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1 Summary in Hungarian Language

A legtobb n6 szamara elkertilhetetlen, hogy mindennapi életében ne hordjon magassark( cip6t t&sasayi
eseményeken, annak ellenée, hogy a nemzetkcxi orvosi szévetsegek szées k&ben figyelmeztetnek a
magassarku cipok visel&sének k&os eg&zs&ypyi hat&aira. Szanos tanulmanyt vegeztek a magassarku cipok
dtal kivatott mozga&szervi vatoz&ok felta&aa, hogy egyreészt kapcsolatot teremtsenek a magassarku cipok
visel&e & a s&Ué/betegsey kéxdt, marézt javaslatokat tegyenek a magassarkt cip6khoz kapcsol@o
patol&qi& kezelésekre. Néhay probléma azonban méy megoldatlan. Ezek kéz U egyik, a magassarku cipk
hat&a a |1&ofej szegmenseinek kinematikai jellemzéire j&d kéxben, illetve a magassarku cipdk hatasa a talpi
bénye megnyd&&a kiilonb6z6 sarokmagassagok esetén. A disszert&io céja ezeknek a k&déeknek a
megvdaszol&a afogdkomplex mdalszerrel.

Elészor, a magassarka cipék hat&& vizsgdtam a hallux, az eliilsé és a hatsdé lab szegmenseinek
biomechanikai jellemzdire egy Oxford 1&modell segitségével. A f6bb eredmények szignifikansan nagyobb
dorsiflexiés mozgast mutattak ki a halluxban és nagyobb addukciés mozgast a lab eliilsé szegmensében
magassarkt cip6ben torténd jads soran, mint mez ilébas ja& soran. A kombindt hatd& miatt a hallux, hossz(i
tévon, kifelé csavarodik, mig az eliils6 labfej befelé csavarodik. Ez a mechanizmus hossza tavu traumat hozhat
I&re, amely végU hallux valgus-ban vagyis ,,btyckben” végzodik.

Tovaba egy 3D I&modell kézitettem, ahol kiilonb6z6 sarokmagassagot vizsgaltam (0 cm, 3cm,5cm & 7
cm). A léofej morfol@iga 8 f6 paraméerrel mtam le. Ezek a mé&éek &fogd megétést biztos fottak a
magassarkll cipdk 4ltal okozott 1ab morfoldgiai valtozasairdl. A fobb eredmények azt mutattak, hogy a
calcaneus szegmens viszonylag stabil maradt, amikor a sarokmagass& 0 cm-r6l 7 cm-re nétt, a hosszanti iv
magassaga jelentdsen megnott, és a hallux szegmens fokozatosan emelkedett a sarokmagass& emelked&ével
0 cm-rél 7 cm-re.

Vé&U, numerikus ton (VEM) vizsgaltam a talpi bénye megnytlasat harom kiilonbdz6 sarokmagassag mellett
(3cm, 5cm, 7 cm). A fébb eredmények azt mutattak, hogy azonos sarokmagass&y esetén a disztdis & a
kozéps6 rész kozott 20%-0s feszUtsegvatozat tapasztaltunk az elsd és a kozépso allasban. Az 5 cm-né
nagyobb sarokmagassag jelentdsen megndveli a plantaris fascia fesziiltséget, ami ndvelheti a plantar fasciitis
kialakul&anak vagy a sarokfgdalom tinetének gyakoris&& a magassarku cipok viseléinek korében. Ezek az
eredmények &fogdbiomechanikai részleteket & referencia inform&idkat nythatnak a klinikusok & orvosok
szan&a a magassarkl cipékhc@ kapcsol&o l1&bsa@Uéek vagy -betegségek hatékony rehabilit&iG
programj&nak kidolgoz&anoz.



2 Antecedents of the Research

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, and the 2020 decline began after implement of the
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, then decreased

HHS related injury. There is a directly associated between HHS wearing and the prevalence of injury.

From the biomechanics perspective, it demonstrated that HHS leads to slower self-selected walking speed,
shorter step length, and smaller stance phase duration, while it increases 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 due to wearing HHS, e.g.: change in the neuromuscular
activation pattern, shortening of the gastrocnemius muscle fascicle muscles, increase in the Achilles tendon
stiffness, and higher muscle activity of the soleus, tibialis anterior, medial gastrocnemius [12-14]. These
disturbances have been identified as negative implications for the human body. It is presumed that they
contribute to several pathologies including metatarsalgia, hallux valgus, Achilles’ tendon tightness knee
osteoarthritis (OA), plantar fasciitis, and lower back pain, not to mention elevated instability and imbalance,

which can result in a greater risk of falling and slipping [3, 15-18].



As described, biomechanics characteristic of lower limbs during HHS gait has been widely investigated,
mainly including kinematics and kinetics analysis of lower limbs’ joints (ankle joint, knee joint, and hip joint),
and muscle activation pattern during HHS gait cycle. However, the foot as a multi-segment structure plays a
paramount important role in human movement, receiving little concern. For example, there is limited
information on how foot multi-segments move in HHS gait. Especially, for hallux motion which could provide
valuable details for understanding the potential mechanism of hallux valgus development related to HHS
wearing. Moreover, morphological changes in the foot in HHS are still blank, which could provide an
important clue for exploring functional adaptation and pathology of the foot. Furthermore, traditional
approaches are limited to investigating the in vivo structure of the foot under HHS conditions. 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. However, the workflow of combination analysis

between FEM and MSM is needed. Therefore, this thesis is mainly focused on these undressed questions.

3 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 biomechanics 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 be used to predict the internal strain distribution of

the plantar fascia strain variation in three different heel height (3cm, S5cm, 7cm) respectively.



4 Research Methods and Challenges

Methods: 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, midfoot, and

hindfoot movement variation in HHS gait.

Secondly, the 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), the
subject’s foot morphology can be scanned under HHS wearing. Therefore, creating a high and reliable fidelity
foot model conducts a foot morphology measurement using various angular descriptions in different heel

heights (Ocm, 3cm, Scm, 7cm). Also provides a foot model for FEM analysis.

Thirdly, the MSM analysis is used to estimate the major muscle force in HHS gait with different heel heights
and is conducted in Opensim software, which could create a subject-specific model, to provide an optimal
loading condition for FEM analysis. Fourthly, the FEM is used to evaluate the biomechanical response of the
plantar fascia under HHS condition with different heel height, simultaneously, the major muscle forces
obtained from MSM analysis as loading condition is combined. In this part, the workflow of FEM and MSM
analysis on HHS gait is established.

Challenges: Firstly, in terms of the kinematic study of foot multi-segment under HHS condition. Considering
the foot structure is commonly characterized by the complex alignment of the foot segment, varies
significantly between individuals, and directly affected by the shoe’s construction, it is difficult to reveal the
movement of each foot segment during gait under HHS condition. Although OFM as a multi-segment
kinematic model with high repeatability and reliability has been widely used to investigate the inter-segment
angle of foot through the gait cycle in the range of populations, it has not been applied to HHS population.

Therefore, the kinematic results of multi-segment foot during HHS gait need to be validated.
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Secondly, in terms of foot model reconstruction. In this research, 3D foot morphology reconstruction is based
on computed tomography scanning (CT) technology. Undoubtedly, an accurate skeletal morphology should
be established under weight-bearing conditions when it comes to its biomechanical value. However, the
weight-bearing CT equipment is limited, the conventional CT scanning way has been utilized, the subject is
supine on the CT scanning bed, and the ankle joint is fixed in a neutral position by a foot orthodontic bracket.

On the other hand, numerous times need to be spent to reconstruct each bone separately.

Thirdly, in terms of FEM combined with MSM derived force in the plantar fascia biomechanical characteristic
in HHS gait. There is no integrated foot modeling that could be directly applied and considerable progress is
still needed, such as foot structure reconstruction more than 50 components need to be established and
assembled (soft skin, bone, cartilage, plantar fascia, and ligament), mesh sensitive testing is required for each
component to find the appropriate mesh size based on the material properties and size of the different

components, and many simulations are required to get a convergent result.

5 New Scientific Results

I* 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 is seen in Figure 5.1. 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 the stance phase that could increase the risk of 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
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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”.

Hallux dorsi/plantar flexion Hindfoot adduction/abduction

Py
U
—— BF 20 —= Br
HHS s

o 1018 2
2N o ® =
< 0 A < 5
=
-10 -3
-20 ‘ . . . 2
0 20 40 60 80 100 0 20 44 60 80 100
Gait cyele (%) Gait cycle (%)
o3
Forefoot adduction/abduction Hindfoot internal/external rotation g
(]
.
:
IS -
-
<
=
2]
= =)
< B
£
Ed
0 . . - . =20 : <
0 20 40 60 80 100 0 20 40 60 80 100
Gait eycle (%) Gait cyele (%)

Fig 5.1. 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.



2*" 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.5.2. 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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3" thesis point: 1 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), a heel height over Scm 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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Possibility to utilize the Results

The results from this thesis are mainly concerned pathology of foot injury or disease caused by high heel shoe
wearing, explored the biomechanical mechanism of hallux valgus development, foot structure deformation,
and plantar fasciitis development during HHS gait with different heel height. Those findings can provide
comprehensive biomechanical details and reference information for clinicians and physicians to develop an
efficient rehabilitation program for HHS-related foot injuries or diseases.
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