the participant
is free from any disease and injury. To place the foot in a neutral position during CT scanning,

a custom-made ankle foot orthosis was utilized to fix the foot (Fig 4.4).

Fig 4.4. CT scanning was performed on the right foot with a custom-made ankle foot

orthosis fixed in an HHS shoe.
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The geometrical shapes of the right foot model were segmented based on the CT scanning
pictures of the participant using Mimics 18.0 (Materialise, Leuven, Belgium). The boundary
of each boney and soft tissue was obtained by Mimics tool and a 3D surface model of each

bony and soft tissue was created including 28 bones and 1 encapsulated soft tissue (Fig 4.5).

The distal phalanx is merged with the middle phalanx, and the sesamoids were merged with
the first metatarsal. The bony and soft tissue model was imported into the software of
Geomagic Studio (Geomagic Studio) which is a reverse engineering and scanning software,
that provides a series of options to modify and smooth model, then create the solid model.
The solid model of bone and soft tissue was imported into SolidWorks 2016 (SolidWorks
Corporation, Massachusetts) to construct cartilage, encapsulated soft tissue, and 3D plantar
fascia, in which cartilage was generated based on areas of 2 adjacent segmented bones,
encapsulated soft tissue was generated by subtracting the bony and cartilage, and plantar
fascia was generated according to the anatomical atlas [213], starting from the calcaneus

tubercle, separating into five branches extend to the five proximal phalanges.

In addition, the major muscle, tendon, ligamentous structures were also involved, the
insertion position of these structures were based on the Interactive Foot and Ankle (Primal
Picture Ltd., London, UK, 1999), and three muscle groups GC, TA, SL, and 20 ligaments
and Achilles tendon together with the plantar fascia connecting the corresponding points,
were modeled as 1D linear truss elements (Fig 4.5). All the ligamentous, tendon, cartilage,

and bony structures were embedded in the bulk volume of the encapsulated soft tissue.

- Achilles tendon

— Ligament

Fig 4.5. The solid components include bone, soft skin, cartilage, and the 3D plantar fascia,

while the 1D linear truss elements include the Achilles tendon, ligaments, and muscles.
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Then the HHS was also created in SolidWorks, three different heel height was generated.

The shoe size was 37 EU properly fitted participant foot. To simplify the simulation, only

the shoe sole was included, which is comprised of two components: heel and sole (Fig 4.6).

3cm

Scm Tcm

Fig 4.6. HHS model in three different heel height.

Geometry mesh and element assignment

The foot model predominately meshed with hexahedral elements with less than 5% of
tetrahedral elements in Hypermesh (14.0). Hexahedral elements usually provide an
equivalently accurate and efficient solution with less computational cost. However, it is
difficult to automatically generate the hexahedral due to the irregular shape of bony and
encapsulated soft tissue. Thus, the irregular bony and encapsulated components were
sectioned and re-meshed manually to improve the quality of the mesh with an aspect ratio
of 3D element close to 1, and a Jacobi ratio of 0.6 [136]. The mesh size of the bone and

encapsulated structure referred to previous literature, which was assigned as 8mm [136].

The mesh size of 3D plantar fascia was determined by a sensitivity test, and the sizes of the
elements were gradually reduced until the variation of force-displacement is less than 3%

between the two size meshes [136]. The second-order element was assigned to the plantar
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fascia structure since plantar fascia is mainly targeted for simulation, and the first-order
element was assigned to the bone, cartilage, and encapsulated structure to reduce the
computational cost. The element of ligament, muscle, and Achilles’ tendon were defined by
bar using a 186 solid element with lineally property, the sectional width was assigned to

2mm in the Hypermesh.

Material properties assignments

To simplify the complexity of the model, the components including bone, ligament, cartilage,
muscle, and Achilles’ tendon was idealized as homogenous, isotropic, and linearly elastic
material (Table 4.1). Additionally, the encapsulate soft tissue was defined as nonlinearly
elastic based on the uniaxial stress-strain curve measured by Lemmon et al.1997 shown in

Fig 4.7 [214].

0.25
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Strain

Stress (MPa)

Fig 4.7. Stress-strain curve for bulk soft tissue [214].

To quantitively describe the nonlinear material, the hyperplastic material model was used in
Ansys (ANSYS, Inc., Canonsburg, USA), and the coefficients of the hyperplastic material
model of the second-order polynomial were obtained from a previous study. Table 1 shows
the material property of shoes, bone, muscle, plantar fascia, cartilage, ligament, Achilles

tendon, and encapsulated soft tissue, as previously reported [214-217].
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Table 4.1. Material properties of the components in the finite element model.

Elastic modules Poisson ratio Cross-section  Mass density
(Mpa) (mm?) p (kg/m®)
Bulk soft second-order polynomial -
tissue
strain hyperelastic model (C10=0.8556,
C01=0.05841, C20=0.03900, C1:=0.02319,
C02=0.00851, D1=3.65273)
Bone 7300 0.30 - 1500
Sole 200000 0.42 - 7800
Ligaments 260 - 18.4 -
Cartilage 1 0.40 - 1050
3D plantar 350 0.45 - -
fascia
1D plantar 350 - 58.6 -
fascia

Boundary and loading condition

The loading condition during walking in FEM simulation was determined from the
experimental data of the participant. Three instants (GRF first peak (25% stance phase), the
GRF valley, (45% stance phase), and the GRF second peak (60% stance phase)) of the stance

phase were used to drive the foot model.

Before the simulation runs, with the sole of shoes fully restrained, the foot model was paced
as heel strike position with an angle between the plantar and sole set at 20°, which was the
angle acquired experimental data between the sole of the shoe and the ground. With the tibia
set as the axis of rotation defined by the load joint option in Ansys, an inclination angle of
the tibia relative to the ground of 0° was set as the initial first peak stance condition. The
tibia was further rotated about the X-axis from 0° to 25° relative to the vertical ground axis

(Figure 3(a)) to define the mid-standing stance and second-peak stance conditions, and the
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rotation moment function described by the ankle moment in the sagittal plane. In the
analysis, the foot FEM model translation and rotation in coronal and transverse planes were
not considered. For the surface between the sole and the forefoot, a friction coefficient of
0.6 was defined [218], and the respective GC, SL, and TA forces acquired from the MSM
at three stances were applied, with Achilles tendon forces obtained from previous research
applied [218]. The Transient Solver was selected in Ansys to avoid convergence problems.

The loading and boundary conditions of the foot simulation was shown in Fig 4.8.

//////////////////////////////////////////////

Fig 4.8. Loading and boundary condition of the foot on the high heel sole (present in 3cm
heel height).

FEM validation

The validation was conducted by comparing the plantar pressure of the experimental
measurements and FEM predictions in three different stances phase of three different heel
height conditions. Firstly, the plantar pressure was measured by an in-shoe system (Novel
Pedar System, Novel GmbH, Munich, Germany) during the HHS gait in each heel height
condition with each corresponding peak contact pressure recorded. Secondly, both
experimental and predicted maximum contact pressure in 9 plantar regions (big toe, other
toes, 3 equally divided regions in the forefoot, lateral and medial of midfoot and hindfoot)
were collected. Then by applying Pearson correlation, |r|, the agreement between predictions
and experimental measurements of 18 data pairs were compared. Value of [r] < 0.35,0.36 <

Ir| <0.67, and 0.68 < |r] < 1.0 represent weak, moderate, and strong correlation, respectively
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[219]. The predicted tension of 1D plantar fascia was compared with existing research, as

well as muscle force in GC, SL, and TA.

4.3 Results and Discussion

Muscle activation validation between the EMG and MSM

The muscle force measured by EMG was qualitatively compared with MSM-based muscle
activations to validate the simulation model. The three-muscle force during HHS gait cycle
with different heel heights (Ocm, 3cm, Smc, 7cm) was presented, and the comparison results
are shown in Fig 4.9. The simulated muscle activation shows a good agreement with EMG

recording during a gait cycle.
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Fig 4.9. Muscle activation between an estimate and EMG signals during HHS gait in
different heel heights; (a) shows 3cm heel height gait; (b) shows the Scm heel height gait;
(c) shows the 7cm heel height gait.
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FEM Validation
Fig 4.9 (b and c) showed the plantar pressure distribution of 3-cm heel heights condition

obtained from the FEM prediction and the experimental measurement in three stance phases.
Correlation analysis showed a high linear relationship between the FEM prediction and
measurement (r=0.83; confidence interval:95%, 0.57-0.90; P<0.002). The difference
between experimentally measured and computationally estimated is 14% in first-peak, 13.8%
in mid-standing, and 28.6% in second-peak. Fig 4.10 showed the muscle forces calculated
by Opensim compared with previous studies, the graphs show similar corridor trends [212,
220]. Lastly, the variation range of predicted strain in 3D and 1D plantar fascia models at
mid-standing is 3%-5.7%, which was consistent with previous measurements [209]. Based

on these validations results, our simulation results are considered to be reliable.

a
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Fig 4.10. (a) the different stance phase of HHS gait, (b) FEM predicted, (c) plantar contact

pressure in experimental measurement.
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The muscle activation pattern in HHS gait with a different heel height

The major activity of GC force appeared in the mid-stance phase, the peak muscle activation
of GC occurred in the post midstance, and the second greatest level of GC activity occurred
in the terminal swing phase. The peak amplitude was significantly increased with heel
height elevation, the highest GC amplitude occurred at 7cm heel height. Furthermore, in
comparison with barefoot, GC force is increased by 56.5% in 7 cm heel height. Then,
compared with the heel height of 3cm and 5ecm, GC force in 7cm heel height was increased

by 35.7% and 17.3%, respectively.

The SL presents a similar trend with GC amplitude from the midstance to toe-off phase. The
major SL activation occurred on the midstance, reached the maximum value at post
midstance in all gait conditions, then gradually decreased at toe-off phase. During mid-
swing phase, SL reached to the second greatest level. And all gait conditions exhibit the
same activation pattern in SL muscle. In addition, there is a dramatic increase of SL force
as heel height increased, 88.7% of the increase in 7cm when compared with Ocm.
Followingly, decreased by 77.5% and 48.5% in 7cm when compared with 3cm and Scm
respectively. On the other hand, the maximum amplified of SL is significantly higher than
that of GC muscle force, it seems that the SL muscle plays a more important role in

propelling the body move forward then GC muscle.

The major muscle activity of TA occurred around the time of toe-off, the maximum
magnitude of TA force in all gait conditions appeared at 60% of stance phase, fell away
rapidly at pre-swing phase, then increased lightly at 80% of stance between the mid swing
and terminal swing phase. In contrast to GC and SL activation pattern, TB amplified is
gradually increased as heel height elevated from Ocm to 7cm, and the highest TA muscle
force is occurred on 7cm heel height during heel contact and swing phase. However, there

no significant difference was found in peak TA force among four gait conditions.

The findings in present study are consistent with the report of Stefanyshyn et al. evaluated
the biomechanical response of kinematics, kinetics, and EMG in HHS gait with various heel

height (1.4cm, 3.7cm, 5,4cm, and 8.5cm) [16]. It was reported a systematically increased in
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the GRF, ankle joint flexion, and knee joint flexion angle, then SL muscle activation showed

a graded response as heel height elevated.

During HHS walking, the body’s COM is elevated and shifts toward, this may impose the
plantarflexors to produce greater torques to take off during movement, possibly, to offset
the destabilizing influence induced by the altered GRF vector, this could explain the
consequence of the GC and SL muscle force reached to peak at pre-toe-off phase during
HHS gait. Furthermore, both the GC and SL is activated in a plantarflexed position under
HHS condition, and it plays an important role to generate the push-off force propelling the
body to move forward. Also, as a result of the plantarflexion increase caused by HHS
wearing, the length of the moment arm of the AT is decreased, then muscle of SL and GC

tends to increase stabilizing the ankle joint.

The muscle force is considered to be affected by the physiological cross-sectional area that
reflects the amount of sarcomere, and fascicle length that defines the length-force
relationship of the muscle [221, 222]. Csapo et al. investigated the effects of HHS wearing
on the anatomical function of calf muscle MTU, and indicated that muscle fascicles can be
shortened by HHS wearing in a long term, and accompanied by increased Achilles tendon
(AT) size and stiffness [3]. They also observed that the length ratio between the tendon to
fascicle is 14% greater in HHS group compared to the control group. The length ratio is
widely used to measure fascicles shortening during isometric contraction [223], it shows the
compliance extent of the MTU, as well as the sarcomere variation [224]. Consequently, the
shortened length ratio of tendon to fascicles reflects the contacted calf muscle under HHS
conditions. In additional, the length of the calf MTU is decreased by the ankle plantarflexion
under HHS conditions, which could be further decreased as heel height elevation. Previous
studies have shown that the reduction in sarcomere number caused by shorter MTU length
represents the muscle’s chronically adaption [225]. Indeed, hindfoot is lifted by HHS
wearing and posing the plantarflexor MTU at a relatively shorter length, which also could
increase the tension around the GC and SL muscle, and an adequate level of tension in the

MTU is needed for force transmission and proprioception control.
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Changing of strain value on plantar fascia among different heel height

As predicted strain distributions of plantar fascia from FEM simulations showed similar
patterns for three different heel heights in three different stances, Fig 4.11a showed the
typical strain distribution pattern on plantar fascia in 5-cm heel height condition. The two
end portions of 3D plantar fascia tied to the bones at the proximal and distal regions were
excluded to avoid excessive deformation, and the remaining region of the 3D fascia was
divided equally into proximal, medial, and distal regions. FEM prediction results showed

heel height had a significant effect on the strain level of fascia in the three stances phase.

For the strain level of the plantar fascia, irrespective of heel heights, at the first peak and
mid-standing phases, the middle and proximal regions experience a similar level of higher
peak strain on fascia than in the distal region. At the second-peak phase, the plantar fascia
strain presents the highest value in proximal region, followed by distal region with the

lowest strain in the middle region.

For different heel heights, the simulations predicted different plantar fascia strain
distributions at different regions irrespective of stances phases. Fig 4.11d showed highest
plantar fascia strain occurred in the second peak stance phase. In this stance phase, in the
proximal region, the peak strain increased by 102% for heel heights of 3cm to 7cm. For heel
height raised from 3cm to Scm, the fascia strain increased by 26.1 %, and there is a sharp

increase of 60.3% from Scm to 7cm of heel height.

However, for the model with fascia modeled as 1D truss elements, there are no distinct three
regions as defined for 3D fascia. The peak strain in 1D fascia is smaller than 3D fascia in

all three different heel heights in all different stance phases.

71



a Second-peak Mid-standing First-peak
.

)
™
N
£
(1]
S
—
pistal____. AlLd SlIAY n
|| - | |
00 02 04 06 08 10 12 14 16 18 20 22 >=24
Von Mises Strain (%)
Distal Proximal
10
61C = d
5} gt

Strain (%)
Strain (%)
[+2]

Distal Middle Proximal 9 Distal Midldle Proximal

Fig 4.11. The peak 3D fascia strain for three heel heights in three gait events, (b) First-

peak phase, (c) mid-standing phase, (d) second-peak phase.
Discussion

Due to the complex interaction between foot movement and internal components, it is
difficult to investigate the biomechanical mechanism of plantar fascia from vitro
measurements. Therefore, establishing a realistic plantar fascia simulation method is the
premise to understand the biomechanical response of plantar fascia under HHS conditions.
In this study, a combination method of FEM and MSM was used to evaluate the strain

characteristics of plantar fascia during HHS walking in three different heel heights.

The opinions on heel elevation as a treatment approach for plantar fasciitis is questionable
based on the results of this study. The plantar fascia strain progressively increased in both
3D and 1D modeling when heel height elevated from 3cm to 7cm. The highest strain was
found at the 7cm heel height, the lowest was found at 3cm heel height, and there was a sharp
increase of 60.3% from 5cm to 7cm of heel height. However, the findings differ from

previous reports [18]. Yu et al. indicated that the average tension force and strain on plantar
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fascia decreased from 151.0 N (strain: 0.74%) to 59.6 N (strain: 0.28%), which was reduced
by 60.5% and 62.2% respectively when the heel height elevated from 0 cm to 5.08cm during
balanced standing with HHS, then there was a remarkably increased from 5.08cm to 7.62cm
of heel height. They suggested that the strain of plantar fascia could be decreased by an
appropriate heel height. According to Yu et al., the 1D element of plantar fascia was used in
their simulation, this simplification did not take into account the complex relationship
between ligaments and articular surfaces. In terms of foot structural complexity, the
biomechanical response of plantar fascia under loading is different in the lateral and medial
aspects, and it may be responsible for limiting the predicted loading result in an abnormal
plantar fascia strain when it is depicted as a 1D truss [213]. Therefore, a more
comprehensive 3D modeling could provide insight into the biomechanical response of the
plantar fascia variation under HHS conditions. In our study, 3D fascia modeling shows a
higher average strain than that of 1D fascia at all heel heights, and strain variation of the
entire 3D fascia structure can be demonstrated. The peak strain of plantar fascia in the
proximal region was larger than that of the middle and distal portion in three different heel
heights, especially at the second peak phase. The results were consistent with previous
reports that stress and strain were concentrated on the medial calcaneus tubercle, close to
the site of heel pain [226]. However, this strain response does not appear in the current]1 D

fascia model or the previous linear fascia model.

Meanwhile, the predicted results of this study are different from previous cadaver
experiments, in which plantar fascia strain decreased gradually from heel height of 2cm to
6cm [209]. According to the cadaver investigation, the heel elevation was achieved by a
contoured platform with a shank profile located in the mid-region, which simulates the inner
weight-bearing surface of shoes, and provides complete support for the foot arch. The
decreased plantar fascia strain was induced by an extended shank profile from under the
calcaneus to the cuboid, this may be enough to relieve severe symptoms of plantar fasciitis
[209]. Researchers have suggested that the load transmission pattern could be changed by
shoe interface configuration, further affecting the strain response of plantar fascia [75, 209,

227]. Differently, in our study, stilettos shoes with narrow base support were used which
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could lead to plantar pressure concentrating on the hindfoot and forefoot as well as reduce
the contact area on the mid-foot [228]. Furthermore, the arch is raised passively and reached
its limit of flattening with toes flexion that requires greater muscle force to keep body
posture stability under stilettos shoe condition. However, maintaining the posture under
HHS condition demands a higher-level activity on intrinsic muscles that becomes
inadequate, especially in terms of a long period using HHS that muscles are easily prone to
fatigue [229]. Thus, plantar fascia is more likely to experience tightness and obtain higher
tension force. The appropriate heel elevation may contribute to strain relief on the plantar
fascia, but it certainly does not refer to HHS with narrow heel base support. In further
research, the influence of different sole structures of shoes on plantar fascia strain and

tension force should be investigated.

On the other hand, the peak strain on plantar fascia reaches the maximum at second peak
stance compared with the first peak and valley stance phase. Under HHS conditions, the
MPJ keep in a dorsiflexion angle progressively increased with heel elevation. Healey and
Chen, demonstrated that the increased MPJ dorsiflexion as a result of the elevated hindfoot
is a compensation mechanism to stabilize body posture [150]. However, the larger
dorsiflexion angle of toes could increase tension force on plantar fascia due to the “windlass
mechanism”, which has been well described by Hicks in 1954 [50]. During the push-off
phase, the toes are forced into an extended position as toe-standing, the plantar pad is pulled
forward, then it moves the attached fascia anterior, contributing to a relatively shorter
longitudinal arch. Therefore, plantar fascia will be subjected to greater tension force when
the forefoot makes a push on the ground during the gait. In a cadaver model test, Erdemir
et al. observed that plantar fascia tension gradually increased during stance, and reached the

maximum at the late stance phase [230].

Certain limitations in this research should be discussed. Firstly, the realistic simulation of
the mechanical behavior of plantar fascia is important for plantar fascia biomechanics
response and the effect of pathological condition. But the material properties of ligament,

cartilages, and plantar fascia were idealized as linearly elastic, to compare simulation results
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with the previous one [218], thus the same material properties were adopted and the
hyperelastic or viscoelastic behavior was ignored here. Although this consideration could
reduce computational costs and complexity, the simplified material properties may
negatively affect internal strain distribution on the plantar fascia. As for how different
material models may affect the strain distribution of plantar fascia in specific applications,
such as HHS conditions, further research is needed. Secondly, only extrinsic muscle forces
were involved in this simulation, while other intrinsic muscles were not considered. Such
as flexor digitorum brevis muscle that was longitudinally adhered by the central plantar
fascia, its absence may adversely affect the accuracy of fascia strain value. Thirdly, FEM
analysis is always limited to a specific subject and does not take into account differences in
individual foot morphology. Lastly, the model gait 2392 we used here that limits DOFs at
the ankle joint, the more detailed foot model should be used in future research to evaluate

the foot function related to pathology.

4.4 Conclusion

For muscle activation pattern during HHS gait, there is a graded response in the GC and SL
muscle activation pattern as heel height raised from Ocm to 7cm, but not found on TA muscle.
The peak amplified of GC and SL muscle appeared at 40% of stance which is post midstance
phase, plays a role in the push forward during HHS gait, as well as stabilizes the ankle joint.
Additionally, the higher muscle activation pattern in GC and SL could beneficial for force

transmission and proprioception control during HHS gait.

A 3D FEM model of plantar fascia has been established to explore the effect of heel
elevation on plantar fascia internal loading during HHS walking, as well a 1D plantar fascia
model was created for comparison. The results from the present research could reveal the
strain variation on the plantar fascia and facilitate understanding of potential causes of
plantar fasciitis induced by using HHS. According to this study, 3D plantar fascia could
reflect the entire biomechanical change on plantar fascia than 1D, and provide a reliable
strain distribution on plantar fascia under HHS conditions. The strain on the plantar fascia
in this study was progressively increased instead of reducing as heel height raised from 3cm
to 7cm. The trend of increased strain on plantar fascia under HHS conditions is more in line
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with the “windlass mechanism”. Meanwhile, the higher strain on the proximal region of
fascia provides evidence for plantar fasciitis development in the HHS population. Proper
heel elevation may help to relieve plantar fascia tension, but it certainly does not refer to
HHS with narrow heel support. Therefore, the HHS as a treatment recommendation for
plantar fasciitis is questionable. Considering the foot morphology as a determinant factor in
load transmission patterns that can be shaped by footwear, the variation sole structure of
shoes should be investigated in the future to quantify the effect of different force

transmission patterns on the plantar fascia.
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5 Conclusion and further work

Conclusion

It is unavoidable for most women to wear high heels in their daily lives in pursuit of beauty
or to attend social events, despite widespread warnings from international medical
associations about the adverse health effects of HHS wearing. Numerous studies have been
conducted to explore the biomechanical change on the musculoskeletal system induced by
HHS, to reveal the potential relationship between HHS wearing and injury/disease, to
provide suggestions for HHS related pathological treatment. However, some limitations
remain unsolved, such as how HHS affects the kinematic characteristic of foot multi-
segment during gait, how HHS causes foot structure deformation in different heel height,
how HHS affects plantar fascia biomechanical response in different heel height. Therefore,
the purpose of this thesis is to address those questions using a comprehensive complex

method.

Firstly, biomechanical characteristics of the hallux, forefoot, and hindfoot segments under
HHS conditions has been investigated using a multi-segment model (Oxford foot model).
The major findings revealed a significantly higher dorsiflexed movement in the hallux and
higher adduction movement in the forefoot segment during HHS gait compared to barefoot
gait. The combined effect will cause hallux being twisting outwardly, while the forefoot will
be twisting inwardly during HHS. This mechanism could create a propagating, long term

trauma that eventually ends in hallux valgus or “bunion”.

Secondly, a high-fidelity 3D foot model under HHS condition with four different heel height
(0 cm, 3 cm, 5 cm, and 7 cm) has been built respectively. Foot morphology has been
described by 8 parameters, about the forefoot segment, the longitudinal arch height, and the
calcaneus segment. These angle measurements provide an intuitive view and
comprehensive understanding of foot morphological change caused by HHS. The major
findings demonstrated that the calcaneus segment remained relatively stable as heel height
increased from Ocm to 7cm, longitudinal arch height significantly increased and the hallux

segment progressively raised as heel height elevation from 0 cm to 7cm.
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Thirdly, a methodology workflow of finite element simulation combined with
musculoskeletal modeling derived force has been used to predict the internal strain
distribution of the plantar fascia in three different heel height (3cm, Scm, 7cm) respectively.
The major results showed that the highest plantar fascia strain occurred in the second peak
stance phase, the plantar fascia strain increased by 26.1% from 3 to Scm and increase sharply
by 0.3% from 5 to 7 cm of heel height. Meanwhile, the higher strain was presented on the
proximal region of fascia which could be a clue for plantar fasciitis development in the HHS
population. Those findings can provide comprehensive biomechanical details and reference
information for clinicians and physicians to develop an efficient rehabilitation program of

HHS related foot injury or disease.

Direction for further studies

The human foot is a plantigrade pattern, its morphology can be changed by the support
surface, mainly affected by footwear structure. As described, foot morphology experiences
a dramatic change to the digitigrade pattern with the heel raised and forefoot contact with
the ground in HHS gait. It is no doubt that enforced and unnatural foot morphological
change would bring various injuries and risks to HHS wearers. However, despite widespread
warnings from public health institutions and international medical societies, there is still a
large proportion of the population wearing HHS in their daily life, it has been reported that
beauty and femininity were the key drivers of women's behavior [21]. It seems HHS wearing
is unavoidable for most women in their daily life. With numerous studies that have
investigated HHS biomechanics and its relationship with injury risk occurring in the human
musculoskeletal system, accurate suggestions must be provided about how to counter the
adverse effects of HHS using, instead of only giving simple advice on not wearing it.
Consequently, in the future, the design of HHS shoes must be associated with comfort and

aesthetics to meet the requirements of beauty and health.

The animal bionic research could inspire designing more comfortable HHS or equipment
that could relatively counter the adverse effect of HHS on the human musculoskeletal

system. For example, Felines as typical digitigrade mammals, their distal limb segment
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metacarpal /metapodials elevated off the ground, as a major support region contact with the
ground. This special morphological structure allows felines to absorb two to three times
their body weight while resting on their small distal joint. Interestingly, human foot
morphology under HHS conditions is similar to the feline’s metacarpal morphological.
Therefore, the application of bionic design by investigating the internal biomechanical
mechanism of felines' metacarpal /metapodials structure on the human foot could provide

valuable information.
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New scientific thesis points

1% thesis point: Based on my experimental results, significantly higher dorsiflexed

movement occurred on the hallux and higher adduction movement occurred on the forefoot

segment during HHS gait compared to barefoot gait. I derived the following conclusions:

® The HHS wearing does not affect the add/abduction of the hindfoot as it is seen on
Figure 2.2. Only the last 10% of the movement shows some deviation.

® The hindfoot internal rotation becomes significantly higher during HHS gait, in the
stance phase (between 0% and 50% of the complete gait cycle). Higher movement of
the hindfoot in the transverse plane leads to an unstable posture during stance phase
that could increase the risk of the ankle sprain.

® [f Figure 2.2 is considered, it is obvious to see that the hallux dorsiflexion becomes
significantly higher during HHS gait, in the majority of the motion (between 17% and
85% of the complete gait cycle). This result has particular physical effects as well. First,
the higher hallux dorsiflexion leads also to greater change in forefoot adduction, as it is
seen in the first 50% of the gait cycle (see Figure 2.2). Second, the higher peak, which
is visible in the dorsiflexion function (see Figure 2.2, between 50 and 70% of the gait
cycle), will cause an inflexion in the forefoot adduction in the “toe-off phase”. The rapid
change, with an approximately 11° of amplitude creates cyclic bending stress in the
forefoot. The combined effect of cyclic bending and the high rate of change will result
that the hallux will be twisting outwardly, while the forefoot will be twisting inwardly.
This mechanism will create a propagating, long term trauma that eventually ends in

hallux valgus or “bunion”.
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Fig 2.2. The comparison of foot kinematics in three different planes between the HHS and

BF. The red region indicated the significant differences between HHS and BF.

Related articles to the first thesis point:

1'Wang, M., Gu, Y., & Baker, J. S. (2018). Analysis of foot kinematics wearing high heels
using the Oxford foot model. Technology and health care, 26(5), 815-823. 1F:1.308, Q4

2 Zhang, Y., Wang, M., Awrejcewicz, J., Fekete, G., Ren, F., Gu, Y. (2017). Using gold-
standard gait analysis methods to assess experience effects on lower-limb mechanics during
moderate high-heeled jogging and running. JoVE (Journal of Visualized Experiments), 127,

e55714. IF: 1.355, Q3
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2%t thesis point: Based on 3D model reconstruction method, a high-fidelity 3D foot model,

with four different heel height (0 cm, 3 cm, 5 cm, and 7 cm), has been built respectively, to

provide a new perspective on foot morphological details under HHS condition. As a result,

I provided a complete characterization, by the use of 8 parameters, about the forefoot

segment (HV, FIM, MB, 1MD), the longitudinal arch height (TFM, C1M) and the calcaneus

segment (Bohler, Gissane), the detail of the angle variation is shown in the Fig.5.1. I

deduced the following scientific morphological trends:

In case of the calcaneus segment, there a slight change is observed while the Bohler
angle and the Gissane angle slowly progress as heel height increased. It is indicated that
the position of the calcaneus segment remains relatively stable within the height range
of 7cm.

In the case of the longitudinal arch height, the talus-first metatarsal (TFM) angle shows
a strongly progressive increasing trend (increased by 89.71% in 0-7 cm), while the
calcaneus 1% metatarsal (C1M) angle shows a strongly progressive decreasing trend
(decreased by 18.56% in 0-7 cm). It is indicated that the longitudinal arch height
significantly increased as heel height elevation from 0 cm to 7cm, which could result
in a loss of the arch shock absorption ability.

In the case of the forefoot segment, the hallux valgus (HV) angle and 1% metatarsal
declination (1MD) angle show a strongly progressive increasing trend (increased by
71.50% and 63.13% in 0-7 cm, respectively). In addition, the first intermetatarsal (FIM)
angle shows a slow progressing trend (increased 36.28% in 0-7cm), while the
metatarsal break (MB) angle shows a slight decreasing trend (increased 4.1% in 0-7
cm). Those progressively increased values of the angles indicate that the prevalence of

the hallux valgus increased as heel height elevation.
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Fig 5.1. 8 specific types of angular change among four heel heights.

Related articles to the second thesis point:
1 ' Wang, M., Jiang, C., Fekete, G., Teo, E. C., Gu, Y. (2021). Health view to decrease
negative effect of high heels wearing: a systemic review. Applied bionics and biomechanics,

2021, 1-12. IF: 1.781, Q4
2 Zhao, X., Wang, M., Fekete, G., Baker, J. S., Wiltshire, H., Gu, Y. (2018). Analyzing the
effect of an arch support functional insole on walking and jogging in young healthy females.

Technology and Health Care, 4, 1-11. IF: 1.35, Q4
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37 thesis point: I deduced the strain distribution of the plantar fascia during HHS gait at

different heel heights by combining FEM, MSM, and motion capture techniques. My

scientific results are summarized in four points:

I calculated an average change of strain (ACS) of 20% between the distal and the middle
part when identical heel height was considered during the first and mid-standing phases.
The ACS has been deduced for each phase between the 3-5 and 5-7 cm (see Table 5.1).
According to Table 5.1, a heel height over S5cm significantly increases the plantar fascia
strain, which could increase the prevalence of plantar fasciitis development or heel pain
symptom in the HHS population.

Table 5.1. The average change of strain at different heel heights in three gait phases.

Phases ACS at 3-5 cm [%] ACS at 5-7 cm [%]
First peak phase 12.1 9.2
Mid-standing phase 5 27.2
Second peak phase 13 42

By my new method, I proved that the middle and proximal segments of the plantar
fascia behave completely the same way in the first and mid-standing phase when
identical heel height is considered.

Based on my calculation, the highest and lowest peak plantar fascia strain occurred on
the proximal region and the middle part respectively, in the second peak stance phase
when identical heel height is considered.

I identified a controversial part of my model, which is the simulation of the second-
peak phase. The highest average change of strain (ACS) values was found here, but no

visible trend could be established.
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Fig 4.11. The peak 3D fascia strain for three heel heights in three gait events, (b) First-

Related articles to the third thesis point:
1'Wang, M., Li, S., Teo, E. C., Fekete, G., Gu, Y. (2021). The influence of heel height on
strain variation of plantar fascia during high heel shoes walking-combined musculoskeletal

modeling and finite element analysis. Frontiers in Bioengineering and Biotechnology, 9, 1-
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ABBREVATION
1D: one-dimensional

1MD: first metatarsal declination
2D: two-dimensional

3D: three dimensional

APMA: American Podiatric Medical Association

AT: tibial anterior

BF: barefoot

BW: body weight

C1M: calcaneal-1st metatarsal
CMC: computed muscle control
COM: center of mass

COP: center of pressure

COP: center of pressure

CT: computed tomography
COP: center of pressure

DOF: degrees of freedom

EDL.: extensor digitorum longus
EHL.: extensor hallucis longus
EMG: Electromyography

EW: experience wearers

FEM: finite element model
FIM: First intermetatarsal

GC: gastrocnemius

GRF: ground reaction force
HHS: high heel shoes

HV: hallux valgus

IEW: inexperience wearers

IK: inverse kinematics

MB: metatarsal break

MPJ: metatarsophalangeal joint

MSM: musculoskeletal modeling

MRI: magnetic resonance imaging

OA: osteoarthritis

OFM: Oxford foot model

PT: peroneus tertius

RACA: Posterior calcaneus proximal
RASI: Anterior Superior illiac Spine
RCPG: Posterior end of the calcaneus
RD1M: 1st metatarsal distal medial
RD5M :5st metatarsal, distal lateral
RHEE: Heel

RHFB: Later head of fibula

RHLX: Hallux

RKNE: Standard lateral knee

RLCA: Lateral calcaneus

RMMA: Medial Malleoli

ROM: range of motion

RP1M: 1st metatarsal proximal dorsal
RP5M: 5st metatarsal, proximal lateral
RPSI: Posterior Superior iliac Spine
RRA: residual reduction algorithm
RSHN: Anterior aspect of the skin
RSTL: Sustaniculum tail

RTIB: Tibia marker

RTUB: Tibia tuberosity;

RTOE: Toe

SACR: Posterior Superior iliac Spine
SL: soleus

STL.: Stereolithography

TCJ: talocalcaneal joint

TJ: tibiotalar joint

TFM: talus-first metatarsal

TTJ: transverse tarsal joint

V3D: Visual 3D



LIST OF TABLES
Table 3.1. Table 3.1. The description of measured angle.
Table 4.1. Material properties of the components in the finite element model.

Table 5.1. The average change of strain at different heel height in three gait phases.

LIST OF FUGURES

Fig. 1.1. Regions of foot.

Fig. 1.2. The tibiotalar joint.

Fig. 1.3. A is diagram of the subtalar joint; B is subtalar joint axis in the anterior-posterior
view demonstrating deviation; C is subtalar joint axis in the lateral view demonstrating
inclination.

Fig. 1.4. Diagram of foot three arches of the foot, represent by right foot, A is view of
transverse arch form the distal row of tarsals and metatarsals; B is lateral view of lateral
longitudinal arch; C is medial view form medial longitudinal arch.

Fig. 1.5. Diagram of relative muscles.

Fig. 1.6. Diagram of plantar fascia anatomy.

Fig. 1.7. The windlass mechanism of plantar fascia.

Fig. 1.8. diagram of pronation and supination position of the foot.

Fig. 1.9. Diagram of gait cycle and the change of ankle joint movement in the sagittal plane
during the gait, the data of ankle joint ankle.

Fig 1.10. An example of COP on insole measurement system (a) the trajectory of COP in a
time frame (b).

Fig 1.11. The ground reaction force during the stance phase of one step.

Fig 1.12. The angle and moment variation of lower limbs in the sagittal plane during gait,
red solid line represents HHS with 6¢cm, and black dash line represents flat shoes with 1cm.
The data extracted from “Kinetics of High-Heeled Gait”.

Fig. 1.13. The common foot disease induced by HHS wearing.

Fig 1.14. Computational model of muscle tendon. (a): total muscle tendon length is
presented by the geometric pose function of the model; (b): function of tendon strain; (c):

muscle fiber is designed as a contractile element; (d): muscle fiber velocity.

110



Fig. 1.15. muscle activities comparing between the simulation and measurement during
walking and running, (a) is walking and (b) is running.

Fig. 1.16. the diagram of foot component reconstruction.

Fig. 1.17. Diagram of mesh element types.

Fig 2.1. Oxford markers position on lower limbs under barefoot and HHS condition. The
maker description: RASI- Anterior Superior illiac Spine; RPSI- Posterior Superior iliac
Spine; SACR- Posterior Superior iliac Spine; RKNE- Standard lateral knee; RTIB- Tibia
marker; RHFB- Later head of fibula; RTUB- Tibia tuberosity; RSHN- Anterior aspect of
the skin; RANK- Ankle; RMMA- Medial Malleoli; RCPG- Posterior end of the calcaneus;
RHEE- Heel; RACA- Posterior calcaneus proximal, RLCA- Lateral calcaneus; RSTL-
Sustaniculum tail; RP1M-1st metatarsal, proximal dorsal; RDI1M-1st metatarsal, distal
medial; RP5SM-5st metatarsal, proximal lateral; RD5SM-5st metatarsal, distal lateral; RTOE-
Toe; RHLX- Hallux

Fig 3.1. The foot image in three planes; A is in frontal plane; B is in transverse plane; C is
in sagittal plane; D is reconstructed bony involving 24 bones.

Fig 3.2. The final reconstruction 3D foot model under HHS condition with four different
heel height.

Fig 3.3. The Bohler angle variation among the four different heel height.

Fig 3.4. The Gissane angle variation among the four different heel height.

Fig 3.5. The TFM angle variation among the four different heel height.

Fig 3.6. The CIM angle variation among the four different heel height.

Fig 3.7. The HV angle variation among the four different heel height.

Fig 3.8. The FIM angle variation among the four different heel height.

Fig 3.9. The MB angle variation among the four different heel height.

Fig 3.10. The 1MD angle variation among the four different heel height.Fig 4.1.
Experimental set-up.

Fig 4.2. The Delsys surface electromyography devices.

Fig 4.3. The workflow of MSM establishment using OpenSim.

Fig 4.4. CT scanning of right foot with HHS shoe fixed by custom-made ankle foot orthosis.
Fig 4.5. The solid component of bone, soft skin, cartilage and 3D plantar fascia. And the 1D
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linear truss element of Achilles tendon, ligament and muscle.

Fig 4.6. HHS model in three different heel height.

Fig 4.7. Stress-strain curve for bulk soft tissue.

Fig 4.8. loading and boundary condition of the foot on the high heel sole (present in 3cm
heel height).

Fig 4.9. Muscle activation between estimate and EMG signals during HHS gait in different
heel height; (a) shows 3cm heel height gait; (b) shows the Scm heel height gait; (c¢) shows
the 7cm heel height gait. Fig 4.10. (a) the different stance phase of HHS gait, (b) FEM
predicted, (c) plantar contact pressure in experimental measurement.

Fig 4.11. The peak 3D fascia strain for three heel heights in three gait events, (b) First-peak

phase, (c) mid-standing phase, (d) second-peak phase.

Fig 5.1. The strain variation on the plantar fascia under HHS in three gait phases.
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