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Motivation of the work

As one of the convenient and low-cost forms of exercise, running has attracted
extensive participation by people of all age groups around the world [1,2]. The
possibility of obtaining multiple benefits such as weight loss, improved cardiovascular
health, and stress relief makes it no surprise that the number of runners and running
events has grown progressively during recent years [1,3,4]. More participants tend to
run long distances in order to gain further benefits from a long-term perspective. It has
been reported that the number of runners has doubled, and the number of marathon
finishers has shown an exponential increase over the past decade [3]. For instance, at
least 344,000 marathon runners finished the “New York City Marathon” from 2010 to
2017, which is more than 10 times compared to ~25,000 in 1970-1979 [5]. More
recently, the 2021 New York City Marathon has seen 25,020 finishers among 30,000

people ran in this event even under the COVID-19 pandemic [6].

Wide participation in running, especially the prolonged distance, has been found to
be associated with a higher injury rate of foot [7—14]. As the only interface that may be
responsible for both the contact and propulsive motion during running based on the
individual’s strike patterns, the forefoot has been previously demonstrated to be a high
injury site due to the large loads and the repetitive nature of running [15]. The most
common overuse injuries affecting the forefoot are pain across the metatarsal bones,
metatarsal stress reactions and metatarsal stress fractures (MSF) [15]. Meanwhile,
among other forefoot injury complaints, dermatologic issues are also frequently
encountered particularly over longer distances [9,10,12,13]. Bruised toenail (BT), also
known as Jogger’s toe, which appear as a collection of blood below the nail plate of the
longest toe, is one of the most common types of forefoot dermatologic injuries that can
bedevil runners after a race [16]. These common injuries can lead to significant pain
due to the pressure forces that develop at the corresponding area and may cause
temporary limitations of activities, which highlights the urgency to reveal the potential
development mechanisms of these specific running injuries and propose the prevention

strategies [17,18].



Running-related injuries (RRIs) can be caused from multiple aspects. Despite a
longstanding interest in the running injury mechanism exploration, there has also been
little research investigated more fully the multidimensional foot alterations (kinematics,
kinetics, morphology, infrared thermography, etc.) during long-distance running, and
subsequently the initial development mechanisms of specific foot injuries. For example,
how forefoot kinematics during running might relate to foot structure and how this
might further relate to forefoot injury (e.g., MSF) have not been fully analyzed. For the
development of injury prevention strategies, a thorough understanding of foot
biomechanics before and after running is prerequisite. In addition, to the author's
knowledge, there is currently no study conducted quantitative analysis on dermatologic
issues partly because of the fact that many of these dermatologic injuries are minor in
nature. Most of the prior research were case studies or epidemiological studies based
on questionnaires. However, experimental analysis can offer more accurate information
in terms of injury mechanisms and protection strategies. Therefore, this dissertation

mainly focuses on these undressed questions.

Not only alterations happened on foot might relate to forefoot injuries, but shoes may
also play an important role during this process. It was previously demonstrated that
wearing inappropriate shoes for a long-time exercise would add the odds and risk for
foot injuries [19,20]. For example, the great toe might be more subject to toenail injury
(e.g., BT) if the shoe has a shallow toebox [7]. Thus, developing a comprehensive
approach to investigate the effects of shoe characteristics on foot variables could not
only help to prevent injuries but also promote the optimization of footwear product
design. Currently, traditional approaches are limited to investigating the in vivo
structure of the foot during locomotion. While on the contrary, finite element (FE)
methods have been increasingly applied for biomechanics analysis because of their
capability of revealing the internal states within bony structures under different loading
conditions, which offers an accurate alternative for fast and efficient footwear
assessment [21-25]. Meanwhile, it is also worth noting that the animal bionic research
has been increasingly conducted and applied for designing footwear or equipment [26—
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28]. For instance, the special morphological structure of the feline paw allows it to
absorb two to three times of the body weight (BW) while landing from a height, which
may provide an inspiration for the footwear cushioning feature. Based on the above
findings in terms of forefoot injury mechanisms, this dissertation further aims to
propose a completed workflow combining experiments and computational simulation

for footwear optimization and forefoot injury prevention.



Research objectives
Based on the work motivation, the main research objectives of this dissertation are

as follows.

The first research objective: To quantitatively reveal the intrinsic mechanism of BT
injury development and verify the previously proposed injury mechanism of MSF
during long-distance running. This aim is to be accomplished by investigating the
multidimensional alterations (i.e., subjective comfort, kinematics, kinetics, morphology,
thermography) happened to the forefoot segments during 10 km of running, including
an interval test after 5km, when compared to the static condition (before running). By
identifying these underlying mechanisms, a safer long-distance running guideline can

be proposed to reduce the injury risks.

The second research objective: To propose an efficient and accurate approach that
can be used to realistically determine the foot-shoe interaction in case of running and
further contribute to optimize the design of the shoe toebox in order to reduce the injury
risk of BT. This aim is to be accomplished by establishing a fully coupled three-
dimensional (3D) foot-running shoe FE model, on which the experimental data (e.g.,
joint angle, ground reaction force (GRF), and muscle force) will be applied for running

simulation.

The third research objective: To explore the buffering characteristics of the feline
distal limb during landing and further apply it to optimize the design of the shoe insole
in order to reduce the injury risk of MSF. This aim is to be accomplished by establishing
a 3D feline paw FE model and investigating the internal stress distribution of the distal
joint limb during landing from different jump height (0.6m, 0.8m, and 1.0m)

respectively.



1. LITERATURE REVIEW
1.1 The structure and functions of the human foot
1.1.1 The anatomical structure of the foot

The human foot is always considered as one of the most complex anatomical and
biomechanical structure of the human body. As the primary interface of the internal
dynamic chain that interact with the external environment, the foot acts in coordination
with the rest of the body segments during various movements [29-31]. It has been
widely demonstrated that the foot would contribute to shock absorption, adapting
irregular contact surface and generating momentum for forward propulsion during gait
[32,33]. In order to achieve these functions, the foot needs to be stable and supportive,
flexible, and energy-efficient, which further highlights the specificity of the foot

structure and materials system.

From the anatomical perspective, the human foot is made up of bones, cartilages,
muscles, tendons, and ligaments [34,35]. There are twenty six individual bones, thirty
three joints, and more than one hundred muscles, tendons, and ligaments. Moreover, it
also includes a network of blood vessels, nerves, skin, and soft tissue. Normally, the
foot can be transversely divided into three main parts including forefoot, midfoot, and
hindfoot. The hindfoot is connected with the midfoot through the talonavicular and
calcaneocuboid (midtarsal) joints and the midfoot articulates with the forefoot through
the tarsometatarsal joints. All these three parts work together which can provide the
human body with sufficient support, balance, and mobility [31,32]. To be specific, the
foot supportive function is mainly created by the bones, joints, and ligaments of the
midfoot, the central tarsometatarsal joints, and the midtarsal joint. Meanwhile, the
plantar aponeurosis and deep transverse intermetatarsal ligaments also play important
roles in foot stabilization. The function of adapting irregular contact surface and
changing foot shape during heel elevation and propulsion is provided by the flexibility
of the subtalar, talonavicular, medial and lateral tarsometatarsal joints. The combination
of the stable 2-arched bone structure (transverse arch and longitudinal arch) and the
elastic soft tissues allows the foot switch between a stronger more rigid structure and a
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softer more flexible one, which further helps it efficiently propel the body forward.
Detailed anatomical structures of the bones, tendons, ligaments, and arches system are

described below as the background for the main content of this dissertation.

1.1.1.1 Bones of the foot

As shown in Figure 1, the foot skeleton structure begins with the talus, which upward
connects with the two bones of the lower leg (tibia and fibula) and come together to
form a very stable mortise and tendon joint (ankle joint). Just down from the talus is
the calcaneus bone, which is the main back part of the foot and connects with the talus
by the subtalar joint. Anterior to the talus and calcaneus are the navicular, cuboid, and
cuneiform bones. These bones make up the main part of the midfoot, and they fit
together with multiple joints between them. Together with the talus and calcaneus bones,
these seven bones make up the tarsus, which represents all short bones of the back half
of the foot, and it accounts for about the third of the foot bone. Anterior to the tarsal
bones is a group of metatarsal bones, which are the longest bones of the foot. These two
bone groups (tarsal and metatarsal bones) are rigidly connected, contributing to less
movement at the tarsometatarsal joint. Lastly, the long metatarsal bones are connected
to a set of shorter and thinner bones, which are the bones of the toes and is called
phalanges. These bones can be further divided into proximal, middle, and distal
phalanges based on their relative centripetal position. Together with the metatarsal

bones, they make up the main part of the forefoot.

Navicular
Cuneiforms
Metatarsals

Hindfoot

-------- Calcaneus

Forefoot Talus

Navicular ’T\
y

Cuneiforms \ _.

Metatarsals _f

Phalanges k \

Calcaneus

Figure 1 The bone structure of the foot
6



1.1.1.2 Tendons and ligaments of the foot

Both tendons and ligaments are very important structures in the foot. Basically, a
tendon refers to a band of fibrous tissue which attach muscles to bones. When a muscle
starts to contract, it pulls on the tendon and consequently moves the connected bones
[36,37]. Figure 2A illustrates the main tendons connecting muscles to the bones in the
foot. Here in this section one of the most prominent tendons named Achilles tendon
(AT) is introduced, which was further applied as the loading condition for the
computational simulation in this dissertation. AT is one of the largest and thickest
tendon structures in the human body, consisting of the gastrocnemius tendon and the
soleus tendon [38]. As shown in Figure 2B, AT is located at the back of the foot just
above the heel and attaches the calf muscles of the lower leg to the calcaneus bone. It
has been demonstrated that AT plays a crucial role during movements such as walking,
running, and jumping since it can transmit force upward through the lower limb joint
chain and further consumes energy through the bone and soft tissues [39]. To take
running as an example, AT would store energy during the ground contact phase and
then release the energy during the push-off phase. Farris et al. [40] found in their study
that the contribution rate of the AT to the ankle joint when running was over 50%,

which further confirmed the above point.

Generally, ligaments are very similar to tendons, while the main difference between
these two structures is that tendons connect muscles to bones but ligaments connect
bones to bones. Basically, a ligament presents as a rope-like structure that are bundled
together through numerous small fibers (collagen), which indicates that the thickness
of fiber bundle would further determine the ligament strength [41]. As shown in Figure
2A, there are various ligaments in the foot which help bound the bone together. They
are further classified into several groups according to their locations with respect to the
foot bones. One of the longest ligaments is the plantar fascia, which is extended from
the toes to the heel (Figure 2C). The complete structure of plantar fascia is formed from
three main parts including the central, lateral, and medial, and it has been found that the
central portion is the major one. Furthermore, the central part of the plantar fascia
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consists of five superficial longitudinal tracts that extend to the five toes from the heel
[42]. The main function of the plantar fascia is to maintain the arch height of the foot
(which is introduced in the next session) and maintain the correct gait posture. Usually,
this tissue would expand and contract to allow the curving and flattening of the arch
and consequently provide the necessary balance and strength to the foot when walking
or running. In addition, the plantar facia could provide torque and absorb the reaction

force from the ground, acting as a shock absorber during movements [43].

= =

Calcaneus

e of
T~ e

(" ,é <] Pl
s \‘\‘Ll

Plantar fascia Digital slii;;

Figure 2 The tendons and ligaments of the foot, A: Overview; B: Achilles tendon; C:
Plantar fascia

1.1.1.3 Arches of the foot

As shown in Figure 3, the foot arches are anatomically formed by the metatarsal and
tarsal bones and further supported by the tendon and ligament structures. Generally,
there are three arches including the transverse arch, the medial longitudinal arch, and
the lateral longitudinal arch, of which the latter two (antero-posterior arches) are the
main arches of the foot [44,45]. It has been widely demonstrated that the unique
structure of the foot arches let the foot act as an adaptive and elastic base to support the

human body [46].

The medial longitudinal arch is formed by three metatarsals (the first, second, and
third one), three cuneiforms, the navicular, the talus, and the calcaneus. It is the highest
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of the three arches and the primary feature of this arch is the elasticity, which plays an
important role in shock absorption and foot propulsion during movements [47]. The
lateral longitudinal arch is made up by two metatarsals (the fourth and fifth one), the
cuboid, and the calcaneus. Compared to the medial longitudinal arch, the height of the
lateral longitudinal arch is much lower. Nevertheless, the main dominant characteristic
of this arch is the solidity, and it is much closing contact with the foot support surface,
which allows it to play an important role in maintaining the erect posture [48]. The
transverse arch is composed of the distal of five metatarsals, the cuboid, and three
cuneiforms. The most marked function of this arch is its contribution to maintain

stability in the midfoot and forefoot through the capsuloligamentous structures [49].

Clinically, arch height refers to the height of the medial longitudinal arch of the foot
and it is used to define the foot morphology including normal-arched foot, low-arched
foot, and high-arched foot [50]. The normal arch height is 14 to 18 mm, with flat feet
below 14 mm and high arched feet above 18 mm. It has been widely demonstrated that
the alternation of arch height is highly associated with injury occurrence. To be more
specific, the altered arch structure could lead to the redistributed plantar foot pressure
and abnormal lower limb biomechanics, which may greatly increase the risk of related

injuries, such as plantar fasciitis, ankle sprain, and hallux valgus [51,52].

1
= Transverse arch :
- 1
——p Lateral longitudinal arch j

1

——— Medial longitudinal arch :

—
I

Lateral longitudinal arch

Foot arch structure

Medial longitudinal arch

Figure 3 The arches of the foot
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1.1.2 The basic functions of the foot movement

Motion refers to the rotation of all related joints about an axis in a plane. The foot
would exhibit different types of motion according to different axes and planes.
Normally, the foot movement involves six degrees of freedom in three planes, which
are defined as dorsiflexion and plantarflexion in the sagittal plane, inversion and
eversion in the frontal plane, and adduction and abduction in the transverse

plane(Figure 4) [32,53,54].

In terms of dorsiflexion and plantarflexion in the sagittal plane, the foot is considered
as plantarflexion when its distal part rotates away from the tibia while it is described as

dorsiflexion when its distal part rotates towards the tibia in the sagittal plane.

In terms of inversion and eversion in the frontal plane, the foot is considered as
inversion when it is tilted so that the plantar surface faces into the body midline while
it is described as eversion when the plantar surface faces away from the body midline

in the frontal plane.

In terms of adduction and abduction in the transverse plane, the foot is considered as
adduction when its distal part rotates towards the body midline while it is described as
abduction when its distal part rotates away from the body midline in the transverse
plane. In addition, the combination of these motion in different planes would further
contribute to two interdependence motions called foot supination and foot pronation.
To be specific, the foot would be described as supination when it presents plantarflexion,
inversion, and adduction motion simultaneously while on the other hand it would be
considered as pronation when it exhibits dorsiflexion, eversion, and abduction motion

simultaneously [35,55].

10



a —
Abduction Adduction Q @ g

Abduction Neutral Adduction

Dorsiflexion t
Neutral
Plantarflexion (

& 44 L

=

Eversion Neutral Inversion

Inversion

0 /N
UE

A

version

Figure 4 The foot movement in three planes

1.2 Long distance running biomechanics
1.2.1 Running biomechanical analysis
1.2.1.1 The basic biomechanical characteristics of running

Running is the basic movement during human daily life, and it is also a fundamental
part of many different sports activities. From the perspective of biomechanics, a
completed running gait cycle starts when one foot makes the first contact with the
ground, and then finishes when that same foot contacts with the ground again [56-58].
As shown in Figure 5, the gait cycle can be divided into two different phases, including
the stance phase and the swing phase. The stance phase refers to the time when the foot
IS in contact with the ground until the body is over the foot and it can be further
subdivided into three phases, initial contact, midstance, and toe off. Initial contact is
also named as the heel strike, during which the whole body (mainly the lower limb)
starts to absorb the GRF as the foot strikes the ground. It should be notes that there are
mainly three different foot strike patterns, hindfoot strike, midfoot strike, and forefoot
strike [59-61]. It has been reported that approximately 80% of the long-distance runners
are used to hindfoot strike while most of the remainder are found to be midfoot strikers
[32]. After initial contact, the body continues to travel over the foot until it reaches the
lowest point (which is the highest point for absorbing GRF), letting the foot in a

relatively neutral or dorsiflexed and pronated position and prepare to generate
11



propulsive force. Finally, during the toe off phase, the body travels ahead the foot and

the foot plantarflexes greatly in order to propel the body further forward.

The swing phase refers to the time when the foot loses contact with the ground,
during which the foot starts to dorsiflex and supinate to get ready for making contact
with the ground again. It is worth noting that during the swing phase of running, there
is a period of time when both feet are simultaneously not touching the ground, which
refers to as the double float phase. The double float phase has been widely clarified as

the demarcation between walking and running [56-58].

Generally, the stance phase has been paid more attention for the investigation of
running performance and RRIs since it is in this phase when the foot sustains the force
from BW and the ground [62]. On the other hand, the swing phase has been proposed

as the product of the stance phase and may not be objectively controlled.

Running stride (100%)

Double Double
float float
Stance Swing
Absorption | Propulsion Initial swing Terminal swing
Toe off
Initial contact Mid stance Mid swing Initial contact

{ofogof ol

Figure 5 Functional divisions of a running stride [32]
1.2.1.2 The typical gait biomechanical testing systems and applications
Generally, biomechanics refers to the study of the mechanics (kinematics and
kinetics) of the musculoskeletal system by assessing forces and their influences on
anatomical structures [63,64]. Therefore, the biomechanical analysis of human gait
could be defined as the systematic investigation of human movement based on visual

measurements. In the field of sports science, biomechanical assessment of human gait
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is a fundamental approach that has been applied to improve performance technique,
determine injury factors and underlying mechanism, and facilitate injury recovery [65—
67]. A various of biomechanical testing methods and systems have been subsequently

developed and applied to analyze human gait under different scenarios.

The two-dimensional (2D) image digitization was found to be the most widespread
tool for biomechanical gait analysis for decades [68]. Before the advent of digital
technology, cine cameras (continuous photos) were usually applied in this field because
of their relatively high image quality and fast frequency rates (mostly 100Hz). For
example, Procter and Paul analyzed the ankle joint biomechanical characteristics during
the stance phase of normal walking by cine cameras and force plate [69]. However, it
was soon disregarded because the long processing time, poor accuracy, and slow
frequency rates that have limited its further practicality. With the rapid development of
more sophisticated technologies, 3D gait analysis systems have emerged for motion
analysis research. One of the primary differences between 3D gait analysis and the
above 2D methodologies is that, based on multiple optical cameras, which emits
infrared light, these optoelectronic systems can automatically deduce and calculate the
3D joint coordinate position through the external marker, substantially reduce the

processing time and improve the accuracy [70,71].

Currently, the commonly used 3D gait analysis system usually consists of the
following parts. Firstly, as mentioned above, a motion capture system is applied to
continuously monitor the 3D movement trajectories of reflective markers. Normally,
the motion capture system contains more than six optical cameras, and based on the
arrangement of special spatial position, several infrared reflective markers are attached
to the corresponding surface of the components (e.g., anatomical landmark of the foot
or a shoe) [72]. Then the kinematic data (e.g., joint motions) is collected through the
cameras and calculated using the inverse kinematics algorithm [73]. Secondly, a force
platform installed in the ground is applied to simultaneously collect the 3D GRF with
the motion capture system. The 3D GRF shows the directions and magnitude of external

loading directly applied to the foot and lower limb structures during movements (e.g.,
13



running), and they could be further used to calculate the reaction moment of joints (e.g.,
hip, knee, ankle, and metatarsal) [74]. These two systems are generally integrated via
the specific computer software (e.g., Vicon Nexus software) to maintain consistency
during data collection process. Thirdly, despite the force platform can provide the GRF
during locomotion, it cannot offer further information that corresponds with the specific
foot anatomical locations. On the contrary, pressure distribution devices such as the in-
shoe pressure measurement system, are useful tools that can provide plantar pressure
of the specific foot anatomical locations during locomotion since they are placed
beneath the moving foot [75]. Moreover, based on the experiment setup, the surface
electromyography (EMG) system is also commonly used in biomechanical tests. By
attaching the electrode slices to the skin surface, the muscle EMG signals during
dynamic movements can be recorded for further analysis [76]. Through these
measurement techniques, the basic biomechanical characteristics during locomotion
(e.g., the spatial-temporal, kinematic, kinetic parameters) can be calculated, which
could provide important information on foot movement and further make some

guidance for the clinical intervention and injury prevention.

1.2.2 Long distance running injuries
1.2.2.1 Overview of long distance running injuries

As one of the convenient and low-cost forms of exercise, running has attracted
extensive participation by people of all age groups around the world [1,2]. The
possibility of obtaining multiple benefits such as weight loss, improved cardiovascular
health, and stress relief makes it no surprise that the number of runners and running
events has grown progressively during recent years [1,3,4]. More participants tend to
run long distances in order to gain further benefits from a long-term perspective. By
investigating the associations of running with death risks in 55,137 adults, Lee et al.
reported a markedly reduced risk of all-cause (30%) and cardiovascular (45%) mortality
contributed by leisure-time running [77]. Nevertheless, wide participation in running,
especially the prolonged distance, is also associated with a high risk of injuries, which
may in return offset the positives of this activity.

14



Over the past few decades, the increasing popularity and extensive participation of
running have inspired many scientific investigations on RRIs. Several systematic
reviews and meta-analyses have attempted to summarize the incidence and risk factors
for long-distance running [78-84]. In general, the incidence rate of RRIs ranges from
2.5 to 33.0 injuries per 1000h running [79]. To be specific, the injury incidence
proportion is 3.5% for professional runners, 7.7% for recreational runners, and 17.8%
for novice runners [85,86]. Meanwhile, for recreational runners who have a steady and
periodical long-distance run experience, it has been found that 37% to 56% of these
runners may suffer a RRI per year [87]. In addition, the running injury incidence rate is
also reported different between different running distance of runners. Van der Worp et
al. summarized that, short distance runners present an incidence rate of 14.3% to 44.7%
while their long distance counterparts seem to suffer more injuries with the incidence
ranged from 16.7% to 79.3% [88]. For some special types of runners such as cross-
country runners, Kluitenberg et al. found that the pain-related injury incidence even
reached up to 94.4% over a lifetime recall period [89]. A retrospective study focused
on the lifetime prevalence of previous running injury of adolescent runners
demonstrated that the injury incidence is markedly associated with longer distance and

faster performance (68% for girls and 59% for boys) [90].

In terms of the common site of RRIs, it has been demonstrated that lower limbs which
mainly include joints (hip, knee, and ankle), lower leg, and foot are much more
vulnerable during running and consequently vast majority of injuries happen among
these areas [79,80]. Specifically, a previous systematic review investigating the lower
extremity injuries in long-distance runners found that the overall incidence of leg
injuries ranges from 19.4% to 79.3%, with the predominant injury sites including the
knee joint (7.2%-50%), lower leg (9%-32.2%), foot (5.7%-39.3%), and upper leg
(3.4%-38.1%) while the less common locations involving the ankle and the hip joints
(3.9%-16.6% and 3.3%-11.5%, respectively) [79]. Regarding the types of RRIs, it can
be roughly divided into the following several specific groups, including skeletal (e.g.,
stress fractures), musculotendinous (e.g., tendinosis) and vascular injuries. However,
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no previous reviews have explicitly made a summary on this topic. Currently, it has
been well demonstrated that one of the most common types of generalized RRI is over
stress or over use, which accounts for about 80% of all injuries and especially common
for lower limb and foot [78,91,92]. On the other hand, among all these RRIs,
dermatologic issues are also more frequently encountered. For example, in a review of
post-marathon injuries, Mailler-Savage et al. reported that at least 20% of injuries
sustained by marathon runners are related to the skin [9]. Despite the fact that many of
these dermatologic injuries are minor in nature, few were found to have a great impact
on physical activity or even become life-threatening, such as subungual hematoma

[10,13].

Despite all these results in terms of the prevalence and incidence of RRIs, it should
be mentioned that there may be different injury definitions and running types involved
in these studies, thus the incidence of RRIs varies considerably and should take with
caution. Nevertheless, these findings indicated that most of the runners have a high risk

of getting injured, especially for the lower extremity.

1.2.2.2 Forefoot injury during long-distance running

As the primary interface of the lower limb with the external environment during
running, the foot has been previously demonstrated to be a common injury site.
According to the previous results presented in the above session, the foot is the third
common injury sites among the six locations, contributing to 5.7% to 39.3% of the
injury incidence rate [79]. There are various types of injuries related to the bone and
soft tissues of the foot, such as heel pad pain, plantar fasciitis, and tendinopathies.
Meanwhile, the foot injuries can be further divided into those that involve the hindfoot,
midfoot, or forefoot. From the biomechanical perspective, the forefoot needs to sustain
the entire body load during the propulsive phase of gait (toe-off). Therefore, as the only
interface that may be responsible for both the contact and propulsive motion during
running based on the individual’s strike patterns, the forefoot injuries contribute to a

significant portion of the problems that affect runners, especially during long distance
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running, when considering the great loads on the forefoot during running (four to five

times of a runner’s BW) and the repetitive nature of this activity [93-96].

As shown in section 1.1.1, the metatarsals are the longest and relatively slender bones
in the foot that connect the tarsal bone and the phalanges. These bones usually act as a
unit to form the main plantar surface of the forefoot for balancing and load holding and
also play an important role in supporting and propulsion of the ankle and the foot during
locomotion. It has been documented that the most common injuries affecting the
forefoot is the MSF [97,98]. Anatomically speaking, bone stress injuries in the forefoot
are very common because there is very limited soft tissue that can protect this area [99].
The second to the third metatarsals account for 90% of this fracture since these two
parts are the longest while the narrowest metatarsal bones, while on the other hand the
first metatarsal contributes to 7-8%, and the fourth and fifth account for 3% [100]. In
addition, among other forefoot injury complaints, dermatologic issues are also
frequently encountered particularly over longer distances [9,10,12,13]. Subungual
hematomas, which appear as a collection of blood below the nail plate, are one of the
most common types of dermatologic injuries that can bedevil runners after a race
[17,18]. Despite the fact that many of these dermatologic injuries are minor in nature,
few were found to have a great impact on physical activity or even become life-
threatening. It has been found that the above forefoot injuries can lead to significant
pain due to the pressure forces that develop at the nail bed and may cause temporary
limitations of activities. In some cases they could further result in long-term

complications such as secondary fungal infections and nail plate deformities [17,18].

As a conclusion of this session, long distance running results in extremely high forces
on the foot, especially the forefoot since it plays a very important role during the
running propulsive phase, causing pain or injuries that impact the forefoot functions.
For this reason, it is always of great importance to reveal the underlying injury

mechanism in order to reduce their morbidity during running.
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1.2.3 Biomechanical analysis used in running injury exploration

With the increasing popularity of long distance running, RRIs of the foot are very
commonly happened and could further lead to significant morbidity if the inaccurate
diagnosis results in incorrect body management. For this reason, more emphasis on the
underlying mechanisms and the treatment of some specific running related injuries has
surfaced over the past few decades. Currently, several risk factors of RRIs have been
found. According to the previous reviews, these determinants can be further divided
into several categories, which include systemic (personal) factors (e.g., age, weight, and
height), lifestyle factors (e.g., smoking and drinking alcohol), health factors (e.qg., injury
history), and running related factors (e.g., training frequency, distance, and shoe use),
etc [78,88,101]. The injury history was reported to be the most crucial risk factor for
both short- and long-distance runners. The use of shoe orthotic insoles and lower limb
muscle weakness are reported to increase the running injury risk as well. Inconsistent
results were reported for other determinants, such as age [102,103], body mass index
[104,105], and training factors [106,107]. Nevertheless, despite that these above factors
would result in a large portion of running injuries, none of them have been confirmed
as the cause of any particular running injuries. Observational or epidemiologic studies
can offer some useful information for RRIs but it may also be fraught with error and

uncertainty.

Nowadays, it has been widely demonstrated that gait analysis is the most accurate
and effective mean to quantitatively investigate the risk of RRIs. Running is a dynamic
and repetitive process, thus any small but significant changes may further cause the
increase risk of RRIs. Biomechanical factors, such as foot posture, muscle strength, and
lower limb kinematics, was found to contribute to 40% of running injuries [80]. For
example, altered morphology leading to altered biomechanics, such as hallux valgus,
may lead to a predisposition toward the development of foot injuries during running
[108]. Therefore, a dynamic gait analysis would help observe the biomechanical

changes in foot motion during running, allow for identification of biomechanical

18



determinants for some specific injuries that may not be obvious with other examinations,

and hence provide direct strategy to decrease the corresponding injury risk.

Currently, numerous studies have been conducted to reveal the biomechanical
changes during long-distance running and also their association with RRIs [7,109]. In
these studies, participants were normally required to run for a given distance on a
treadmill or track, and the biomechanical and injury factors were collected before,
during and immediately at the time when they finished the running. A previous
systematic review conducted by Kim et al. summarized the current state of knowledge
about the biomechanical alternations in response to long-distance running, and some of
their findings further reveal the potential injury development mechanisms during
running [110]. For instance, regarding the forefoot injuries, it was found that the loss
of toe control function while increased load under the medial forefoot region are highly

associated with MSF.

In terms of dermatologic issues, previous research have deduced that the changed
foot morphology may create an environment where the potential friction between foot
and shoe interface would increase and consequently lead to some skin injuries [109].
However, due to the limitation of experimental setup, the speculation has not been
further confirmed. It is worth noting that a multi-segment foot model, such as the
Oxford foot model, can be used for in-depth foot kinematics analysis since it divides
the foot into several rigid segments, which could help further observe the foot motion
and detect any tiny changes that may related to running-relate injuries. It has shown
robust reliability on inter-segmental angles through the gait cycle and been extensively
applied to explore the biomechanical properties of the foot during different movement

tasks, such as walking, running, and jumping [111,112].
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In summary, dynamic analysis has been widely applied to the investigation of
running injury development mechanisms. However, concerning the specific forefoot

RRIs, the following problems still exist.

1. Currently, previous research often set the focus on the investigation of injury
mechanisms on the lower limb large joints, with the knee being the most
common one. However, the application of multi-segment foot model and gait
parameters in the exploration of running foot-related injuries is relatively

limited.

2. RRIs can be caused from multiple aspects. Despite a longstanding interest in
the running injury mechanism exploration, there has also been little research
investigated more fully the multidimensional foot alterations during long-
distance running, and subsequently the initial development mechanisms of
specific foot injuries. For example, how forefoot kinematics during running
might relate to foot structure and how this might further relate to forefoot

injury have not been fully analyzed.

3. Although it has been widely documented that the repetitive contact between
the nail bed and toebox of the shoe is responsible for developing subungual
hematomas, there is currently no study conducted quantitative analysis on
dermatologic issues partly because of the fact that many of these dermatologic
injuries are minor in nature. Most of the prior research were case studies or
epidemiological studies based on questionnaires. Experimental analysis that
can offer more accurate information in terms of injury mechanisms and

protection strategies are much warranted.
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1.3 Biomechanics of running shoes
1.3.1 The structure and biomechanical function of running shoes

As the direct protective equipment for the foot, the main role of a shoe is to protect
it from hard and rough terrain or any external intrusion during daily locomotion [113].
Meanwhile, the rapid advance of the structural and material engineering over the past
few decades has let the shoe, especially the running shoe, experience tremendous
changes and further given them more functionality. Running shoes with various
functionality (e.g., cushioning, energy return, and arch support) were introduced, which
serves to improve performance and decrease the risk of unexpected injuries during
running [114]. A prominent trend is that the running shoe structure shifts from minimal
to highly supportive one, and then to minimal and finally back to highly cushioned
structure [115]. Currently, Nike Vaporfly 4% has been demonstrated as one of the
‘super shoe’ to significantly improve running economy up to 6% because of the thicker
midsole and curved carbon fibre plate which may contribute to a “teeter-totter effect”
and further strengthen the energy return function [116]. The thicker midsole was also
previously found to be able to reduce the impact forces from the ground and may further
contribute to decrease the lower limb injury risks during running [117]. However, on
the other hand, emerging evidence has reported that the injury rate of running has not
remarkably decreased with iterative updates of running shoes [118]. Meanwhile, it was
also clarified that wearing inappropriate sports shoes for a long-time exercise would
add the odds for foot injuries. Plantar fasciitis, foot fractures, and heel pain were all
found to be associated with abnormal plantar pressure concentration and overload
during exercise, while the structure and material property of footwear play crucial roles
in this process [115]. Therefore, decreasing the RRI risks and improving performance
through the innovative design of running shoes’ structure and material are continuously

to be a focus in both industrial and academic fields.

In order to identify the appropriate functionality for running shoes, numerous studies
have been conducted to examine the influences of different shoe constructions on
running performance and injuries [114,115]. Technically, running shoes are usually
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made up of four main parts, including shoe upper, insert (insole), midsole, and outsole.
It has been widely demonstrated that the core technology of sports shoes is mainly
reflected in the sole design, especially for the insole and midsole parts [100,114,115].
On the contrary, the main functions of shoe upper are to hold the shoe together while
the outsole which normally made of rubber mainly contribute to traction and wear

resistance.

Upper

Insole

Midsolek

/

Outsole

Midsole Outsole

Figure 6 The basic structure of a running shoe

There is limited information available regarding the effects of shoe upper and outsole
on running performance and injury risks. However, with the continuous deepening and
refinement of relevant research, many scholars also began to pay attention to the impact
of shoe upper on running characteristics. These studies investigated the effects of
different shoe upper constructions on performance and injuries-related variables in
running, and it was demonstrated that shoe upper has a high association with the fit and
comfort and a structured shoe upper would contribute to greater maneuverability and a
uniformly distributed plantar pressure because of a better coupling between the foot
and footwear [119,120]. Additionally, some studies also speculated that the shoe upper
may alter the kinematic strategies of the foot during running. The shaped and shallow
toebox may limit the flexion-extension movement of a flexible toes, causing the toenails
jam into the upper, which is more subject to toenail injuries (e.g., hematomas under the
nails) [7]. Nevertheless, there is still limited evidence that directly prove these

speculations from a biomechanical perspective.
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In terms of the midsole, it has been widely recognized that the functions of this part
play a very important role for a running shoe to control foot motion (e.g., excessive
pronation), provide cushioning and energy return, and limit shock impact [100].
Numerous of studies have been conducted to investigate the effects of midsole hardness,
thickness, material properties, and specific structures on the lower limb biomechanics
that is associated with running injuries and performance [115,117]. Currently, one of
the major research trends of the midsole is the imbedded stiff plates that aims to increase
the longitudinal bending stiffness (LBS) of this part. According to the findings of a
recent meta-analysis, increasing the footwear LBS help improve running economy up
to 3.15% when the mass of the footwear is controlled [121]. Form a biomechanical
perspective, the increased footwear LBS would decrease the amount of mechanical
energy lost, mostly concentrate on metatarsophalangeal (MTP) joint, by reducing the
dorsiflexion motion of this joint, which has been demonstrated to be one of the reasons
for running economy enhancement. In the meantime, it is also demonstrated that
imbedding the stiff plates in the midsole contributes to even the plantar pressure,
especially for the metatarsal region, which could potentially reduce the injury risks
[121]. Alongside these proposed benefits of the increased LBS for running, however, it
must be noted that there may be a certain benefit limitation with regarding to running
distance and running speed. In addition, there are still several controversies in terms of

running performance and related injuries [122].

Lastly, with regarding to the insole, the main functions of this part are demonstrated
to help support the arch structure and dissipate heat and swear away from the foot [100].
Besides that, there are currently more and more studies further indicated the positive
effects of the custom-molded insoles on reducing the peak plantar pressure. For
example, Bus et al. found in their study that the custom-molded insoles were
significantly greater to decrease the region-focused peak pressure than that of the
normal insoles [123]. It must be noted, however, that most of these structured insoles
are widely applied on correcting the foot posture and treating the foot morphological
and physiological diseases, while the relatively flat insoles (non-structured one) are still
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used in sports shoes (e.g., running shoe). A good insole design, such as the metatarsal
pad, may contribute to spread the impact force more evenly and dissipate the peak one,

which could help reduce the injury risks during running.

To conclude, despite a longstanding interest in the effect of shoe design on running
performance and injuries, there also still plenty of space that worth further consideration.
In addition, some advanced and mature engineering technologies (e.g., FE method)
present an exciting prospect in fast and efficient footwear assessment. Meanwhile, the
animal bionic research has been increasingly conducted and applied for designing
footwear or equipment. These two aspects will be discussed further in the following
subsequent sections. In general, all these aspects would further promote the prosperity

of the footwear industry and footwear biomechanics.

1.3.2 Finite element analysis and its application in running shoe
1.3.2.1 Introduction to the finite element method

Generally, as stated in session 1.2.1.2, sports biomechanics normally involves the
using of the motion capture system, force platform, pressure measurement system, and
also EMG system based on experimental setup to record different variables related to
human movements. Then these collected data were inputted into analysis systems (e.g.,
Visual 3D, Vicon Nexus) to determine the kinematics and Kinetics characteristics of
each joint of interest during locomotion. However, it has been gradually realized by the
experts and scholars that the traditional motion analysis method has several deficits in
revealing the internal biomechanical alternation of human body, especially for the foot
structure. To be specific, despite that the direct experiment does increase the
biomechanics knowledge of foot-footwear interactions, changes of the internal stress
and strain of the foot structures (e.g., bony, ligament, and soft tissue) during the
interaction is unmeasurable, which has prompted the researchers to find an alternative

for in-depth exploration.

With the rapid development of computer engineering technology in 1970s, the FE

method was introduced into the biomechanical analysis of human musculoskeletal
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system. Basically, FE analysis refers to the simulation of real physical systems
(geometry and loading conditions) using mathematical approximations. By using
simple but interacting elements, a finite number of unknowns can be used to
approximate a real system with infinite unknowns (Figure 7) [124] . The fundamental
advantage of FE analysis is its capability of modelling complicated geometry,
diversified material properties, and complex boundary and loading conditions.
Combining with the experimental approach, it can reveal the internal states within bony
structures under different scenarios [25,125]. FE analysis has been widely conducted to
give new insights for the industry and clinical applications over the past decades. Two
main FE application fields are currently associated with human sports biomechanics,
one is the FE modelling for human skeleton and the other is the application of FE
modelling for implant or sports equipment design [100]. Accordingly, a large number
of foot and footwear models were continually established for various biomechanical
investigations, including pathology analysis, prosthetic/sports equipment designs, and
rehabilitation evaluation [25,125]. In terms of the foot-shoe FE model, it is worth noting
that FE analysis can provide efficient and fast parametric assessment for footwear shape
modifications and function update without the prerequisite of fabricated footwear,
which can also simultaneously reduce the corresponding production batches and costs.
However, there are still a lot of gaps to be filled in the computational exploration of the

foot-shoe coupled models at present when compared to the foot FE simulation.

Model construction
Basic of finite | |:>
element method
T \

Musculoskeletal system | l Input of finite element analysis
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force
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Output of finite element analysis | | Loading conditions | I Divide into smaller pieces

Figure 7 Basic of the FE method
25



1.3.2.2 Finite element modelling of the foot-shoe complex

Running shoe manufacturing is a relatively complex activity that would involve
many experts from different departments of a company, with the main goal is to achieve
the best footwear function while ensure the cost-optimized manufacturing of these
products. The current digital revolution has been reported to have a big influence on
shoe industry, letting the computational engineering tools be used to explore the best
footwear design for performance enhancement and injury reduction through virtual FE
models. With the rapid advancement of computational techniques, the coupled foot and
shoe FE models were developed from 2D to 3D, from partial structures to the
representation of most complicated structure characteristics, aiming for a more delicate

exploration of the foot-shoe interactions and shoe optimization [25,125,126].

Normally, the operation steps for the foot-shoe coupled FE analysis include model
reconstruction, material property assignment, boundary and loading condition, and
model validation. The foot models were mainly reconstructed from high-resolution
magnetic resonance images (MRI), while depending on the research emphasis they
could also be built using a 3D laser scanner or computer aided design (CAD) software.
Meanwhile, the geometry of the footwear was built using the CAD software or 3D laser,
which could replicate the fundamental contours of the shoe segments, as shown in
Figure 8. MRI segmentation can be conducted using the medical image segmentation
software (e.g., Mimics), and some components may be further fused or omitted. For
surface smoothing and solid model creation, the reconstructed foot and shoe geometries
can be imported into reverse engineering software (e.g., Geomagic, Solidworks).
Within the reverse engineering environment, some other basic structures such as
cartilages can be further created based on the different levels of analytical definition.
The foot connective components such as plantar fascia and ligaments were usually built
by connecting the anatomical origins and terminations through the 2D tension-only
truss, instead of reconstructing the 3D solid geometries. In addition, the coupled models
can be established by directly aligning and assembling the foot and footwear structure
or through the specified shoe fitting process using FE software such as ABAQUS. Then,
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in terms of the material data, most of the material properties were acquired from
existing literature while some material properties of the footwear were obtained through
experiments using mechanical testing machines. Most components were idealized to be
homogeneous, isotropic, and linearly elastic, except for soft tissue and outsole, which
were commonly assumed hyper elastic in current models.

¢ Boundary/loading condition ‘

Soft Tissue
« Friction interaction
with shoe

Muscle/Tendon
« Connector force
or omitted

Bone

Ligament - .
+ Individual or partially fused

+ Tension-only
truss or omitted

Joint

« Cartilage

+ Individual or fused

Shoe Upper
+ Shoelace

Plantar Fascia
removed

« Tension-only
truss or omitted
Shoe Sole
« Insole, midsole,

and outsole
« Individual or f
ndividual or fused %‘ Boundary/loading condition

Figure 8 The main components of the coupled foot-shoe FE model and basic
modelling methods

The boundary and loading conditions were determined experimentally for most of
the simulations [125,126]. For instance, the foot-plate system approach was commonly
used to simulate the interaction between the foot, shoe, and ground. In this scenario, the
proximal surfaces of the soft tissue, tibia, and fibula components or the underneath of
the support plate were fixed, and the muscle forces and GRF were estimated from BW
of the subject (e.g., 50% BW for GRF and 50% GRF for the AT force). For some
dynamic movements, the subject-specific boundary and loading conditions were
obtained from 3D motion analysis, including kinematics and kinetics variables, more
accurately representing the conditions. The foot intrinsic and extrinsic muscle forces
were further calculated from EMG and respective physiological cross-sectional areas.
For the interactions between the foot, shoe, ground plate etc., the connection types were
commonly defined as the frictional contact surface with a coefficient of 0.5 to 0.6.
Implicit or explicit formulations (quasi-static/dynamic simulation) were then applied to

obtain the FE solution depending on the analysis setup. Lastly, model validation
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determines the accuracy of the model that can be used to represent the reality situation.
Normally, the loading response of the foot, footwear, or other components such as
plantar and outsole pressure were used for model validation. Meanwhile, statistical
analysis such as the measure of correlation and also Bland-Altman plot could be
conducted for validation. Here in the following sessions, the current research status, the
corresponding challenges of existing foot-shoe FE models, and the possible
advancements of each operation step would be explained as a background for this

dissertation.

1) Model construction

Based on previous studies, it is obvious that MRI is currently the most used imaging
modality that can provide high-resolution images for accurate reconstruction of soft
tissue and bony structures. Besides that, the 3D foot laser scanner has also been applied
to support foot modelling [25,125,126]. However, although this surface topography
method can offer a relatively quick and accurate geometry reconstruction of the foot
external surfaces, the limitation is that it cannot provide any information about the foot
internal structure, and this restricts its further usage for modelling purposes. On the
other hand, CAD software design appears to be the dominant option for the
reconstruction of shoe geometries. The virtual shoe models were either made based on
the structure of their realistic counterparts or the contour of the foot models. However,
two issues may arise during the shoe modelling process. First, since the shoe models
were built separately, an extra shoe fitting simulation is needed to resolve the surface
overclosure between the dorsal foot and shoe upper. Second, the accuracy and
reliability of the shoe models, especially the shoe upper, need further verification if they
were designed based on the profile of the foot and ankle. It is proposed that using MRI
or computed tomography (CT) to obtain the shod medical image could be a more

effective alternative for reliable foot and shoe modelling.

Footwear can reshape foot biomechanics. Therefore, a geometrically detailed FE
model involving all major foot and shoe structures is necessary for realistic evaluation

of the foot-shoe biomechanics and footwear optimization [125,126]. However, only the
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major ligaments were included in many of the existing models, and some that fused
distal bones were also considered [100, 113]. Besides that, many non-structural shoe
features such as shoelaces were often removed during the shoe modelling process. The
ignorance of these structures would lead to the inaccurate representation of model
integrity, which may further affect the simulation accuracy and limit its further usage.
Recent barefoot FE simulations have focused on developing realistic structural
modellings such as tendons, skin, and fat tissue of the foot, which indicates that there

is potential for further improvement of the existing foot-shoe FE models [127,128].

The above drawback also brings another critical challenge in terms of model design,
which is the balance between accurate details and computational cost. Regardless of the
analysis complexity, it is generally assumed that the computational time increases with
the model size, which in turn is associated with the types and the total number of the
model elements [25,125]. Thus, it is obvious that a detailed foot-shoe FE model will
include a greater number of model elements and consequently the computational cost
would significantly increase. However, it should be re-iterated that model accuracy is
crucial, especially for special-shaped footwear analyses and for clinical applicability.
Future research on this topic should focus on methods that could help achieve the

minimum simulation cost with industrial and/or clinically satisfied model accuracy.

2) Material property assignment

For now, the main issue on material property assignment is that most of the previous
studies assumed linearly elasticity for both foot and footwear structures based on
previous literature, which is certainly an approximated situation for biological tissue
[25,125,126]. Normally, all biological tissues present complex nonlinear behavior.
Several existing models have considered nonlinear material for the soft tissue of the
foot and the shoe outsole to increase accuracy [100, 113]. However, it is currently not
practical to build a foot-shoe FE model assuming all components are nonlinear, as this
would make the simulation significantly difficult and time-consuming. Besides that, it
is also worth mentioning that in some studies the bone structures were further simplified

or even not included [129,130]. In these cases, the material properties of the model
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should be further calculated since the ignorance of bone structures may in turn have
significant influences on the model stiffness. To achieve that, a combination of

mechanical measurements and sensitivity tests of material property is proposed.

3) Boundary and loading condition

The main direct step for implementing accurate FE analyses is defining a realistic
boundary and loading condition. For some FE analyses such as balanced standing, a
certain number of existing models considered only the GRF or vertical concentrated
forces estimated from the BW, with all foot muscle forces ignored or only the simplified
AT force included [25,125,126]. Moreover, it was found that the boundary and loading
conditions were not always determined from the same model subjects. According to the
literature, it may be acceptable in some cases where subject-specified characteristics
were restricted or not the study focus, while on the other hand obtaining relevant
loading data through biomechanical and computational tests on the involved subjects is
critical, especially for clinical-related scenario where model accuracy is the prerequisite

[25].

Currently, human motion analysis and musculoskeletal modelling have been widely
used in barefoot and foot-insole FE simulations to accurately determine the subject-
specific boundary and loading conditions for motions like walking and running.
However, only a limited number of existing foot-shoe models have incorporated the
above methods to improve accuracy, and in these studies foot muscle forces were
estimated by EMG data and physiological cross-sectional areas. It has been previously
clarified that musculoskeletal analysis may be a more computationally efficient
approach in muscle force estimation compared to the EMG approach [125]. More
attempts for foot-shoe analysis, including motion analysis and multi-body models,

could add further verifications.

4) Model validation
The validation of a FE model is a direct step that is highly associated with the model

practicality. Currently, existing foot-shoe FE models are mainly validated against the
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distribution and peak values of experiment-measured plantar pressure data
[25,125,126]. However, it is proposed that comparing the pressure characteristics of the
specific anatomical sites and the shoe outsole are also necessary for further model
validation. In addition, for some specific footwear types, such as high-heel shoes, the
pressure validation of the dorsal surface of the foot should also be conducted since the
foot would experience large deformation during high-heeled motions [113]. Moreover,
some experimental validations were performed by comparing the GRF-time curves
during the movement [131,132]. In these cases, using statistical analyses such as
Goodness of Fit could further help to evaluate the method consistency. Lastly, since
contact modelling was generally applied on all the bony segments and foot-shoe
interfaces, internal joint movements, soft tissue deformations, as well as relative
movements between foot and shoe could all be experimentally validated by dual-plane

fluoroscopy and MRI-based measurements [125,126].

1.3.2.3 Biomimetic implication for running shoe design

During the process of mammalian evolution, limb morphology and posture have
evolved to improve aspects of performance such as running speed. These developments
include changes in the digitigrade posture with metapodial elevation associated with
cursoriality. As the proportion in the distal segment of the limb increases, digitigrade
provides the advantage of a longer effective limb length to increase stride/step lengths

or maintain duration at higher speeds [133].

As the typical digitigrade mammals, felines have the carpus, and proximal ends of
the metapodials elevated off the ground, in conjunction with a plantarflexing wrist joint.
The metapodial head and 2—4 proximal phalanges remain in contact with the substrate
in a dorsiflexed metacarpophalangeal (MCP) joint. Additionally, the phalanx portion is
the main body component that contacts with the ground in activities such as standing,
walking, and running [134]. This special morphological structure allows felines to
absorb two to three times their BW while resting on their small distal joint. The foot
distal structure, such as the MTP joint in humans, serves as the base of support once

propulsion begins. When the heel is raised off the ground, the ankle carries out plantar
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flexion while MTP dorsiflexion also increases. It should be reiterated that the MTP joint
as the main support segment during human running, is often exposed to instability, pain,
or luxation. However, this condition rarely seems to occur in felines even though their
entire BW rests on the MCP and distal interphalangeal joint during their daily

movement patterns [134,135].

Accordingly, several studies explored the impact-resistant biomechanism of cat’s
paw pad using micromechanical FE methods, which could offer some new insights for
the improvement of the cushioning and shock absorption characteristics of the footwear
[26-28]. Nevertheless, it should be mentioned that the distal limb joint which comprises
multiple segments may together play a crucial role in landing cushioning and ground
force-transmission, not just the paw pad alone. Caliebe et al. previously found that force
transmission in this distal multi-joint had been optimized and simplified by a rigid
connection between the elbow and MCP joints. The rigid junction had been created in
conjunction with muscular action and tight ligaments, which crossed the joints to
stabilize different distal limb joints during the stance phase [134]. However, how the
forces transmit along the distal joint in a feline limb, which finally transfers the
bodyweight to the ground, has not been systematic investigated through FE methods.
Information on stress distribution of the internal structure could further enhance the
knowledge on felines distal limb biomechanics while providing new insights into
human MTP joint injury prevention by inspiring the design of health-care products,

footwear insoles, and foot functional aids.

1.3.2.4 Summary

To summarize, although numerical modelling of the entire foot-shoe complex has
received less attention than other conditions, it has shown essential contributions to
further understanding the foot and footwear biomechanics. This is specifically the case
where the FE model was applied for identifying mechanical properties of the foot in
casual or athletic footwear and for optimizing footwear design to enhance its functional
performance. Nevertheless, this dissertation highlights the need for improvement in

several aspects, including geometry, material, boundary and loading properties, and
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validation of the foot and footwear. Meanwhile, the animal bionic research has been
increasingly conducted and applied for designing footwear or equipment. For instance,
the special morphological structure of the feline paw allows it to absorb two to three
times of BW while landing from a height, which may provide an inspiration for the

footwear cushioning feature.

2. MATERIAL AND METHODS
2.1 Overview of the experimental and computational workflow

This work combined experimental test and FE simulation to reveal the intrinsic
mechanism of forefoot injury development (BT and MSF) during long-distance running
and further contribute to optimize the design of the running shoe in order to reduce the

corresponding forefoot injury risk.

The dissertation began with the experimental measurement to describe the
multidimensional alterations of the foot before and immediately after 5 km and 10 km
of running. An eight-camera Vicon motion capture system (Oxford Metrics Ltd.,
Oxford, United Kingdom) was used to capture the marker trajectory data through
Oxford foot model, an in-ground AMTI force platform (AMTI, Watertown, MA,
United States) was used to record the GRF data, a 3D foot scanner (Easy-Foot-Scan,
OrthoBaltic, Kaunas, Lithuania) was used to collect the foot morphology data, an
infrared camera (Magnity Electronics Co. Ltd., Shanghai, P.R. China) was used to
measure the foot skin temperature data, the visual analogue scale (VAS) was used to
calculate the subjective-perceived comfort, and a high-speed digital camera (Fastcam
SA3, Photron, Japan) was used to collect the gap length between the hallux and toebox
of the shoe. The same researcher conducted all procedures and data analyses to ensure

consistency.

Regarding to the computational simulation, the reverse engineering technology was
used to acquire geometrical data of foot, footwear, and distal forelimb structures of the
cat and establish the corresponding 3D models. Firstly, the foot-shoe and distal limb
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geometries were reconstructed from the high-resolution CT image using Mimic
(Materialise, Leuven, Belgium). Secondly, for surface smoothing and solid model
creation, the reconstructed geometries were imported into reverse engineering software
(Geomagic (3D Systems, South Carolina, United States) and Solidworks (Dassault
Systénes, Massachusetts, United States)). Within the reverse engineering environment,
some other basic structures such as cartilages, plantar fascia and ligaments were further
created based on the anatomical structure. Lastly, the coupled models were established

by aligning and assembling the corresponding structures.

Moreover, the FE analysis through ANSYS (ANSYS, Pennsylvania, United States)
was utilized to simulate the foot-shoe interaction and evaluate the biomechanical
response of feline distal limb under landing condition. The boundary and loading
conditions were determined by the data inputs from the experimental part, and the
simulated pressure distribution of the foot, footwear, and forelimb was compared to the
corresponding experimental data measured by Novel pressure measurement systems

(Novel GmbH, Munich, Germany) for model validation.

The details about the experimental test and FE simulation are listed in 2.2-2.3
sessions. Based on these results, a generalized methodology workflow that considers
both the human musculoskeletal and shoe structures, together with the bionic analysis,
was introduced for the quantitative exploration of forefoot injury mechanism and the

fast evaluation and optimization of footwear.

2.2 Ethics statement

This dissertation was performed in compliance with the declaration of Helsinki and
was approved by the Institutional Ethics Committee of Ningbo University. Before
taking part in this study, all human subjects and the animal owners were informed of
the corresponding experiment and simulation content as well as the potential risks and

then they gave the consent to participate, as shown in Figure 9.
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Figure 9 A: Human informed consent form; B: Animal informed consent form

2.3 Participants
2.3.1 Human participants

The recreational runner was defined based on regular running practice (frequency:
>3times/week, distance: >20km/week) and the World Masters Association age grading
performance tables (age-graded score<60%), for more details about age-graded score
see the previous study [136]. Accordingly, a total of ten male recreational runners (age:
25.63 =+ 2.88years, height: 1.72 =+ 0.04m, weight: 64.73 +5.68kg, BMI: 21.99 +
2.75kg/m?) were recruited from the university and local running clubs to participate in
the experimental test. Among them, one of the runners (age: 27 years, height: 175cm,
mass: 70kg) was further involved in the FE simulation test. All participants have
regularly joined in the half or full marathon race within 3 years, and they were
confirmed as right leg-dominant, habitual rearfoot strikers and reported no prior history
of lower limb injuries or foot abnormalities and neither any orthopedic surgeries at least

six months before the experiment.

In terms of the running shoe, the same one with EVA midsole, rubber outsole, and
8mm heel-to-toe drop was used in this study (Figure 10). All participants preferred the
same shoe size of 41 (Europe) and were required to wear the experimental shoe while

performing daily exercise for one week before the test.
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Rubber outsole

Heel-to-toe: 8mm

Figure 10 Illustration of basic information of the running shoe
2.3.2 Animal participants
One British shorthair cat (neutered male, age: 2 years, weight: 4.7 kg, Figure 11) was
recruited to provided data for this study. A full clinical examination was conducted to

ensure the cat had no health issues or musculoskeletal injury in any of his limbs that

could impact the result of this study.

Neutered male
Age: 2 years, Weight: 4.7 kg
=== Body length

TEITE Shoulder height

== (Chest breadth

Figure 11 Illustration of basic information of the cat
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2.4 Biomechanical experiments
2.4.1 Experimental protocol and procedures
2.4.1.1 Long-distance running test

Prior to the test, participants were required to wear the sports pants and experiment
shoes and run on the treadmill at a speed of 8km/h for 10 minutes as a warm-up. The
foot kinematics and kinetics, foot morphology, foot skin temperature, subjective-
perceived hallux comfort, and gap length between the hallux and toebox were then
collected for static condition (baseline data). After that, participants were asked to run
on the treadmill with a speed of 12km/h and a 0% slope for 10km in total. This running
protocol was chosen because a running distance of 10 km is long enough to initiate
changes, and 12 km/h corresponds to the average moderate running speed for
recreational runners [110]. The variables mentioned above were again measured
immediately after 5 km of running. After the interval test, participants kept running for

another 5 km and did the final 10-km test.

2.4.1.2 Feline landing test

This test was conducted in a quiet room with only the researchers and the owners
present. To ensure the success of the experiment, owners were required to bring the cat
to the laboratory in advance in order to get them familiar with the test environment,
which lasts until the cat can be enticed by food, toys and/or encouragement of the
owners to accurately jump and land on the specific region [137,138]. During the formal
test, the cat was firstly encouraged to relax and maintain a natural standing position on
the measurement instrument in order to collect the baseline static data. After that, it was
moved to a height-adjustable table and encouraged to sit in a squat position at the table
edge, from where it would jump onto the instrument with its forelimbs landing first
(Figure 12). The table height was adjusted to three specific values (0.6m, 0.8m, and
1.0m) for this experiment and 1-min interval after each landing task was given to avoid
any influences of fatigue on data collection. The trial was considered successful if there
was no apparent tilt of the cat’s body and it landed correctly and continued to walk
forward.
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Figure 12 Illustration of cat landing procedure

2.4.2 Experimental instrument and data analysis process
2.4.2.1 Foot kinematics and kinetics

A Vicon motion capture system (Oxford Metrics Ltd., Oxford, United Kingdom)
with 8 infrared cameras was applied to collect the foot kinematics during running at
200 Hz (Figure 13). Prior to data collection, the motion capture system was calibrated
according to the manufacturer's instructions. A total of 30 spherical reflective markers
with 9 mm in diameter were attached to the corresponding bony landmarks through the
hole cut in the shoes based on a previously established protocol, and 3 markers were
removed after the static calibration trials (Figure 14) [139]. In addition, a 0.6 m>0.8 m
AMTI force platform (AMTI, Watertown, MA, United States) embedded in the middle
of the 20 m indoor walkway was utilized to determine GRF data and gait cycle at a
frequency of 1000Hz (Figure 13). The Vicon Nexus software package (Version 1.8.5,
Oxford Metrics Ltd., Oxford, United Kingdom) was used to record the marker
trajectories and GRF data synchronously. During the test, participants were asked to
run on the 20-m indoor track at the same speed of the 10 km treadmill running and land
on the force plate with their dominate leg, with the above motion capture system and
force platform used to record data. The Brower timing gates (Brower Timing System,
Draper, UT, United States) were set 2 m apart on the middle of the force platform to
monitor the running velocity (Figure 13). Each participant performed eight successful
trials of running and at least 30-second rest were allowed after one trial.
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B Vicon camera

A\ Timing gate
] Force plate

Camera capture range

==p Movement direction

®9: Foot landing position

Figure 14 Illustration of Oxford foot model marker placement

Note: 1, right anterior superior iliac spine; 2, left anterior superior iliac spine; 3, left posterior
superior iliac spine; 4, Sacral marker; 5, right posterior superior iliac spine; 6, right thigh marker;
7, left thigh marker; 8, right lateral knee; 9, left lateral knee; 10, right lateral head of fibula; 11,
right tibial tuberosity; 12, right tibial marker; 13, right anterior aspect of the shin; 14, left tibial
marker; 15, right hallux; 16, right 1st metatarsal, distal medial; 17, right 1st metatarsal,
proximal dorsal; 18, right toe; 19, right 5th metatarsal, distal lateral; 20, right 5th metatarsal,
proximal lateral; 21, right ankle; 22, right medial malleoli; 23, right sustaniculum tali; 24, right
lateral calcaneus; 25, right heel; 26, right posterior calcaneus proximal; 27, right peg marker;
28, left toe; 29, left ankle; 30, left heel; The yellow markers were removed after static

calibration.
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The Vicon Nexus software was used to perform the preliminary processing of the
data. Firstly, the gait data were labelled and run in this system, and an experienced
technician further checked the traces and removed all the inconsistent trials. Five gait
cycles of the dominant foot were selected out of eight trials for each participant.
Afterwards, the marker trajectories and GRF were filtered using the low-pass, fourth-
order, zero-lag Butterworth filter with a frequency of 8 Hz and extracted as CSV files

for further analysis.

The Oxford foot model divides the foot structure into three parts, including hallux,
forefoot, and hindfoot. Therefore, in this dissertation the dominant foot inter-segment
kinematics from the entire stance phase, including forefoot with respect to hindfoot
angles (FFHFA) in the sagittal, frontal, and transverse planes, as well as hallux with
respect to forefoot angle (HXFFA) in the sagittal plane, were determined. In addition,
angle values at initial contact and toe-off, as well as the peak values and range of motion
(ROM) during the stance phase, were also derived. Stance phase was defined as the
period of time when the vertical GRF value surpassed 20 N while initial contact and
toe-off represent the starting and ending points of this period respectively. ROM refers
to the difference between the maximum and minimum joint angles during the stance

phase.

For the GRF data of interest, the 1st and 2nd vertical GRFs, peak propulsive and
breaking GRFs in the stance phase, together with the 1st and 2nd vertical average
loading rate (VALR), were extracted. The peak propulsive and breaking GRFs refer to
the peak positive and negative GRFs in X-axis (anteroposterior direction), and VALR
was calculated according to the following established equation, where the Fno and tho
represent the percentage of force magnitude and time till the corresponding peak values

[140]. All kinetic parameters were normalized to BW for further analysis.

VALR = [Fgoo, — F200,]/[tso0% — t20%] (1)
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2.4.2.2 Foot morphology

The foot morphology data were collected using a 3D foot scanner (Easy-Foot-Scan,
OrthoBaltic, Kaunas, Lithuania) with an accuracy of 0.3 mm and the scanner volume
of 400 (length)*200(width)*200(height) mm?3(Figure 15). During the test, participants
had their dominant foot scanned while standing with legs separated at the shoulder

width [109].

Twelve foot dimensions were measured according to the previously established
protocol (Table 1), which includes foot length (D, arch length @), heel to fifth toe length
(3, mid-ball to heel length @, ball width &), maximal heel width &), maximal heel
location (@, dorsal height ®), arch height @), ball girth @0, instep girth (11), and short
heel girth 12) [141].

Figure 15 Illustration of foot morphology measurement

Note: foot length (D, arch length ), heel to fifth toe length 3, mid-ball to heel length @), ball
width 5, maximal heel width &), maximal heel location (¥, dorsal height (8, arch height (9,
ball girth @), instep girth (11), and short heel girth (2).
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Table 1 Foot morphology definitions [141]

Foot dimensions

Definition

Image

Foot length

Distance between pternion and the tip of the
longest toe in X-direction.

Arch length

Distance between pternion and the medially
prominent point of the first metatarsal head in
X-direction.

Heel to fifth toe
length

Distance between pternion and the tip of the
fifth toe in X-direction.

Distance between pternion and the middle
point of the metatarsal ball in X-direction.

Mid-ball-to heel
length
Ball width

Distance between the prominent point of the
first and the fifth metatarsal heads in Y-
direction.

Maximal heel
width

Distance between the prominent point of the
medial and lateral malleolus in Y-direction.

Maximal heel
location

Distance between pternion and the prominent
point of the medial malleolus in X-direction.

Dorsal height

Height of the vertical cross-section at 50% of
foot length from the pternion in Z-direction.

Height between the lower edge of the navicular

Arch height and the vertical line from the base of the first
metatarsal head to the heel in Z-direction.
Girth from the lateral margin of the first
Ball girth metatarsal head to the lateral margin of the
fifth metatarsal head.
. Minimum girth over the middle prominence of
Instep girth

the cuneiform.

Short heel girth

Minimum girth around back heel point and
dorsal foot surface.
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2.4.2.3 Foot skin temperature

The foot skin temperature was recorded by an infrared camera (Magnity Electronics
Co. Ltd., Shanghai, P.R. China) with a resolution of 384>288 pixels. As shown in
Figure 16, for the plantar region, participants sat down with their legs in a horizontal
position and perpendicular to the infrared camera at a distance of 1m. An anti-reflection
panel was placed behind the feet to minimize the effect of the reflected temperature
from the surroundings, and to remove the other parts of the body from the image [142].
For the dorsal region, participants stood on the panel and the infrared camera was placed
1m above the ground for measurement. The indoor temperature was controlled at 20°C
using an air conditioner, and participants were required to remain barefoot for 10
minutes to adapt to the room temperature before the thermographic measurement for

the static condition [142].

A thermographic software (ThermoScope v1.2, Magnity Electronics Co. Ltd.,
Shanghai, P.R. China) was used to obtain the mean temperature of the foot regions at
the skin emissivity factor of 0.98. Based on the foot anatomical model, 8 regions of
interest were defined to obtain the mean temperature, including hallux (H), other toes
(OT), medial metatarsal (MM), central metatarsal (CM), lateral metatarsal (LM), dorsal
hallux (DH), dorsal other toes (DOT), and dorsal metatarsal (DM) (Figure 16). The
proportion criteria for the delimitation of the regions of interest are as follows. First,
the hallux and other toes regions were delimited, and from which the rest of the sole
was divided into three equal longitudinal regions, named forefoot, midfoot, and
hindfoot. Next, the width of the hallux and the delimitation between the third and fourth
toes were taken as the references to divide the medial, central, and lateral metatarsal
regions respectively. Lastly, the dorsal region was further delimited according to the

above criteria [143].
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Plantar region

0.5m

Figure 16 Illustration of foot skin temperature measurement

2.4.2.4 Subjective-perceived hallux comfort

The subjective-perceived comfort of hallux was measured using the VAS form,
which is a popular instrument for pain measurement. It usually consists of a straight
line of 100 mm, with anchor descriptors such as “no pain” at the left end (Omm) while
“worst pain imaginable” at the right end (100mm), as shown in Figure 17. Based on a
previous literature review, we considered VAS to be reported in centimeters (i.e., O-
10cm) for easier data processing in this study [144]. During the test, participants were
required to make a mark which can reflect his perception about hallux comfort.
Afterwards, the distance between the left end point and the mark is calculated in mm,

representing as the VAS score.

Visual Analogue Scale (VAS) Choose a Number from 0 to 10 That Best Describes Your Pain
No Distressing Unbearable
Pain Pain Pain
| | | | | | | 1 | | |
| | | | | | 1 | | | |
0 1 2 3 4 5 6 7 8 9 10

Figure 17 Illustration of VAS
2.4.2.5 Gap length between the hallux and toebox of the shoe
The gap length between the hallux and toebox of the shoe, defined as the vertical
distance between the phalangeal joint of the hallux and toe cap in the sagittal plane, was
collected with a high-speed digital camera (Fastcam SA3, Photron, Japan) at a
frequency of 1000Hz. As shown in Figure 18, the camera was positioned on a portable
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tripod placed 0.3m above the floor and 1m away from the treadmill. A triangle-shaped
hole was cut in the shoe upper and a reflective point (1.5mm) was attached to the
phalangeal joint of the hallux to allow the camera to capture the hallux motion. During
the test, participants were instructed to switch the shoe and continue to run on the

treadmill at 12km/h until 5 complete gait cycles were recorded during each condition.

Single-stride video clips at three stance instants (initial contact, midstance, and toe-
off) were first created from the captured videos and then the gap length was quantified
visually in a subjective way using a video analysis software (Photron FASTCAM
Viewer Ver.3620, Photron, Japan). Initial contact in the videos was defined as the
moment when the shoe makes first contact with the treadmill belt, midstance in the
videos was defined as the moment when the knee of the swing lower limb was adjacent
to the knee of the stance one, and toe-off in the videos was defined as the moment when

the shoe makes the last contact with the treadmill belt [145].
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Figure 18 Illustration of gap length measurement

2.4.3 Statistical analysis

All statistical analyses were performed with the SPSS 22 (IBM SPSS inc., Chicago,
IL, USA). Prior to analysis, the Shapiro-Wilk test was applied to check the normality
of data distribution and Levene’s test for homogeneity of variances was used for
homogeneity assessment. All data were presented as mean =SD (standard deviation).

One-way repeated-measures analysis of variance (ANOVA) with Bonferroni post-hoc
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comparison was conducted to determine the differences in the above-mentioned five
aspects among static, 5km, and 10km conditions. Moreover, one-way repeated-
measures ANOVA of one-dimensional statistical parametric mapping (SPM1d) was
also conducted to further observe foot kinematics changes over the stance phase by
using MATLAB 2019b software (The MathWorks, Natick, MA, USA). The

significance level was set at p<0.05.

2.5 Finite element simulation
2.5.1 Model construction

The medical CT images (Optima CT540, GE Healthcare, Chicago, United States) of
the foot and sports shoe were collected through scanning the participant’s right leg
(shod), which was fixed by an ankle-foot orthosis to the neutral position (Figure 19)
[128]. The DICOM images were segmented by Mimic 21.0 (Materialise, Leuven,
Belgium) to obtain the boundaries of bones, soft tissues, and shoe and build the 3D
geometry model. The noise pixels between soft tissue and shoe cavity were manually
deleted while keeping the shoe contour and thicknesses as same as the real one. To
reduce the computation, the second to fifth intermediate and distal phalanges were fused
to one bony structure, the sock structure was considered but not separated from the soft
tissue, and the shoe model was divided into two parts which stand for the shoe upper
and the shoe sole, respectively. These geometries were smoothed using Geomagic Wrap
2017 (3D Systems, South Carolina, United States) and then imported into Solidworks
2020 (Dassault Systémes, Massachusetts, United States) to form solid parts (Figure 20
and Figure 21).

Twenty cartilaginous structures were modelled for articulations between 20 bones
considered in this model (distal parts of tibia and fibula, talus, calcaneus, cuboid,
navicular, 3 cuneiforms, 5 metatarsals, and 6 phalanges) to allow the connection and
relative movements, and the encapsulated soft tissue was further obtained by
subtracting all the bony and cartilaginous structures from the full soft tissue volume. A
total of 66 ligaments and 5 plantar fasciae were created using tension-only link elements

based on the anatomical locations on corresponding bones. As shown in Figure 22, the
46



foot model was finally assembled with the shoe model to achieve the coupled foot-

sports shoe complex.

Figure 20 Illustration of CT imaging and 3D geometries of the bone (A) and soft

tissue (B)

Figure 21 Illustration of CT imaging and 3D geometry of the foot and shoe and

smoothing process
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Figure 22 Illustration of 3D FE model of the foot and sports shoe complex

Regarding the feline paw model, similar image acquisition and segmentation were
applied. As shown in Figure 23, the CT images of the cat’s whole body were collected
in the unloaded position, while only the left forelimb paw was analyzed in this study.
The body of the cat was oriented in the scanner in a specific way to mimic the posture
when the fore paws of the cat are naturally placed on the ground. This position was easy
to manipulate because the cat was anesthetized by a veterinarian. The structures of 23
bones, which included 1 radius, 1 ulna, 7 carpus, 5 metatarsals, and 9 components of
the phalanges together with the encapsulated volume were segmented, smoothed, and
then form into solid parts. To simulate the real situation of the cat’s paw, the solid
volume of the articular cartilaginous structure was shaped. Thus, 18 cartilages were
created according to the feline paw anatomical structure [146]. In addition, the
ligaments were then generated based on anatomical characteristics and the encapsulated
soft tissue was built by subtracting all bones and cartilages and converting them into a
solid format. Eventually, the paw model consists of 23 bones, 18 cartilages, 30

ligaments, and an encapsulated soft tissue.
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Figure 23 Illustration of the process of reconstructing the paw model

2.5.2 Mesh development

The mesh for each part of the foot-shoe model and paw model was created by
HyperMesh 16.0 (Altair, Michigan, USA). During the process, 4-note linear tetrahedral
elements were used on the irregular geometries such as bones, cartilage, and
encapsulated tissue. A convergence analysis was applied to both ensure the model
accuracy and the optimum requirement on computational resources in the preliminary
phase. In this process, the mesh density was gradually decreased until the difference in

predicted peak stress values between two meshes were within 3% [147].

Finally, except for the ground plate, which was meshed with hexahedrons, all other
components meshed with tetrahedral solid elements. For the foot-shoe model, the mash
size was 5.0mm for the soft tissue, shoe upper, shoe sole, and plate, 3.5mm for the
bones, and 2.0mm for the cartilage, and in total, there are 358,322 nodes and 208,225
elements for the whole model. In terms of the paw model, the mesh size was set to 0.2
mm for the bony component, 0.1 mm for cartilaginous parts, and 0.2 mm for
encapsulated soft tissue. The total number of tetrahedral elements in solid bones,

cartilage, and encapsulated parts was 19986.
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2.5.3 Material properties

All the materials assigned in this FE analysis were idealized to be homogeneous,
isotropic, and linearly elastic except the encapsulated soft tissue of the paw model. Two
material constants (i.e., Young's modulus (E) and Poisson's ratio (v)) were used to
define the elasticity. For the foot-shoe model, a further material property sensitivity
analysis of shoe sole stiffness was conducted since this part was considered as a whole
component in this simulation. To be specific, Young's modulus (E) of shoe sole was
adjusted by #10% and #20% from the baseline value (2.490MPa), which was obtained
from previous literature [131,132,148].

In terms of the paw model, the published data regarding feline bone is limited,
therefore the material properties of canine bone are referenced here due to certain
similar aspects of mammalian anatomy and function [26]. The cartilage and ligament
comprise the same material as human foot. In a recently published research paper,
which examined the biomechanics of paw pad of cats, the pad was described as a
nonlinear, viscoelastic property similar to polymers [27]. Thus, a hyperelastic material
model, with a second-order polynomial strain energy potential, was used to mimic the

cat’s paw encapsulated soft tissue.

Values for the paws soft tissue were calculated by ANSYS Workbench 2021
(ANSYS, Pennsylvania, USA) based on uniaxial stress-strain data, acquired from
published research, under three loading frequencies (0.11 Hz, 1.1 Hz, and 11Hz) [27].
This was done as hyperelastic material behavior is typically characterized by uniaxial
tests, biaxial tests, and shears tests. The engineering stress-strain data were directly
imported into the processor of ANSYS Workbench 2021. Finally, the plate was created
and assigned with an elastic property to simulate concrete ground support. The details

of the material properties are listed in Table 2.
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Table 2 Material properties assigned to each component in the FE model

Young's ) )
Poisson's Cross-section
Component Element type modulus E
ratio v area (mm?)
(MPa)
Foot-shoe model
Shoe upper Tetrahedral solid 11.76 0.35 -
Shoe sole .
) Tetrahedral solid 2.49 0.35 -

(baseline)

Bone Tetrahedral solid 7300 0.30 -
Cartilage Tetrahedral solid 1 0.40 -
Ligament Tension-only truss 260 0.40 18.4

Plantar fascia Tension-only truss 350 0.40 58.6
Soft tissue Tetrahedral solid 1.15 0.49 -
Paw model

Bone Tetrahedral solid 15000 0.30 -
Cartilage Tetrahedral solid 1 0.40 -
Ligament Tension-only truss 260 0.40 18.4

Other models
Ground plate Hexahedral solid 17000 0.10 -

2.5.4 Boundary and loading conditions

The boundary and loading conditions were determined through the experimental
measurements of the same subject used for CT scans and FE model construction. For
the foot-shoe model, 3D gait analysis was carried out using the Vicon motion capture
system and AMT]I force platform synchronously, and a total of 48 reflective markers
were attached to the corresponding bony landmarks according to the previously
established protocol (Figure 24A) [149]. Firstly, the balanced standing trial was
conducted when the subject stood on the force plate with his right leg. The vertical GRF
was derived, and the heading angles of foot in sagittal and coronal plane were further
calculated based on the Euler angles of foot rigid body coordinate system with respect
to the global coordinate system since the plantar pressures were reported to be highly
associated with the foot orientation during simulation [150]. The foot-plate system
approach, which is a commonly employed method during biomechanical modeling of

the human foot in previous studies, was used to simulate the balance standing between
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the foot, shoe, and ground (Figure 24B). First, a 3D solid plate that was allowed to
move only in the vertical direction was used to model the supporting ground, and the
proximal surfaces of the soft tissue, tibia, and fibula components were fixed. Moreover,
two additional forces were assigned to the model. One is the vertical GRF, which was
applied at the inferior surface of the ground plate (343.00N). The other is the AT force,
which is commonly estimated as 50% of the force applying on the foot while balanced
standing in previous research [147, 148], was applied at the superior surface of the

calcaneus (171.50N).

Fixed proximal end

Contact between
foot and shoe upper

%“FO.G . Contact between
shoe sole and plate

Figure 24 Illustration of markers setting and foot heading angles (A) and boundary
and loading conditions for balanced standing (B)

After that, the running trial was performed on the same subject with the running
speed of 12km/h using the above equipment. In this study, the foot-shoe dynamic
interaction during the last stance phase was simulated as an example to demonstrate the
validity and accuracy of the role of the proposed model in fast evaluation and

optimization of footwear (Figure 25).

The foot kinematic data during this period of time were calculated as the boundary
and loading conditions to drive the running motion. To be specific, the 3D solid plate

was fixed in all directions while the displacement load (coordinate position change of
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the ankle joint center point) and rotation angle load (alteration of the foot heading angle)
were applied to a total of 1968 nodes of the talus, heel, navicular, dice, cuneus and five
metatarsals under the global coordinate system. The coordinate position of the center
point of the ankle joint was calculated based on the coordinate data of the lateral and
medial malleolus, and the alteration of the foot heading angle referred to the total
change in foot heading angle over time. In addition, the duration from the midstance to
toe-off phases were also measured as the time load for the foot-shoe dynamic simulation.
In terms of the interaction between the foot, shoe, and ground plate, both the connection

types were defined as the frictional contact with a coefficient of 0.6 [131, 132].

Contact between
foot and shoe upper

"

5 Contact between
:ll|=0-§ shoe sole and plate

Time load

Fixed plate in all directions

Figure 25 Illustration of boundary and loading conditions for running
In terms of the paw model, the foot-plate system approach was applied for both
standing and landing simulation (Figure 26). The superior surface of the encapsulated
solid part, distal tibia, and distal fibula was fixed while the plate was allowed to move
freely only in a vertical direction. The vertical GRF was collected using the AMT] force
platform with the cat standing still or landing from different height and then applied

underneath the plate, which created a frictional contact (u=0.6) with the paw.
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Fixed proximal end

Contact between
paw pad and plate

Standing, landing
(0.6m, 0.8m, 1.0m)

Ground reaction force
in Z axis direction

Figure 26 Illustration of boundary and loading conditions for standing and landing
2.5.5 Model validation

To validate the coupled foot-shoe model, the plantar and sole pressure from the
computational simulation were compared with the experimental data collected from the
same participant using the Novel Pedar-X insole pressure measurement system and
Novel Emed force plate measurement system (Novel GmbH, Munich, Germany) at a
frequency of 100 Hz, respectively (Figure 27). Both the plantar and sole areas were
further divided into four specific regions, including medial forefoot (MFF), lateral
forefoot (LFF), midfoot (MF), and hindfoot (HF) for foot model, medial fore-sole
(MFS), lateral fore-sole (LFS), medial hind-sole (MHS), and lateral hind-sole (LHS)
for shoe model. During the test, the same participant was required to stand still and had
his dominant foot on the pressure plate. The pressure distribution and peak pressure of
all eight regions were collected to validate against the corresponding predicted pressure.
Moreover, the Bland-Altman method was further performed to calculate the difference
and mean of the pressure data obtained from experiment and model simulation through

MedCalc 19.0.4 (MedCalc Software, Ostend, Belgium). The two approaches would be
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considered as good consistency if the difference was within the 95% limits of agreement

(LOA).

Regarding the feline paw model, the pressure data under the conditions of static
standing were extracted from the Novel Emed force plate measurement system (Novel
GmbH, Munich, Germany) with a frequency of 100 Hz for comparison with simulated

results.

A

(23

| MFR

g
B

Plantar
pressure

d
SOIe "
pressure

s

pressure K

Figure 27 Illustration of pressure measurement for foot-shoe model validation (A) for

paw model validation (B)

3 RESULTS
3.1 Results of biomechanical experiments
3.1.1 Foot kinematics
The time-series data of foot inter-segment kinematics and the corresponding SPM1d
analysis during the stance phase among three conditions are shown in Figure 28. Table

3-4 exhibits test statistics for all kinematic parameters at critical points.
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Figure 28 The time-series data and SPM1d analysis of foot inter-segment kinematics
during stance phase under static condition and after 5km and 10km of running, A:
forefoot with respect to hindfoot motion in sagittal plane; B: forefoot with respect to
hindfoot motion in frontal plane; C: forefoot with respect to hindfoot motion in
transverse plane; D: hallux with respect to forefoot motion in sagittal plane

3.1.1.1 Forefoot with respect to hindfoot motion

Through the SPM1d analysis, it was found that FFHFA was significantly different
after 5 km compared to baseline and 10 km (Figure 28A-C). The larger dorsiflexion
and adduction angles during the mid-stance phase and the larger supination throughout
the stance phase were found at 5 km (p<0.05). In addition, 10 km running resulted in
relatively smaller dorsiflexion at the early stance phase compared to baseline and 5 km
(p<0.05). The critical point differences among conditions can be found in Table 3. In
the sagittal plane, significantly less plantarflexion was also found after 5 km and 10 km

56



running by comparing the angles at toe-off with baseline (p=0.007 and p=0.013). There
were no significant differences in the frontal plane after 5 km and 10 km of running
when compared with baseline (p>0.05). However, supination angle at toe-off and its
peak value during stance were significantly reduced after 10 km running compared to
5 km running (p=0.001 and p<0.001). In terms of the transverse plane, peak adduction
(p=0.049 and p=0.002) and ROM (p=0.001 and p=0.007) were found to be significantly

lower both at baseline and 10 km.

Table 3 Forefoot with respect to hindfoot motion kinematics under static condition

and after Skm and 10km of running

Running distance One-Way Repeated Measures

Variables ANOVA
Baseline 5 km 10 km
F-value Np? p-value
Mean (SD) Mean (SD) Mean (SD)

FFHFA (9
X
Initial contact -1.30(3.88) -0.77(4.63) -1.29(3.47) 1.50 0.03 0.23
Toe-off -10.55(2.53)  -8.11(4.83) -8.54(3.94) 8.16 0.14 0.001
Dorsiflexion(max) 13.98(6.44)  14.14(6.79)  13.42(5.45) 1.62 0.03 0.20
Plantarflexion(max) -16.35(2.65)  -14.96(6.21) -15.46(5.10) 3.66 0.07 0.05
ROM 30.33(6.30) 29.10(7.45)  28.88(6.03) 3.08 0.06 0.05
Y
Initial contact 11.95(1.84) 12.07(1.28) 11.52(2.55) 2.13 0.04 0.13
Toe-off 12.92(2.26) 13.38(2.16)  12.56(1.74) 6.01 0.11 0.003
Supination(max) 13.93(2.93)  14.41(2.21) 13.46(2.17) 1075 018  <0.001
ROM 4.61(1.12) 4.64(1.25) 4.66(0.82) 0.03 0.001 0.97
Z
Initial contact 14.01(2.07) 13.52(2.37)  13.70(2.85) 2.38 0.05 0.10
Toe-off 14.04(2.26)  14.40(1.68)  13.89(2.42) 2.82 0.05 0.06
Adduction(max) 20.00(3.60) 20.66(3.20)  19.57(3.54) 6.03 0.11 0.003
ROM 13.02(2.16)  14.04(1.81)  12.96(1.92) 6.34 0.12  0.003

3.1.1.2 Hallux with respect to forefoot motion

Through the SPM1d analysis, smaller plantarflexion angles were found to be

presented during the early to midstance phase (Figure 28D) at 10 km for HXFFA in the

sagittal plane (p<0.05). In terms of the critical point differences among conditions, a
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significant difference was shown between 5 km and 10 km, with the peak value of

plantarflexion decreased after 10 km running (p=0.006, Table 4).

Table 4 Hallux with respect to forefoot motion kinematics under static condition and

after Skm and 10km of running

) ) One-Way Repeated
Running distance

Measures ANOVA
Variables _
Baseline 5km 10 km F- ) p-
Mean (SD) Mean (SD)  Mean (SD) value L value
HXFFA (9
X
Initial contact -5.41(5.37) -4.99(7.34) -4.22(6.78) 258  0.05 0.08
Toe-off 3.37(4.81) 2.28(4.69) 3.77(5.12) 226 0.04 0.11

Dorsiflexion(max) ~ 21.39(5.52)  21.02(4.37) 22.28(4.74) 270 005  0.07
Plantarflexion(max) ~ -10.87(4.03)  -11.40(5.42) -9.79(5.40) 6.05 011  0.003
ROM 32.25(5.02)  32.42(3.84) 32.06(4.20) 029 0.006 0.75

3.1.2 Ground reaction forces

The group average and statistics of GRFs during the stance phase are presented in
Table 5. No significant differences were found among conditions except peak
propulsive, with its value decreasing significantly after 10 km compared to 5 km of

running (p=0.005).

Table 5 GRF under static condition and after Skm and 10km of running

Running distance One-Way Repeated

Variables Measures ANOVA

Baseline 5 km 10 km F- ) p-
GRFs Mean (SD) Mean (SD)  Mean (SD) value L value
First peak vertical (BW)  1.95(0.28) 1.99(0.29) 2.03(0.26) 1.64 003 0.20
Second peak vertical 2.67(0.18) 2.66(0.21) 2.60(0.27) 284 0.06 0.06

(BW)

First VALR (BW/s) 45.64(15.69) 48.11(14.04) 47.58(11.04) 0.70 0.014 0.50
Second VALR (BW/s) 27.14(4.59) 28.14(3.29) 27.85(4.53) 0.98 0.02 0.38
Peak braking (BW) -0.17(0.05)  -0.18(0.07)  -0.18(0.08) 0.26 0.01 0.77

Peak propulsive (BW) 0.14(0.07) 0.14(0.08) 0.12(0.07) 4.07 0.08 0.02
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3.1.3 Foot morphology

In terms of foot morphology, only arch height and ball width altered significantly

throughout the running test (Table 6). As shown in Figure 29, after 10km of running,

arch height was reduced significantly when compared to 5km and static (p=0.001,

p=0.002) conditions, and ball width was also decreased in statistics versus static

condition (p=0.039).

Table 6 Foot morphology under static condition and after Skm and 10km of running

Running distance

One-Way Repeated

Varicbles | Measures ANOVA
Static 5km 10km
Mean (SD) Mean (SD) Mean (SD) Frvalue e pvalue
Morphology (mm)
(DFoot length 249.04(7.13)  250.64(8.12)  250.97(7.05) 0.88 0.09 0.39
@Arch length 176.46(5.33) 178.54(7.00)  177.84(7.75) 0.53 0.06 0.60
(®Heel to fifth toe length ~ 200.80(8.39)  200.82(10.53) 201.23(11.35) 0.03 0.01 0.97
@Mid-ball to heel length ~ 209.87(6.28)  210.73(7.16)  210.90(7.18) 0.23 0.03 0.80
®Ball width 59.13(1.82) 59.52(1.78) 58.51(2.67) 1.48 0.14 0.26
(®Maximal heel width 61.58(5.61) 61.76(5.56) 60.94(4.78) 0.39 0.04 0.68
(DMaximal heel location ~ 57.09(3.81) 57.65(3.10) 57.18(2.81) 0.44 0.05 0.55
®Dorsal height 241.43(8.84) 242.68(9.20) 243.27(8.31) 1.01 0.10 0.38
©Arch height 320.36(6.29)  321.10(7.82)  319.28(9.83) 0.73 0.08 0.43
(0Ball girth 107.82(6.63) 106.77(6.68)  106.39(6.55) 8.30 0.48 0.02
@Instep girth 13.12(2.58) 12.88(2.47) 12.20(2.34) 2611 074 <0.001
@sShort heel girth 233.16(6.60)  232.26(6.08)  231.01(6.25) 1.89 0.17 0.20

59



300 250 250

Taso ﬂ:l-Static :
H 200 2 I 5 km 1

200 1 1
;? 150 150 )L |10kmy
PR R R R e
[ 100 100
g 100
g s 50 50
=

0 o 0 0 3

250 150 80

60
100

40

50
20

© [

T
o[- ‘2‘ ®
©

80 80 20

ol _[_—

40 10

=

60 _I_

40

20 20

O [
T
© |-
T
© |-
——

300 300 400
2504 250
i — E3 Ea 3004 57 9
2004 200
1504 150 200
1004 100
100
504 50
' @® ’ ) ' @

Figure 29 Column chart of the Bonferroni comparisons for foot morphology under
static condition and after Skm and 10km of running

Note: @, foot length; @), arch length; ), heel to fifth toe length; @, mid-ball to heel length; &,
ball width; ®, maximal heel width; @), maximal heel location; ®, dorsal height; (@, arch height;
(0, ball girth; (1), instep girth; 12), short heel girth
3.1.4 Foot skin temperature

For all the forefoot anatomical regions, foot skin temperature exhibited statistical
differences among the three conditions (Table 7). Compared with baseline, it was found
that running (5km and 10km) led to significantly higher skin temperature (p<0.001,
Figure 30). Moreover, the temperature of DH, DM, and MM regions after 10km running
were also significantly greater than the 5km (p=0.04, p=0.043, and p=0.014, Figure 30).
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Table 7 Foot temperature under static condition and after Skm and 10km of running

Running distance

One-Way Repeated

. Measures ANOVA
Variables .
Static 5km 10km
F-value np? p-value
Mean (SD) Mean (SD) Mean (SD)
Temperature (°C)

H 22.66(1.00) 33.47(1.54) 32.53(152) 27136 097  <0.001
oT 22.69(1.08) 34.62(1.99) 34.24(259) 34349 097  <0.001
MM 26.46(1.14) 35.24(1.18) 37.26(1.34)  166.40  0.95  <0.001
CM 26.74(0.75) 36.17(1.24) 37.24(157) 19596 0.96  <0.001
LM 25.34(1.29) 34.73(1.24) 34.81(2.75) 13581 094  <0.001
DH 22.72(1.04) 33.84(1.85) 35.12(1.46) 41515 0.98  <0.001
DOT 22.48(1.54) 34.34(2.54) 34.27(2.24) 37192 098  <0.001
DM 25.27(1.48) 34.24(1.13) 35.92(1.59)  199.67 0.96  <0.001
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Figure 30 Column chart of the Bonferroni comparisons for foot temperature under

static condition and after Skm and 10km of running

3.1.5 Subjective-perceived hallux comfort

ANOVA analysis showed that the VAS scores were statistically different among the

three conditions (Table 8). Compared with the static condition, both 5km and 10km

significantly increased the hallux VAS levels (p=0.001 and p<0.001). However, no

significant difference was presented between 5km and 10km (p>0.05).
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Table 8 Perceived VAS scores under static condition and after Skm and 10km of

running

o One-Way Repeated
Running distance

Measures ANOVA
Variables _
Static 5km 10km
F-value  np?  p-value
Mean (SD) Mean (SD) Mean (SD)
VAS
Hallux 0.00(0.00) 1.60(0.84) 2.10(0.99) 29.81 0.77 <0.001

3.1.6  Gap length between the hallux and toebox of the shoe

The calculated gap length between the hallux and toebox of the shoe showed
significant differences both in one stance cycle and throughout the running test (Table
9). As shown in Figure 31A, during the stance phase, gap length at midstance instant
reduced significantly when compared to initial contact and toe-off in all conditions
(p<0.001). It was also found that gap length at the toe-off instant showed a statistical
decrease compared to initial contact at 10km (p<0.001). On the other hand, after 10km
of running (Figure 31B), gap length at initial contact instant showed a significant
increase compared to 5km (p=0.018), while gap length at midstance instant reduced

with significance versus both static and 5km conditions (p<0.001).

Table 9 Gap length analysis under static condition and after Skm and 10km of running

o One-Way Repeated
Running distance

Measures ANOVA
Variables _
Static 5km 10km
F-value  np?  p-value
Mean (SD) Mean (SD) Mean (SD)
Gap length (mm)
(Running distance)
Initial contact 38.58(5.90) 38.34(5.27)  39.56(6.45) 4.81 0.09 0.01
Midstance 31.32(7.46) 31.44(6.82)  29.28(6.81) 17.84 0.27 <0.001
Toe-off 38.23(5.67) 37.97(4.78) 38.17(5.81) 0.22 0.01 0.80
Gap length (mm) o )
Initial contact Midstance Toe-off
(Stance phase)
Static 38.58(5.90) 31.32(7.46)  38.23(5.67) 175.07 0.78 <0.001
5km 38.34(5.27)  31.44(6.82)  37.97(4.78) 25352  0.84 <0.001
10km 39.56(6.45) 29.28(6.81)  38.17(5.81) 396.624 0.89 <0.001
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Figure 31 Column chart of the Bonferroni comparisons for gap length under static
condition and after Skm and 10km of running, gap length comparisons in one stance
phase (A), and gap length comparisons throughout the running test (B)

3.2 Results of finite element simulation
3.2.1 Finite element simulation of the foot-shoe model
3.2.1.1 Foot-shoe model validation

In terms of the plantar pressure validation, Figure 32 shows the subdivided plantar
regions and the comparison between predicted plantar pressure distribution and
corresponding measured insole pressure data during balanced standing. The highest
plantar pressure was located at the HF region and followed by MFF, LFF, and MF

region, which presented a good consistency with the experimental pressure data.

The predicted and measured plantar pressure data, the corresponding relative error,
and the total average error are given in Table 10. The peak pressure relative errors were
less than 10% both in MF and HF regions (8.51% for MF; 1.77% for HF) while it raised
t0 29.07% and 32.21% in MFF and LFF regions, respectively, and that further leaded

to an average error of 17.89%.
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Figure 32 The subdivided plantar regions and comparison between predicted pressure
distribution and experimental pressure data
Table 10 Comparison of predicted peak plantar pressures and experimental pressure

insole data in 4 plantar regions during balanced standing

) Peak plantar pressure (MPa)
Plantar region

Experiment Simulation Relative error (%)
MFF 0.086 0.061 -29.07
LFF 0.065 0.044 -32.21
MF 0.047 0.043 -8.51
HF 0.113 0.111 -1.77
Average error (%) Y1 |Pi|=17.89

In terms of the sole pressure validation, Figure 33 shows the subdivided shoe sole
regions and the comparison between predicted sole pressure distribution and
corresponding measured plate pressure data during balanced standing. The peak
pressure was mainly concentrated on the medial regions of the shoe sole (i.e., MFS and
MHS regions) and followed by LFS and LHS regions, which was consistent with the
measured data. The predicted and measured sole pressure values, the relative and total
average error, and the sensitivity analysis results for shoe sole material properties are
listed in Table 11. The peak pressure relative errors were all below 10% in the 4 shoe
sole regions with the baseline material property (2.20% for the MFS; -6.67% for the
LFS; -8.47% for the MHS; -7.79% for the LHS).
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Regarding the sensitivity analysis, distinct changes were exhibited in peak pressure
when shoe sole material properties changed (Table 11). Specifically, the peak pressure
greatly increased with the hardened shoe sole and decreased with the softened shoe sole.
The shoe sole material with a 10% increased Young's modulus (E) presented a
consistent relative error with baseline when compared to experimental data, while other
cases resulted in percentage changes over 10% (13.74% for MFS with (baseline+20%)
material property; -12.70% and -11.69% for MHS and LHS, respectively, with
(baseline-10%) material property; -13.33%, -16.93%, and -14.94% for LFS, MHS, and
LHS, respectively, with (baseline-20%) material property). All the average errors were
less than 10%, with only one exception (13.49% with (baseline-20%) material property).
In summary, shoe sole with Young's modulus of 2.739MPa (baseline+10%) presented

the greatest consistency with the experimental pressure data.

MPa
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0.173
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4 0.146
— 0.133
1 0.12
0.107
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0.0799
0.0666
0.0533
0.04
0.0266
0.0133
0 Min

Figure 33 The subdivided sole regions and comparison between predicted pressure

distribution and experimental pressure data
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Table 11 Comparison of predicted peak sole pressures and experimental pressure plate

data in 4 sole regions during balanced standing

Peak sole pressure (MPa)

) Simulation Simulation Simulation Simulation Simulation
Sole Experiment ) . ] . )
) (baseline) (baseline+10%)  (baseline+20%)  (baseline-10%) (baseline-20%)
region
Relative Relative Relative Relative Relative
Value Value Value Value Value Value
error % error % error % error % error %
MFS 0.182 0.186 2.20 0.198 8.79 0.207 13.74 0.176 -3.30 0.166 -8.79
LFS 0.120 0.112 -6.67 0.117 -250 0.120 0.00 0.108 -10.00 0.104 -13.33
MHS 0.189 0.173 -847 0182 -3.70 0.190 0.53 0.165 -12.70 0.157 -16.93
LHS 0.154 0.142 -7.79 0.150 -2.60 0.155 0.65 0.136 -11.69 0.131 -14.94
Average
error +_1|Pi|=6.28 4-1 |Pi|=4.39 +-1|Pi|=3.73  Xi_,|Pi|=9.42 +_1 |Pi|=13.49
(%)

As it is shown in Figure 34, the Bland-Altman plot presented the mean difference

and 95% LOA between the experimental and simulated pressure data. The mean

difference (+0.008) is very close to 0, as indicated by the solid line. Moreover, most of

the points (23/24, 96%) are scattered between *1.96SD (red dashed line), which

indicates that the two approaches are in relatively great agreement.

Figure 34 Bland-Altman plot of experimental and simulated pressure data

Average of the two methods '
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3.2.1.2 Running simulation of the foot-shoe model

Figure 35 showed the simulation outcome of running dynamics in this study. The
gap length difference between midstance and toe off phase was predicted to
demonstrate the validity and accuracy of the role of the proposed model in fast
evaluation and optimization of footwear. The predicted and measured gap length
difference data, the corresponding relative error, and the total average error are given
in Table 12. The relative errors of the gap length difference were less than 10% both at
baseline and 5km of running (8.83% for baseline; 3.52% for 5km of running) while it
raised to 29.13% at 10km of running, which further leaded to an average error of
13.83%. In general, the results from the running simulation presented a relatively good

consistency with the experimental data.

Midstance 3o Push off P Toe off

Figure 35 Dynamic simulation of running from the midstance to toe-off phase
Table 12 Comparison of predicted gap length difference and experimental data

between midstance and toe off phase during running

) ] Gap length difference between midstance and toe off phase (mm)
Running distance

Experiment Simulation Relative error (%)
Baseline 6.91 6.30 -8.83
5km 6.53 6.30 -3.52
10km 8.89 6.30 -29.13
Average error (%) Y-, |Pi|=13.83

3.2.2 Finite element simulation of the feline paw model
3.2.2.1 Feline paw model validation

For the validation of the feline paw model, the numerically predicted and the
experimentally obtained paw pressure distributions were compared. Figure 36 shows

the comparison between predicted paw pressure distribution and corresponding
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measured pressure data during balanced standing. The paw pressure concentrated
mainly on the metapodial pad, which presented a good consistency with the
experimental pressure data. The paw model predicted a peak pressure of 0.214 MPa
while the experimental result, measured by the pressure platform, was 0.2 MPa,

contributing to a relative error of 6.5% (less than 10%).

MPa
0.242 Max
0.218
0.194
0.17
0.145
0.121
0.0968
0.0726
0.0484
0.0242
0 Min

Figure 36 The comparison between predicted pressure distribution and experimental
pressure data of the feline paw model

3.2.2.2 Landing simulation of the feline paw model

In this part, we found that the maximum von Mises stress was mainly concentrated
on the metacarpal (MP) segments and it increased with the landing heights. As shown
in Table 13, the highest von Mises stress was predicted at MP3 in all simulated
conditions (0.771MPa for balanced standing, 5.895MPa, 7.036Mpa, and 9.262MPa for
three landing height, respectively). The stress distribution of the other MP parts varied
with conditions, but it is generally high in the medial and middle parts (MP2 and MP4)
and low on the sides (MP5). The lowest stress was in the MP1 due to a relatively higher
position compared to the other parts in the MP segments. In addition, it must be noted
that stress was also found relatively higher in the proximal phalanx (PP) segments when
compared to the corresponding ones at the middle or distal portion. The similar stress
distribution with the MP segments was also found, with the highest von Mises stress

was predicted at PP3 (0.195MPa for balanced standing, 3.016MPa, 3.532MPa, and
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4.532MPa for three landing height, respectively), followed by the second, fourth, and

fifth proximal phalanges in all simulated conditions.

Table 13 The von Mises stresses in MP and PP segment under different landing height
Von-Mises stress (MPa)
MP2 PP2 MP3 PP3 MP4 PP4 MP5 PP5

Landing height (m)

(Balanc(;jz:anding) 0.547 0165 0.771 0.195 0518 0.130 0.227 0.118
0.6m 4755 2399 5895 3.016 5306 1320 4.676 1.063
0.8m 5761 2873 7.036 3532 6.324 1549 5635 1.271
1.0m 7.802 3904 9.262 4532 8666 2135 7.872 1.822

Regarding the VVon-Mises stress growth rate of the MP and PP segments (Figure 37),
it was found that the stress growth rate increased faster from 0.8m to 1.0m than from
0.6m to 0.8m of landing heights. In addition, the stress growth rates of the MP segments
were higher than the rates of the corresponding PP segments, ranging from 2 to 4 times
larger. Moreover, the growth rates of the MP3 were found to increase faster from 0.6m
to 0.8m while the growth rates of the MP4 increased faster from 0.8m to 1.0m of landing

heights when compared to other parts.

0.0m 0.6m  Stress growth rate 0.8m  Stress growth rate 1.0m
MPa (MPa/m) (MPa/m)
—_— e
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Figure 37 Illustration of the maximum values of MP and PP stress growth rate and

stress distribution of cat during landing from different height
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4 DISCUSSION
4.1 BT and MSF injury mechanism and prevention

This dissertation integrated several experimental measurements to describe the
multidimensional alterations in the foot before and immediately after 5 km and 10 km
of running. In this session, the intrinsic mechanism of forefoot injury development (BT

and MSF) would be further discussed.

By collecting the inter-segment foot kinematics before and after long-distance
running, it is possible to gain further insight into the forefoot dynamic changes during
this process. In this work, the FFHFA and HXFFA during the stance phase were derived.
For FFHFA, it was found that the plantarflexion angle at toe-off significantly decreased
both after 5 km and 10 km of running. Although the differences seem relatively small
at first glance (2.45<between baseline and 5 km, 2.01“between baseline and 5 km),
several previous studies have revealed that the intricate foot inter-segment movement
could have a significant effect on the plantar fascia function [151-153]. For instance, a
tiny distance change between the forefoot and rearfoot (<1mm) would contribute to a
34.8% change of plantar fascia strain [152]. Also, a change of 1<in arch angle can lead
to a plantar fascia tension change of 0.4 to 0.7 times of BW during the early stance
phase [153]. Thus, it was speculated that the decreased forefoot plantarflexion motion
during the stance phase may result in the increased stress and strain of plantar
aponeurosis and consequently higher injury risks. On the other hand, stress fracture of
the metatarsals has been reported in patients with plantar fasciitis. Therefore, it is
reasonable to speculate that the reduced forefoot plantarflexion could be one of the

potential influencing factors for long-distance running MSF injuries [110].

In a review of long-distance running biomechanics, Kim et al. reported that runners
might tended to change their landing techniques from a heel-toe to midfoot landing
strategy after long-distance running because of compensating for local muscle fatigue
[110]. Consistent with their findings, smaller forefoot dorsiflexion angles were also
found in this work during the early stance phase at 10 km compared to baseline and 5

km, indicating a shifting to the relative midfoot strike pattern and may further increase
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the load of the metatarsal region during running. In addition, concerning forefoot
motion in the frontal plane, decreased supination angles were observed throughout the
stance phase after 10 km running compared to 5 km. Moreover, since forefoot adduction
is a part of foot supination during the propulsion phase [154], the significantly reduced
peak forefoot adduction angle and ROM, as well as relatively smaller forefoot
adduction during early (15-21%) and mid-stance (37-51%) phase at 10 km were also
found in this study. Together with these above results, it was summarized that long-
distance running would result in a midfoot strike pattern and more pronated foot posture,
and these foot kinematics changes could further lead to a redistributed forefoot plantar
load with increased pressure under medial metatarsal while decreasing under lateral
metatarsals based on the findings of previous studies [14,155]. It is worth noting that
the pronated foot posture after long-distance running could further lead to a reduced
arch height, letting the foot move with a relatively “flat arch” pattern, consequently
absorbs more impact during running and potentially increases the incidence of stress
fracture in the metatarsal bones [156]. On the other hand, it is speculated that the “flat
arch” pattern could also exacerbate the foot-shoe interaction and potentially increase

the injury risk of BT during long-distance running [109].

Compared to previous findings, a relatively different result of hallux motion was
observed in this study. Generally, rearfoot-strike runners would present great hallux
dorsiflexion during the early and last stance phase of running because of the rollover
mechanism [157]. However, our findings showed that, although there was no
significant difference among conditions, the hallux exhibited considerably smaller
dorsiflexion angle both at initial contact and toe-off when compared to previous related
studies. A possible explanation for this difference may be the low and narrow forefoot
part of footwear due to modern aesthetic needs. On the contrary, it is worth noting that
two studies measuring the foot inter-segment kinematics while walking or running
barefoot presented normal hallux dorsiflexion during the stance phase [29,158].
According to previous research, it was demonstrated that the insufficient forefoot space
(width and height) may limit the ambulatory function of toes, affect its kinematic
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performance during locomotion, and potentially lead to foot injuries (such as BT)
because of additional repetitive friction between foot and shoes [108,159]. Meanwhile,
the strike pattern could also contribute to this difference. Although all participants in
this study preferred rearfoot strike at the beginning of the long-distance running test, it
was demonstrated above that runners may shift to a relative midfoot landing strategy as
indicated by the smaller forefoot dorsiflexion angles from early to mid-stance phases.
In addition, the decreased plantarflexion angles of hallux with respect to the forefoot
found during the early stance phase at 10 km when compared to baseline and 5 km

further verify the above statement.

A comparison with previous data also revealed some different results in GRFs in this
dissertation. Kim et al. conducted a systematic review to investigate the effect of long-
distance running on lower-limb biomechanical parameters in healthy runners [110].
They summarized that lower vertical GRFs and loading rate would be presented after
long-distance running due to the increased mechanical stress with decreased
musculoskeletal capacities. However, no significant differences among conditions were
found in this study except a lower peak propulsive force at 10 km compared to 5 km.
The participants’ heterogeneity between studies would be the primary explanation for
these differences since the fatigue-related changes were speculated to initiate at 10 km
of running according to our findings in kinematics. Investigating longer-distance
running (such as 20 km) based on participants involved in this study should be
performed for further verification. In terms of the reduced peak propulsive force at 10
km, together with the kinematic changes happened to the hallux, it was speculated that
the toes’ dynamic control function, such as gripping, gradually reduce after 10km of
running, which was also in agreement with previous studies [109,110]. It should be
mentioned that the toe dynamic function during the push off phase has a great
implication to injury management, while the loss of toe’s active control ability would
further transfer load to the metatarsal regions (especially the medial metatarsal),

potentially increase the MSF injury risk.
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The popularity of long distance running has been reported to be accompanied by a
high injury risk. In order to investigate the incidence and associated potential risk
factors of RRIs, previous studies further divided the determinants into several
categories, which include systemic factors (e.g., age, weight, and height), lifestyle
factors (e.g., smoking and drinking alcohol), health factors (e.g., injury history), and
running related factors (e.g., training frequency, distance, and shoe use), etc [78,88,101].
However, little research has considered the effects of foot shape/temperature variations
on RRIs during long distance running. Therefore, in order to further validate these
above speculations in terms of foot kinematics and kinetics changes, this work also
investigated foot temperature and morphology alterations, perceived hallux comfort
differences, and gap length changes between the hallux and toebox of the shoe after a

continuous 5 and 10km of running when compared to baseline condition.

Regarding the foot morphology, the ball width of the foot was found significantly
reduced after 10 km of running, which is in accordance with the previous findings [109].
In their study, Mei et al. also observed ball girth and foot volume reduction after 20 km
of running and they speculated that these foot shape changes could further contribute
to more space, especially for the forefoot region, and encourage greater friction between
foot and shoe interface since they became less conforming to each other [109]. Despite
only 10 km of running test being conducted, the reduced ball width and perceived hallux
comfort while increased foot-shoe interaction observed in this study directly confirm
the above-mentioned speculation, which may potentially increase the risk of BT injuries.
In addition, this work also observed a decreased arch height after 10 km, partly
consistent with previous studies since they only detected the significance at 20km
[109,160]. This variation may be explained by the subject heterogeneity and/or different
running interfaces among studies. Meanwhile, the lower arch height found in this part
further confirmed the speculations of the kinematics tests that the pronated foot posture
after long-distance running would reduce the arch height, increase the foot ambulation
in the sagittal plane and let the toenails take more brunt of the impact with the toebox
of the shoe, and consequently increases the incidence of BT and MSF injuries.
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Increased contact pressure and skin friction have been shown to lead to higher skin
temperature [161-163]. In this study, significantly higher skin temperatures in all
forefoot regions after running were observed when compared to the baseline condition,
which in turn indicates the greater contact pressure and skin friction suffered by the
foot during the running test. Meanwhile, the increased skin temperature was also
accompanied by sweat, creating an environment that would exacerbate the foot-shoe
interaction and consequently increase the injury risk of toenails [109]. Based on the
speculation of previous research, it is also worth noting that the reduced ball width
observed in this study could be explained by the loss of sweat in the foot during long-
distance running [109]. In addition, this study exhibited a continued increase in
temperature in the medial metatarsal region after 10km of running, which further
confirmed the above speculations of the redistributed forefoot plantar load caused by
changed foot posture during running and was in agreement with previous research
reporting running-related plantar pressure alterations [110,163-165]. To be more
specific, it was found that the peak pressure at the medial metatarsal increased while
the peak pressure at hallux reduced after long distance running, indicating that the stress
loading would eventually be transferred to the metatarsal region, which potentially
increases the injury risk of the MSF. Similarly, based on the above information, it is
reasonable to deduce that the increased temperature at the UH region could be a

precursor to the onset of the BT injury.

This work also measured the gap length between the hallux and toebox within one
stance phase. Specifically, after the initial contact with the ground, the shoe has come
to a brief-moment stop while the foot has not, as shown in the findings of the
significantly reduced gap length at midstance instant compared to initial contact
throughout the running test. It is supposed that this is the moment when the toenails
would take impact stress with the toebox of the shoe. To make matters worse, it was
found in our study that the 10km of running contributes to more gap length reduction
at midstance instant, which consequently increases the potential injury risk. Afterward,
the foot slid backward by a small amount in order to prepare for the push-off. However,
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additional stress may be applied to the toenails since the toes need to grip the ground
for propulsion during this phase. However, it has been proposed that the toes’ dynamic
functions would gradually lose during long distance running, as indicated by the shift
of the loading and plantar temperature from the hallux to the medial metatarsal regions
[163-165]. Thus, it is hard to determine which step is more important or if it is a
combination. Future studies concerning the hallux biomechanics during long-distance
running using more localized devices could add help. Nevertheless, to the author
knowledge, this study for the first time revealed the pattern of foot-shoe interaction and
also the time point that BT may occur to happen during running from a quantitative

research perspective.

In summary, the key implication of this session was that for the first time the potential
mechanism of BT injury development during long-distance running have been
quantitatively investigated. Based on the results of this dissertation, it was found that
the reduced ball width and arch height while increased skin temperature of the foot
(increase in sweat) after long distance running were accompanied by the hallux
discomfort and excessive foot-shoe interaction, which indicates an increased risk of BT
injury during this process. In addition, the insufficient toebox space (width and height)
of the shoe limits the ambulatory function of toes, potentially causing additional
repetitive friction between foot and shoes and further increasing the BT injury risk.
Meanwhile, the previously proposed injury mechanism of MSF during long-distance
running have also been further confirmed. Long-distance running resulted in a midfoot
strike pattern, more pronated foot posture, reduced arch height and the loss of toe
dynamic function, which further redistribute the forefoot plantar load with increased
pressure under medial metatarsal while decreasing under lateral metatarsals, causing an
increased incidence of stress fracture in the metatarsal bones (especially for the medial
metatarsal region). Together with all these findings, we could provide important
practical advice for running and running shoe design. It is suggested that runners should
consider making appropriate adjustments to the feet at least at 20km of running, which
may be the starting point for foot injuries to occur, such as changing their athletic socks
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and adjusting the laces to secure their feet, thereby potentially help to reduce the injury
risk. In terms of running shoes design, improving the toebox space and the midsole

cushioning effect on metatarsals shall add benefit.

4.2 FE modelling and footwear design optimization

Digital techniques are a strategic tool to design new products, reducing time and
waste [166]. Based on the above findings regarding the underlying mechanism of
forefoot injury development (BT and MSF) during long distance running, this part
further integrated experimental measurements and computational simulation to propose
two FE models with the aims to provide fast approach for running shoe design

optimization and forefoot injury prevention.

4.2.1 Finite element analysis of the foot-shoe model

Both foot and shoe shapes would undergo deformation during locomotion, thus
incorporating footwear with the foot in the model is a prerequisite to further reveal the
realistic biomechanical foot responses under different movement scenarios [113].
Accordingly, in this part, a 3D, subject-specific coupled FE model of the foot and ankle

together with the sports shoe was introduced.

Several previous publications have also developed the coupled foot-shoe FE model
intending to observe the internal changes within bony structures under different foot
motions. For example, a foot-boot model was constructed by Qiu et al. and validated
through published data during balanced standing, and it would be further used for the
simulation of the military parachute landing [167]. Cho et al. developed a 3D coupled
foot-sports shoe model to analyze the mutual interaction between foot and footwear
during landing and further assess its reliability through comparison between predicted
results and experimental data [131]. Similarly, a recent paper by Li et al. constructed a
coupled FE model of the foot and barefoot running footwear to investigate the plantar
pressure differences between the barefoot model and the coupled model during the
weight-bearing moment of running [148]. Nevertheless, all these previous shoe models

were built based on the contour profile of the ankle and foot model rather than the real

76



structure. On the other hand, some foot models were over-simplified to one bone
assembly. Although some details were also simplified in our model (e.g., shoelace and
insole), the most prominent characteristic of this computational model is that it realizes
the simulation of the complex biomechanical interactions between the foot and sports
shoe based on their actual characteristics, which can be applied to accurately determine
the gap length between the hallux and toebox without destroying the upper structure of
the shoe and contribute to optimize the footwear structure to reduce BT injury risk.
Improvement of other sports shoe geometry designs could also be made to the coupled

model based on the specific purposes of future simulations.

The validation of a FE model is a crucial issue after it was developed since it is highly
associated with model accuracy and practicality. The rearfoot pressure-based approach
was commonly used in most previous works [148,167]. In the current study, both the
plantar and shoe sole areas were further divided into several regions for validation. The
results showed that the predicted plantar and shoe sole pressure distributions in general
exhibited good consistency with the experimental balanced standing pressure data
(Figure 3, 4). Moreover, all the relative errors for peak pressures were lower than 10%
with two exceptions. Specifically, both the simulated peak pressures in MFF and LFF
regions were lower than the volunteer measurements, which consequently increases the
relative error level. This discrepancy is perhaps due to the following several reasons.
First, only muscle force applied on the AT was considered in this FE model since it
plays an important role during balanced standing, while other extrinsic and intrinsic
foot muscle forces were neglected. Yu et al. also speculated that the lower predicted
pressures found at the first and fifth metatarsal heads would be associated with the
above force setting [168]. Second, a larger deformation of the forefoot was detected
during the simulation, which may further offset part of the pressure effect from the GRF
applied on the ground plate. On the contrary, the foot, footwear, and ground were all in
a relatively static state during the balanced standing test. Nevertheless, the results of
rearfoot pressure comparison and Bland-Altman analysis between two methods
demonstrated the validity of the current foot-shoe model. Meanwhile, it is worth noting
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that, with the accessibility of dual-plane fluoroscopy and high-resolution MRI, FE
models could be further validated against in vivo joint motion and soft tissue

deformation data recorded by the two techniques, respectively [150,169].

Sensitivity analysis was also performed in this study to determine the effects of shoe
sole material property on pressure. The peak pressure greatly increased with hardened
shoe sole and vice versa with softened one, and it was found that shoe sole with Young's
modulus of 2.739MPa, which is between Young's modulus of EVA(1.000MPa) and
TPU(3.000MPa), was the most suitable setting in this simulation [131]. In some of the
previous studies, nonlinear hyperplastic material defined by the five-term Moonley-
Rivlin model was used for the outsole model to simulate the rubber-like material
behavior [131,148]. Although it is much closer to the actual outsole material property,
some challenges of utilizing hyperplastic material for shoe soles still need to be
overcome. First, the coefficients of Moonley-Rivlin model for the outsole are currently
relatively fixed, which makes it difficult to model all various kinds of the outsole.
Moreover, it is challenging to define the outsole using hyperplastic material if the whole
shoe sole was fused into one assembly. Last, both the soft tissue and shoe sole were
defined by linear elastic material to reduce the computational demands especially
incurred by the intensive sensitivity tests. The model run time would become excessive
when shifting the material to a nonlinear one and consequently reduce the efficiency.
Nevertheless, recent technological advances in medical imaging demonstrated the
possibility to obtain personalized nonlinear material property data, which indicates

promising directions for future research [170,171].

To ensure the validity of the proposed foot-shoe model under dynamic movement
condition, especially for BT injury prevention, the gap length difference between
midstance and toe off phase during running was further predicted. The results
demonstrated a good agreement between the experimentally measured and numerically
predicted gap length difference, except for 10km of running, in which the relative errors
reached 29.13% high. This difference can be credited to the changed frictional contact

coefficient between foot and shoe before and after 10km of running, while the value for
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FE simulation was not changed accordingly. On the other hand, as it is stated in part
4.1, the shoe briefly comes to a stop after its initial contact with the ground during
running. However, the FE simulation did not consider this as a boundary condition,
which could also contribute to the larger relative error observed, particularly after
prolonged periods of running. Nevertheless, the proposed foot-shoe model offers an
alternative tool for fast evaluation and optimization of footwear with a simultaneous

reduction of the production batches and costs.

4.2.2 Finite element analysis of the feline paw model

As a typical digitigrade mammal, the uniquely designed morphological structure of
feline’s distal limbs can support two to three times of its BW during daily movements.
On the contrary, as the main support segment during human running, the MTP joint is
often exposed to instability, pain, and injury [134,135]. Accordingly, in this part, a 3D,

feline fore-left paw FE model was constructed.

To the best of my knowledge, this is the first complete FE model of a paw bone
structure in felines. The most prominent characteristic of this computational model is
the predicted internal stress distribution in the distal limb. The findings will enhance
our understanding of the force transmission mechanism occurs in relation to the distal
joint in a feline limb and offer information for footwear optimization and MSF

prevention.

In this study, the numerically predicted paw pressure distribution was compared to
experimental measurements, as outlined previously in the human foot or in animal
related research [25,172]. It can be concluded that the numerical results of paw pressure
were consistent with the experimental test, which demonstrates the validity of the
current feline paw model. Based on the results of the balanced standing and landing
simulations, it was found that only minimal stress was presented in the phalanges
portion (including proximal, middle, distal) although the phalanges segment is the main
supporter of the body. According to the anatomical structure of the cat’s paw, the distal

joint is wrapped in the thick substrate tissue comprising the paw pad. The paw pad
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consists of the digital pad and MP pad, which are placed beneath the distal
interphalangeal and MCP joint respectively [28]. This structure plays a critical role in
decreasing and transmitting impact effectively to protect the distal limb joints from
musculoskeletal damage, which may be caused by impact forces during movements
[172,173]. In addition, the pad could help to optimize force distribution in the internal
bony structures. It is noteworthy to mention that the excellent cushioning performance
of animal claw pads has attracted the attention of many researchers. It has been shown
that the MP pad presents a peculiar columnar structure with a larger surface area
compared to the digital pad, therefore it has a dominant role in distributing or absorbing
mechanical forces [173]. Previous histological analysis of cats has indicated that the
MP pads consist of adipose tissue compartments, surrounded by dense collagen and
elastic fibers that impart a cushioning effect [174]. Recently, it was highlighted, based
on elaborated FE analysis, that viscoelastic properties and multiple layers in the paw
pad help to disperse impact forces [27]. Despite the inherent complex structural
characteristics of the pad were not considered, this study defined the material properties
of the paw pad using hyperelastic material model according to a recent research paper
[27], which could to some extent reflect the cushioning effect of the pad. Nevertheless,
future research should refine the model structure and further validate these predicated
results. Above all, given the feature of digitigrade mammals, it is not surprising that the
paw pad as a basic supportive element under the distal joint plays a significant function

in attenuating impacts and even helps to minimize stress in the internal bone structure.

Figure 37 shows that the greatest internal stresses were distributed at the MP segment
and the corresponding stress growth rate increased with landing height. The MP is the
longest bony structure in the distal limb that is elevated off the ground, connecting two
important distal joints, the MCP and wrist joint. Published research has noted that the
motion of the wrist joint is limited during walking [175]. However, the carpal bones as
part of the wrist joint showed more degrees of freedom than a hinge joint [176]. To
counteract the multi-dimensional motion of the carpal joints during movement, the
MCP joint movements may also be limited to maintain the stability of the upright
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posture in the lower limbs. Therefore, a stiff junction may be created in the MCP and
wrist joint by the MP segment to maintain stability. The MCP joint kinematic variation
is rare and difficult to detect because of its small size and complex construction, but its
strong supportive function deserves further experimental investigation. Previously
published research has indicated that typical cursorial animals have less mobile
forelimb joints or move in a single plane [177]. Additionally, the limited mobility in
the distal joint such as the wrist and MCP joint may prevent the possibility of
transitioning from digitigrade to palmigrade and allow cats to walk or run in digitigrade
postures without joint collapse risk. When forelimbs experience a higher impact force
such as landing from high jumps or falling, the cats’ forelimbs would be forced into a
palmigrade option [178]. Under these conditions, the wrist joint serves as more of a
support mechanism and increases the contact area with the ground to attenuate GRF
[179]. Creating stabilization in the distal joints must facilitate cooperation with muscles,
ligaments, and tendons crossing the distal joints. The complex activation patterns of
muscles on distal joints have been extensively studied. EMG signals showed that the
long palmar flexors were active throughout the standing phase via the MCP joint into
the base of the distal phalanx, as well as the extensor carpi ulnaris [180]. Also, the flexor
digitorum superficialis tendons respectively extend in digits 2, 3, and 4, which connect
with the forelimb muscles providing support for distal joints [174]. However, the
muscles and tendons in this FE model of distal joint limbs were not investigated, this is

also a limitation in the research findings presented here.

Above all, this session examined the internal stress distribution of the distal joint
limb in detail. Higher stress levels were noted in the MP segment, with smaller stresses
observed in the phalanges portion including the proximal, middle, and distal segments
in all conditions. The raised MP segment plays an important role in creating a stiff
junction between the MCP and wrist joint, stabilizing the distal limb. The paw pads
help to optimize stress distribution in phalanx region. Together all these findings, it

could provide fundamental information for footwear optimization and MSF prevention.
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4.3 Limitations

There are some limitations of this dissertation that should be considered both for the
experimental and simulation parts. The first limitation relates to the relatively small
sample size and only male runners were involved in the biomechanical experiment.
Further large sample size studies with both genders on this topic would reveal more
profound knowledge. The second limitation is that all runners completed the 10km of
running on a treadmill rather than on the trail or asphalt road. The advantage is that the
running distance can be precisely controlled and the timeliness of the test (immediately
after 5 and 10km run) can be guaranteed [109]. However, the findings of this work
cannot be generalized to other running situations. Long distance running under other
situations such as trail running and road running should be further verified. Thirdly, the
muscular fatigue after 10 km of running was only speculated based on previous research
results, further investigation about muscle activity before and after running is warranted
for verification. Lastly, in terms of FE simulation, it should be noted that there are some
simplifications for both the foot-shoe model and the feline paw model, including
reliable data information for geometry reconstruction, the balance between accurate
details and computational cost, accurate representations of material properties, realistic
boundary and loading conditions, and thorough model validation. Nevertheless, the FE
simulation part set a basic reference for fast evaluation and optimization of footwear
aimed to reduce RRI risk with a simultaneous reduction of the production batches and

costs.

5 CONCLUSIONS AND FUTURE WORKS
5.1 Conclusions

In this dissertation, a comprehensive method combining experimental tests and FE
simulations were applied to reveal the potential mechanism of forefoot injury
development (BT and MSF) during long-distance running and further aimed to provide

an alternative approach for running shoe optimization and forefoot injury prevention.
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In terms of the experimental tests, this work revealed multidimensional alterations of
the foot before and immediately after 5 km and 10 km of running. Based on the results
of these experiments, it was found that the reduced ball width and arch height while
increased skin temperature of the foot (increase in sweat) after long distance running
were accompanied by the hallux discomfort and excessive foot-shoe interaction, which
indicates an increased risk of BT injury development. The insufficient toebox space
(width and height) of the shoe limits the ambulatory function of toes, potentially
causing additional repetitive friction between foot and shoes and further increasing the
BT injury risk. This is the first time that the effects of foot multidimensional alterations
during long distance running on the potential cause of BT injury has been quantitatively
investigated. Meanwhile, the previously proposed injury mechanism of MSF during
long-distance running have also been further confirmed. It was found that long-distance
running leaded to a midfoot strike pattern, more pronated foot posture, reduced arch
height and loss of toe dynamic function, consequently redistributing the forefoot plantar
load with increased pressure under medial metatarsal, causing an increased incidence
of medial MSF. The results variability with previous studies indicated that 10km of
running may only be the starting point for BT and MSF injuries to develop. These
findings shall provide an important basis knowledge for BT and MSF injury prevention

and running shoe optimization.

In terms of foot-shoe FE simulation, a fully coupled 3D foot-sports shoe FE model
has been reconstructed based on the CT technology, which realizes the simulation of
the complex biomechanical interactions between the foot and sports shoe based on their
actual characteristics. To ensure the validity of the proposed foot-shoe model, both the
plantar and shoe sole areas were further divided into four regions for comparison and
the Bland-Altman method was applied for consistency analysis between methods. In
addition, the running scenario was simulated to calculate the gap length between the
hallux and toebox during running, aiming to observe the foot-shoe interaction without
destroying the upper structure of the shoe. The results demonstrated a good agreement
between the experimentally measured and numerically predicted difference. In general,
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the proposed foot-shoe model in this dissertation offers an alternative tool for fast
evaluation and optimization of footwear with a simultaneous reduction of the

production batches and costs.

In terms of feline paw FE simulations, a 3D feline fore-left paw FE model has been
created to investigate the internal stress distribution of the distal joint limb both under
static standing and landing with different height (0.6m, 0.8m, 1.0m). The results
showed that the larger stress was concentrated on the metacarpus segment while the
smaller stresses were found at the phalanges portion including the proximal, middle,
and distal segments. The corresponding stress growth rate increased with landing height
and is faster in the metacarpus segment than in the phalanges. The results indicated that
the raised MP segment is the primary stress site, and it plays an important role in
creating a stiff junction between the MCP and wrist joint, stabilizing the distal limb. In
addition, the paw pads help to optimize stress distribution in phalanx region. In
summary, this is first time to exhibit a high accurate feline paw structure, and the
findings help us understand how a cat’s paw absorbs and transmits large impact forces
to avoid musculoskeletal injuries of the distal limbs during movement, which could be

applied for footwear optimization and MSF prevention.

5.2 Recommendations for future works

The current dissertation presented a multidimensional experiment protocol, both
from subjective and objective perspectives, to start research on forefoot running related
injuries. Based on the results of this work, the underlying injury mechanism of BT and
MSF at 5 and 10km of running has been reported. However, results from this work also
revealed that 10km of running may only be the starting point for these injuries to
develop. Moreover, the forefoot injury development, especially for the BT, may also
be associated with the types of running interface. Therefore, future work on this topic
should aim to further investigate the potential mechanism of forefoot injury
development at different running distances under different running interfaces under the

framework of the research methodology set in this work.
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Based on the findings of the first session, this dissertation further introduced a 3D
frictional-coupling foot-shoe FE model aiming to observe the foot-shoe interaction
without destroying the upper structure of the shoe and could be further applied for fast
evaluation and optimization of the footwear structure. The running scenario has been
simulated but the corresponding frictional contact coefficient and loading conditions
was not adjusted accordingly with the running distance, which would make it less
realistic and limit its practical utility. Future work that takes these aspects into
consideration will refine the effectiveness of the foot-shoe model. Meanwhile, as a new
in vivo imaging technique for joints, dual fluoroscopic imaging technology are now
widely used in clinical biomechanics to accurately and non-invasively capture human
joint motion during dynamic/static activities. Thus, it is worth noting that future work
could also consider using dual fluoroscopic imaging technology for the accurate real-
time measurement of the foot-shoe interaction in vivo. In addition, this dissertation also
created a feline paw model to understand its buffering mechanism during landing and
further proposed the preliminary footwear design concept for MSF injury prevention.
Specifically, adding a certain thickness pad to the metatarsal region at the front of the
insole may be able to attenuate the impact from the ground during running and
contribute to reduce the injury risk of MSF. On the other hand, the stiff material can be
added at the medial foot of shoes or insoles, which may strengthen the support force of
the foot. Future work could get insight into the effects of the material properties,
thicknesses, and placements of the metatarsal pad on local plantar pressure and
stress/strain states of the metatarsal region during functional movements such as

running.

Lastly, the current dissertation only presented the up-to-date methodologies and
generalized workflow for footwear optimization. Thus, the subsequent research should
optimize the corresponding footwear structure based on the findings of this study and
conduct FE simulations as well as biomechanical and epidemiologic tests to verify the

effects of the upgraded footwear in preventing forefoot injuries.

85



NEW SCIENTIFIC THESIS POINTS
15t Thesis point

| investigated the underlying mechanisms of forefoot injury development (BT and
MSF) during 10km of running from multidimensional perspectives. Based on my
experimental results, the injury development mechanisms of BT have been
quantitatively deduced for the first time and the mechanisms of MSF injury have been

further confirmed.

The reduced ball width and arch height of the foot while increased foot skin
temperature (increase in sweat) after long distance running were accompanied by
hallux discomfort and excessive foot-shoe interaction (gap length between the hallux
and toebox in sagittal plane), which could potentially be responsible for BT injury
development(Figure 38A-D). In addition, the insufficient toebox space of the shoe
limited the toe’s ambulatory function and could lead to additional repetitive friction

between foot and shoes(Figure 38E), which may further increase the BT injury risk.

Long-distance running leaded to a relative midfoot strike pattern, more pronated
foot posture, reduced arch height and loss of toe dynamic function (peak propulsive
force)(Figure 39A-C), which further redistributed the forefoot plantar load with
increased skin temperature under medial metatarsals(Figure 39D), causing an

increased incidence of MSF injury development.
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2" Thesis point

Based on my experiments on the potential mechanisms of BT injury development, |
proposed a high accurate 3D frictional-coupling foot-shoe FE model to provide an
alternative tool for accurately observing the foot-shoe interaction without destroying
the upper structure of the shoe and it could be further applied for fast evaluation and
optimization of the footwear structure in order to reduce the incidence of BT injury with

a simultaneous reduction of the production batches and costs(Figure 40A).

| proposed a more comprehensive approach to model validation by dividing the
plantar and shoe outsole regions into four parts for pressure comparison and further
applied the Bland-Altman method for consistency analysis. The results demonstrated a
good agreement between the experimentally measured and numerically predicted

difference (MD: 0.008MPa, 96% scattered between +1.96SD)(Figure 40B).

| further simulated the dynamic running scenario using the boundary conditions
derived from motion capture analyses of the participant’s gait, which can reproduce
the running motion more realistically than the foot-plate system approach. Based on
the calculation, the relatively small difference (<10%) in terms of the experimental and
predicted gap length between the hallux and toebox during running demonstrated the

effectiveness of the model for dynamic simulations(Figure 40C).

Methods Results
Bland-Altman Mean difference: 0.008MPa
Analysis 96% scattered between =1.96SD

Push off — Toc off

Figure 40 The proposed high accurate 3D frictional-coupling foot-shoe FE model
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3" Thesis point

| proposed a high accurate 3D feline fore-left paw FE model to investigate the GRF
distribution and internal stress distribution of the distal joint limb both under static
standing and landing with different height (0.6m, 0.8m, 1.0m) and reveal how a cat’s
paw absorbs and transmits large impact forces to avoid musculoskeletal injuries during

movement (Figure 41A).

For the validation of the feline paw model, the predicted paw pressure presented a
good consistency with the experimental pressure data (Figure 41B). The paw pressure
concentrated mainly on the metapodial pad and minimal stress was found in phalange
region even through it is the main supporter of the body, which indicated the thick
substrate tissue (paw pad) under the distal joint effectively decrease the GRF and

optimize its distribution.

In terms of force transmission mechanism, larger stress was concentrated on the MP
segment and its growth rate increased with landing height, indicating that the raised
MP segment contributes to create a stiff junction between the MCP and wrist joint,

transmit impact force and stabilizing the distal joint(Figure 41C).
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ABBREVATION
2D: two-dimensional

3D: three-dimensional
ANOVA: analysis of variance
AT: Achilles tendon

BT: bruised toenail

BW: body weight

CAD: computer aided design
CM: central metatarsal

CT: computed tomography
DH: dorsal hallux

DM: dorsal metatarsal

DOT: dorsal other toes
EMG: electromyography

FFHFA: forefoot with respect to hindfoot

angle

FE: finite element

GRF: ground reaction force
H: hallux

HF: hindfoot

HXFFA: hallux with respect to forefoot angle

LBS: longitudinal bending stiffness
LFF: lateral forefoot

LFS: lateral fore-sole
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LHS: lateral hind-sole

LM: lateral metatarsal

LOA: limits of agreement
MCP: metacarpophalangeal
MF: midfoot

MFF: medial forefoot

MFS: medial fore-sole

MHS: medial hind-sole

MM: medial metatarsal

MP: metacarpal

MRI: magnetic resonance images
MSF: metatarsal stress fracture

MTP: metatarsophalangeal
OT: other toes

ROM: range of motion

RRI: running-related injury

PP: proximal phalanx

SD: standard deviation

SPM1d: one-dimensional statistical
parametric mapping

VALR: vertical average loading rate

VAS: visual analogue scale
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