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ABSTRACT
The human foot is an integral part of locomotion due to its broad range of function. Its
versatility derives from mechanisms that originated from cadaveric or static experiments, and were
extrapolated to locomotion. Two such mechanisms are the windlass mechanism (Hicks, 1954),
where the dorsiflexion of the metatarsal-phalangeal joints shortens and raises the arch through
plantar fascia tension, and the arch-spring (Ker et al., 1987), where the arch-spanning ligaments
store elastic energy in foot compression and return it in recoil. The clinical and research
communities dogmatically accept that the windlass mechanism stiffens the foot for propulsion,
which this work tested in vivo in a dynamic compression apparatus. Unexpectedly, the windlass
mechanism made the arch more compliant, absorbing more energy when the windlass mechanism
was engaged, compared to when it was not. This result suggests that the windlass mechanism’s
function is to passively reduce arch apparent stiffness by changing its shape. The windlass
mechanism’s ability to manipulate arch shape during running could be influenced by a straining
plantar fascia however, as the plantar fascia is an important contributor to the arch-spring.
Measured using high-speed biplanar x-ray imaging, there is a period just after the onset of heellift where the plantar fascia demonstrates pure windlass behaviour. The stretched plantar fascia is
then released, and the arch rising effect of the windlass mechanism is enhanced by arch- spring
recoil. The purpose of the recoiling arch has previously been suggested to propel the body’s centreof-mass forward and upward, despite the relatively small magnitude of arch rise. Using a simulated
arch without recoil, I identify that the arch-spring does not contribute directly to lifting the centreof-mass. Instead, the recoiling arch increases the time available for the ankle to plantarflex and
provides a mechanical advantage to the ankle plantar flexor muscles. Overall, this work contributes
to an improved understanding of healthy foot function, which can underlie advancements in
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treatments for pathology and injury; footwear design to enhance performance; and, biomimetic
robots and prostheses such that they more accurately represent foot function.

ii

CO-AUTHORSHIP
This thesis contains the original work of Lauren Welte, completed under the supervision
of Dr. Michael Rainbow. While the author is primarily responsible for the work presented here,
others have contributed through data collection, scientific discussion and proof-reading of
abstracts and manuscripts. I would like to thank my co-authors for their contributions in the
following conference proceedings and manuscripts.

The ideas contained within chapters 2 and 3 were presented in a plenary talk at the
Pedorthic Association of Canada Symposium. Dr. Michael Rainbow and Dr. Toni Arndt
contributed to the talk through scientific discussion and proof-reading.

Welte L. Do fundamental foot theories explain dynamic motion? Pedorthic Association of Canada
Symposium, Vancouver BC CAN, April 2019.

Chapter 2
Dr. Luke Kelly, Dr. Glen Lichtwark and Dr. Michael Rainbow contributed through
scientific discussion and proof-reading.

Welte L, Kelly L, Lichtwark G, Rainbow MJ. Influence of the windlass mechanism on arch-spring
mechanics during dynamic foot arch deformation. J R Soc Interface 2018.
Welte L, Lichtwark G, Kelly L, Rainbow MJ. Impact of the Windlass Mechanism on Energy
Return in the Arch of the Foot. International Society of Biomechanics, Brisbane, AUS, July 2327, 2017.
iii

Welte L, Lichtwark G, Kelly L, Rainbow MJ. Behaviour of the Plantar Fascia during Dynamic
Experiments. Ersil Day, Queen’s University Department of Surgery, Kingston ON, CA, November
21, 2016.
Chapter 3
Dr. Michael Rainbow, Dr. Luke Kelly, Dr. Glen Lichtwark, Dr. Dan Lieberman, and Dr.
Susan D’Andrea collected the two biplanar x-ray datasets used in this analysis. Dr. Sarah Kessler
processed some of the biplanar x-ray data. All co-authors contributed to scientific discussion and
proof-reading of the manuscript.

Welte L, Kelly LA, Kessler SE, Lieberman DE, D’Andrea S, Lichtwark GA, and Rainbow MJ.
The elasticity of the plantar fascia influences the windlass effect on arch deformation during human
running. Under review at Proceedings B.
Welte L, Kelly LA, Lichtwark GA, Kessler SE, D’Andrea S, Rainbow MJ. The Contributions of
the Plantar Fascia to Foot Function during Running. International Society of Biomechanics/
American Society of Biomechanics, Calgary, AB, Canada, July 31-August 4, 2019.
Welte L, D’Andrea S, Rainbow MJ. Investigation of the Validity of the Windlass Model for the
Plantar Fascia during Running: A Proof of Concept Study. Young Investigator’s Forum, CIHR
Institute of Musculoskeletal Health and Arthritis, Kananaskis AB, CA, October 22-23, 2015.
Chapter 4
All authors contributed through scientific discussion and proof-reading.

iv

Welte L, Arndt A, Kelly L, Holowka N, Rainbow MJ. Why does the arch recoil? Manuscript in
preparation for submission to Nature.
Welte L, Arndt A, Rainbow MJ. Does arch recoil move in the direction of centre of mass
propulsion during running? Canadian Society of Biomechanics. 2020. (Submitted)

v

ACKNOWLEDGMENTS
I am incredibly grateful to so many people for their contributions to make my PhD
experience as amazing as it was. Thank you to everyone who has been a part of this journey.
First and foremost, thank you Mike for your uninhibited enthusiasm for biomechanics, for
your desire and ability to create an amazing PhD experience, and for your constantly thoughtprovoking questions. I am so grateful to have learned from someone so experienced in a broad
range of topics and my research interests are now correspondingly expansive. Thank you for
sending me to conferences, for encouraging me to present all my work, and providing the perfect
amount of guidance, such that I could still be independent and explore new ideas (like when I took
a month off of foot biomechanics to learn computer science!). I am forever grateful that you
encouraged me to do a PhD and I look forward to collaborating in the future.
Glen and Luke, thank you for making my Australian winter a springboard into my PhD
and for being an integral part of the corresponding trajectory. Thank you for your quick, thoughtprovoking, and diverse feedback on almost everything I have done so far. I now constantly ask
myself what Glen and Luke would think, and I believe that has vastly improved my scientific
approach and writing. You are both such talented, systematic, and thorough researchers, and I am
incredibly grateful to you both.
To my other mentors: Toni, it has been such a delight to pursue science with you. Thank
you for your excitement for learning and commitment to research, for your questions and
experience, and for generally making working with you fun. I am so excited to continue to continue
to collaborate with you. Kevin, thank you for providing me with the taste of biomechanics back in
the summer of 2014 and especially for your grad-level biomechanics class. You taught me how to

vi

design an experiment and thoroughly analyse the results among many other things. I would not be
where I am today without you.
To the members of HMRL/SOL: Laura, Allison, Myles, Mitch, Shannon, Erin, Chris, Rob,
Sarah, Liam, Zoe, Andrew. Thank you for camping trips, for daily lunches, for googling fast facts
because we always need to learn something, for watching my endless presentations, for Grad Club
beers, for being conference and travel buddies, and for generally just being awesome people.
Thank you to Scott, Liz, Jon, Gordie, and Amy for bringing me into the HMRL and showing me
what a lab community looks like.
Thank you to the HMRC team who help facilitate research and Barb for all the beautiful
CT scans. Thank you to my funding sources: NSERC, OGS, and Queen’s University. Thank you
also to all my participants through the years. Without you, there would be no thesis.
An extra special thank you to the future Dr. Laura Hutchinson. I had no idea that going for
burritos after working in the lab would lead to the amazing personal and professional friendship
that we have. Thank you for your endless championing of my intelligence and talent; for your
constant support in all facets of my life; for reading drafts of various parts of my thesis with
imminent deadlines; for providing snacks and post-it note support when I was stressed and/or
working late; and, for just being the kind-hearted, giving soul that you are. You are a wonderful,
funny, smart, and talented person and I am so happy that you were such an important part of my
PhD experience.
To my forever friends: Kelly, thank you for our honest conversations, and for your
sympathy and support especially during the thesis. Maddy, thank you for always being a ray of
sunshine and reminding me that you believed in me. Amanda, thank you for the 46 mountains we

vii

climbed, the adventures, the soccer and all the in-depth conversations about the philosophy of
science.
To my family: thank you for your constant love, for your sacrifices so that I could pursue
this much education. Mom & Dad, I promise that my time of being a student is soon to be complete.
Thanks for always being there, wanting to read my research, for naming my thesis, and for
suggesting that I should name my contributions to science “the Welte effect”. To my surrogate
family, the Barnards. Thank you for taking me in, for appreciating my fun facts, for asking me
about my research, and for always offering to provide feedback on my work, even if you were
kidding. Thank you all.
Finally, thank you Nicole. You have been my rock, my champion, and the source of so
much of my joy. Thank you for the support, food, and encouragement I needed to finish this thesis.
Thank you for listening to me talk about science and trying to understand the abstract algorithms
I tell you about (re: the donut of probability). There are not enough thanks in the world to begin to
tell you how much I appreciate and love you. You are simply the best.

viii

TABLE OF CONTENTS
Abstract ............................................................................................................................................ i
Co-Authorship................................................................................................................................ iii
Acknowledgments.......................................................................................................................... vi
Table of Contents ........................................................................................................................... ix
List of Tables ................................................................................................................................. xi
List of Figures ............................................................................................................................... xii
Glossary ....................................................................................................................................... xiii
Chapter 1 : Introduction .................................................................................................................. 1
1.1 Motivation ............................................................................................................................. 1
1.2 Background ........................................................................................................................... 4
1.2.1 Foot anatomy ................................................................................................................. 4
1.2.2 Foot models .................................................................................................................... 5
1.2.3 Running biomechanics ................................................................................................. 15
1.2.4 Arch apparent stiffness ................................................................................................ 16
1.2.5 Methodological considerations .................................................................................... 19
1.3 Approach ............................................................................................................................. 20
1.3.1 Specific Aim 1 ............................................................................................................. 20
1.3.2 Specific Aim 2 ............................................................................................................. 21
1.3.3 Specific Aim 3 ............................................................................................................. 21
Chapter 2 : Influence of the windlass mechanism on arch-spring mechanics during dynamic foot
arch deformation ........................................................................................................................... 23
2.1 Introduction ......................................................................................................................... 23
2.2 Methods............................................................................................................................... 26
2.3 Results ................................................................................................................................. 31
2.4 Discussion ........................................................................................................................... 34
2.5 Conclusion .......................................................................................................................... 39
Chapter 3 : The elasticity of the plantar fascia influences the windlass effect on arch deformation
during human running ................................................................................................................... 40
3.1 Introduction ......................................................................................................................... 40
3.2 Methods............................................................................................................................... 43
3.3 Results ................................................................................................................................. 52
3.4 Discussion ........................................................................................................................... 57
3.5 Conclusion .......................................................................................................................... 62
ix

Chapter 4 : Why does the arch of the foot recoil in propulsion? .................................................. 64
4.1 Introduction ......................................................................................................................... 64
4.2 Methods............................................................................................................................... 67
4.2.1 Biplanar videoradiography processing ........................................................................ 67
4.2.2 Dataset A/B .................................................................................................................. 68
4.2.3 Case study participant .................................................................................................. 69
4.2.4 Analysis........................................................................................................................ 70
4.3 Results ................................................................................................................................. 73
4.4 Discussion ........................................................................................................................... 77
4.5 Conclusion .......................................................................................................................... 81
Chapter 5 : Conclusion.................................................................................................................. 83
5.1 Summary ............................................................................................................................. 83
5.2 Arch mobility ...................................................................................................................... 85
5.3 Future Work ........................................................................................................................ 87
5.4 Conclusion .......................................................................................................................... 89
References ..................................................................................................................................... 90
Appendix A: Research Ethics Approval ....................................................................................... 99
Appendix B - Supplementary Material ....................................................................................... 106
S1 - Chapter 2 ......................................................................................................................... 106
S2 - Chapter 3 ......................................................................................................................... 106
S3 - Chapter 3 ......................................................................................................................... 109
S4 - Chapter 3 ......................................................................................................................... 110

x

LIST OF TABLES
Table 1-1: Bones contained in the medial, lateral and transverse arches of the human foot. ......... 5
Table 2-1: Maximum arch length and arch compression measured for all trials for each subject.
....................................................................................................................................................... 28
Table 2-2: Measured parameters for all conditions. ..................................................................... 34
Table 3-1: Description of behaviour of the plantar fascia as described by the named phases in the
vector-coding classification (Figure 3-3). ..................................................................................... 50
Table 3-2: The average and the standard error of the mean of all 12 participants of the kinematic
variables measured during each phase during stance. .................................................................. 53
Table 4-1: Details on the participant pool, CT scan parameters, trials in each dataset and the bone
motion that was measured. ............................................................................................................ 70

xi

LIST OF FIGURES
Figure 1-1: The windlass mechanism. ............................................................................................ 2
Figure 1-2: Biplanar x-ray system. ................................................................................................. 3
Figure 1-3: Bones of the human foot, shown without distal phalanges. ......................................... 4
Figure 1-4: The mid-tarsal joint. ..................................................................................................... 9
Figure 1-5: Classes of levers. ........................................................................................................ 11
Figure 1-6: Modelling the foot as a class 2 lever. ......................................................................... 12
Figure 1-7: Mass-spring model of running. .................................................................................. 15
Figure 1-8: Typical force-elongation curve of a ligament experiencing uniaxial tension. ........... 18
Figure 2-1: The windlass and arch-spring mechanisms................................................................ 24
Figure 2-2: Schematic of the experimental set up. ....................................................................... 27
Figure 2-3: Example of power and work done, with the absorbed, dissipated and returned energy
metrics. .......................................................................................................................................... 30
Figure 2-4: Unloaded MTPJ dorsiflexion angle (with 0° as the neutral position) against arch length
for all conditions (plantarflexed, neutral, dorsiflexed for slow, fast) and all subjects (different
colours). ........................................................................................................................................ 31
Figure 2-5: For a slow trial, the vertical force (normalized to bodyweight) is plotted against the
compression of the arch (normalized to the maximum arch compression), with the slope of the
curve as a representation of arch stiffness. ................................................................................... 32
Figure 2-6: Depiction of helical axis orientation differences between dorsiflexed (blue) and
plantarflexed (green) MTPJ angles. .............................................................................................. 33
Figure 3-1: Theoretical framework. .............................................................................................. 42
Figure 3-2: Experimental set-up and processing pipeline............................................................. 44
Figure 3-3: Classification of plantar fascia behaviour. ................................................................. 49
Figure 3-4: Joint angles and plantar fascia elongation.................................................................. 54
Figure 3-5: Classification of running stance phase. ...................................................................... 55
Figure 3-6: Arch length change in each windlass phase. .............................................................. 56
Figure 3-7: Arch ligament deformation. ....................................................................................... 57
Figure 4-1: Foot and ankle contributions to propulsion................................................................ 65
Figure 4-2: Model of the foot as a class 2 lever. ........................................................................... 66
Figure 4-3: Position of the talar centroid of the moving arch (x) and the corresponding participant’s
rigid arch centroid (●) at (a) push-off and (b) at the simulated rigid arch push-off. .................... 74
Figure 4-4: Tibio-talar contact. ..................................................................................................... 75
Figure 4-5: The mechanical advantage of the rigid and moving arches at push-off..................... 76
Figure 4-6: Shortening velocity of the Achilles tendon. ............................................................... 77

xii

GLOSSARY
Arch: The bones in the foot that create an arch shape. Within this thesis, the “arch” most often
indicates the first ray of the medial longitudinal arch, containing the calcaneus, talus, navicular,
medial cuneiform, and first metatarsal.
Metatarsal-phalangeal joint (MTPJ): The joint between the metatarsals and the proximal
phalanges. Within this thesis, MTPJ means the first metatarsal-phalangeal joint, unless indicated
otherwise.
Plantar fascia: The fan-shaped, ligamentous tissue on the bottom of the foot that connects the
calcaneus to each phalanx through a firm attachment to the plantar pad, wrapping around the
metatarsal head.
Arch-spring: The passive tissues that span the longitudinal arch of the foot stretch and shorten in
a spring-like manner, storing and returning energy in response to an applied force. The arch-spring
was originally described by Ker et al. in 1987.
Windlass mechanism: When the metatarsal-phalangeal joints dorsiflex, the phalanges act as
handles that wind the plantar fascia around the metatarsal heads, or drums, of the windlass
mechanism. The plantar fascia pulls the calcaneus and the metatarsal heads closer together,
shortening and raising the arch. The effect is most pronounced in the first ray, on the medial side
of the foot. The windlass mechanism was originally described by Hicks in 1954.
Stiffness: The property of a material that describes the relationship between elongation and force.
Mathematically, in uniaxial tension, it is the slope of a material’s force-elongation curve. If the
force-elongation relationship is linear, the stiffness is constant. Most biological tissues behave nonlinearly and therefore do not have a constant stiffness over the entire range of elongation.
xiii

Apparent stiffness: The property of a collection of materials that describes its relationship
between displacement and force. Within this collection, each material may have a different, or
changing stiffness, but they contribute to the overall apparent stiffness.
⃗⃗ ) is mathematically defined as the cross-product of the position vector (𝑟)
Moment: A moment (𝑀
from a non-accelerating point to the line of action of the force vector, and the force vector (𝐹 ). The
cross-product ensures that only the perpendicular components of the force and position vector
cause rotation about the selected point.
⃗⃗ = 𝑟 × 𝐹
𝑀

(1)

To measure the moment that contributes to rotation about an axis of rotation, we take the dot
product of the moment vector and the unit vector in the direction of the axis of rotation.
Moment arm: The vector that is perpendicular to both the applied force vector and the axis of
rotation. Alternatively, if summing moments about a point, the moment arm is the vector
perpendicular to the line of action of the force, originating at the point.
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CHAPTER 1 : Introduction
1.1 Motivation
The human foot serves as a versatile mechanical interface between the body and the
ground. The arch’s behaviour ranges from compliant and shock-absorbing, to a stable lever for
propulsion. This versatility derives from several salient features of the foot, such as tendons,
intrinsic foot muscles, joints, and ligaments. The arch-spanning ligaments and joints specifically
are thought to play an important role in modulating arch apparent stiffness and energy transfer
(Hicks, 1954; Ker et al., 1987). However, these ideas arose from simulated time points in
locomotion and cadaveric experiments, and not necessarily dynamic in vivo bone motion. Despite
this, these ideas have shaped podiatric, pedorthic and surgical practice, as well as evolutionary
theory. Therefore, the fundamental mechanisms that are thought to govern the foot’s function need
to be re-evaluated for applicability within dynamic movement.
The research community’s focus on mechanical energy transfer in the foot originates from
Ker et al.’s compression of cadaveric feet, which showed that the arch’s behaviour is spring-like
(Ker et al., 1987). They showed that as the passive elastic ligaments in the arch were removed, the
foot’s compliance increased, such that the elastic energy stored and returned was reduced. One of
the passive elastic ligaments that plays a substantial role in the apparent stiffness of the arch is the
plantar fascia: a thick, fan-shaped tissue on the bottom of the foot. While the plantar fascia
increases the apparent stiffness of the arch compared to a foot without a plantar fascia, it can also
change arch mechanics through its involvement in the windlass mechanism (Hicks, 1954).
Through its connection from the heel to the toes, wrapping around the metatarsal heads, the plantar
fascia can raise and shorten the arch in response to toe extension (Figure 1-1). Hicks’ original work

has been interpreted as the plantar fascia stiffening the foot for propulsion, and some have
described the foot as a rigid lever (Blackwood et al., 2005; Bolgla and Malone, 2004; Okita et al.,
2014), despite both the windlass and the arch-spring mechanisms relying on motion in the arch.
The assumption that the windlass mechanism stiffens the foot is prevalent in both clinical and
research communities, despite a lack of direct evidence (Caravaggi et al., 2009; Griffin et al.,
2015). Therefore, the role of these mechanisms derived from static cadaveric studies need to be
clarified and tested during in vivo locomotion.

Figure 1-1: The windlass mechanism. Toe extension pulls the plantar fascia around the metatarsal head, causing the
metatarsal head to move posteriorly, shortening and raising the arch.

High-speed biplanar x-ray is a promising technology to accurately determine in vivo six
degree-of-freedom bone kinematics during locomotion (three rotations and three translations). The
capture volume is roughly the size of a basketball and is created by the intersection of two x-ray
beams originating from two x-ray source and image intensifier pairs (Figure 1-2). The x-rays are
converted into visible light by the image intensifiers and high- speed cameras capture the image.
This system can be temporally synced and spatially registered to other technologies, such as optical
motion capture and force plates, and thus can determine foot kinematic and kinetic measures that
have not previously been available (Wang et al., 2015).
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Figure 1-2: Biplanar x-ray system. (a) The sources create an x-ray beam that passes through the joint in the capture
volume and lands on the image intensifiers. This system can provide detailed information on individual bones in motion.
(b) The Skeletal Observation Lab (Kingston ON, CAN) with a source and intensifier on either side of the runway. (c) An
example of the dual x-ray images of a foot making contact with the ground.

The purpose of this thesis is to understand the interactions between the windlass and the
arch-spring mechanisms, using new methodology, and subsequently detail their importance in
locomotion. I also explore the potential underlying reasons for why the arch recoils in propulsion.
The ultimate impact of this fundamental research is to increase our understanding of the human
musculoskeletal system, which leads to more informed approaches in clinical practice,
rehabilitation therapies, and surgical techniques. It can inform the design of biomimetic robots and
prostheses, and inspire design ideas in the multi-billion-dollar footwear industry. The human foot
is also unique among the great apes, suggesting that the selective pressures for its evolution may
also be important. Further, an in-depth understanding of foot biomechanics allows us to push the
limits of the human body, breaking world records, or perhaps one day officially completing a subtwo-hour marathon.
3

1.2 Background
1.2.1 Foot anatomy

Figure 1-3: Bones of the human foot, shown without distal phalanges. A superior view of (a) the bones of the foot, and (b)
the joints of the medial longitudinal arch.

The human foot is a complex structure that functions to provide balance and stability, to
manage load and to enable forward propulsion in bipedal gait (Hicks, 1954; Kelly et al., 2012).
The functional arrangement of bones into the medial and lateral longitudinal arches, and the
transverse tarsal arch permit the diverse behaviours of the foot (Figure 1-3, Table 1-1). The medial
longitudinal arch’s role in locomotion is the most studied, however the transverse arch has been
described as contributing substantially to the arch’s overall stiffness (Venkadesan et al., 2017).
The mobile foot has often been ignored as an important part of gait, as many analyses
employ a rigid foot segment. This has consequences of overestimation in moment and power
calculations (Kessler et al., 2020; Siegel et al., 1996; Zelik et al., 2015), highlighting the
importance of a dynamically changing foot shape. The mobility of the foot’s arches is facilitated
by the various joints along its three arches. Muscles that insert onto the arch play a large role in
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creating joint motions, however there are also substantial passive tissues in the arch of the foot that
can influence its dynamic behaviour.
Table 1-1: Bones contained in the medial, lateral and transverse arches of the human foot.

Arch
Medial Longitudinal
Lateral Longitudinal
Transverse

Bones
Calcaneus, talus, navicular, cuneiforms, first
three metatarsals
Calcaneus, cuboid, fourth and fifth metatarsals
Cuboid, three cuneiforms, metatarsals

The largest ligament in the foot is the plantar fascia, which is a thick band of tissue on the
bottom of the foot that divides into medial, central and lateral components (Bojsen-Moller and
Flagstad, 1976; Hicks, 1954). The central component is the thickest and most influential on gait,
and originates on the posteromedial tuberosity of the calcaneus (Bojsen-Moller and Flagstad, 1976;
S. K. Sarrafian, 1993). The longitudinally-oriented fibres insert primarily on the plantar plate
which is firmly attached to the proximal phalanges (S. Sarrafian, 1993a). The first ray of the plantar
fascia (along the line of the big toe) inserts on the sesamoid bones on the plantar surface of the
metatarsal head, which are firmly embedded in the plantar plate. The sesamoid bones increase the
moment arm of the plantar fascia around the metatarsal head (Bojsen-Moller and Flagstad, 1976;
Hicks, 1954; S. Sarrafian, 1993a).
1.2.2 Foot models
1.2.2.1 Arch-spring
In a landmark study by Ker et al., the passive elements in the foot were found to store and
return energy, potentially enough to save mechanical energy during running (Ker et al. 1987). An
intact ex-vivo foot was compressed with loads similar to those in mid-stance, and the arch-spanning
ligaments (plantar fascia, long/short plantar, calcaneonavicular ligaments) were sequentially cut
from superficial (plantar fascia) to deep (calcaneonavicular). The foot became more compliant as
5

each ligament was cut, indicating that not only do the ligaments add integrity to the foot’s arch,
but that each ligament behaves in a spring-like fashion, storing and returning energy during arch
compression and recoil. The authors estimated that this relatively “free” energy return from
biological springs could reduce metabolic cost by saving 17% of the mechanical energy required
for a running stride. A recent in-vivo study used the cadaveric results to estimate the energy return
during fore-foot and rear-foot strike patterns in running, and found that the compressing and
recoiling arch reduces metabolic cost by 7% (Stearne et al. 2016).
While it is clear that the arch ligaments provide integrity to the arch (Huang et al., 1993;
Iaquinto and Wayne, 2010; Ker et al., 1987; Kitaoka et al., 1994), the mechanism through which
the recoiling arch reduces metabolic cost is unclear. Energy is consumed in locomotion through
muscle fibre recruitment to generate force, and is inversely proportional to the time available for
muscles to contract (Kram and Taylor, 1990; Roberts et al., 1998). Therefore, it is possible for the
arch-spring to reduce metabolic cost by reducing the need for muscles to generate force to support
the arch (Stearne et al., 2016). It could also propel the centre-of-mass forward and upward as the
arch-spring recoil would raise the apex of the arch, and consequently the rest of the body (Holowka
and Lieberman, 2018; Perl et al., 2012). However, these ideas remain conjecture, with no direct
evidence to support them.
1.2.2.2 The windlass mechanism
In addition to having a spring-like effect on the arch, the plantar fascia has been proposed
to modulate its shape and apparent stiffness through the windlass mechanism (Hicks, 1954). In
this model, the plantar fascia winds around the metatarsal head (or drum of the windlass) during
metatarsal-phalangeal joint (MTPJ) dorsiflexion. This pulls on the calcaneus, shortens and raises
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the arch, and inverts the subtalar joint (Caravaggi et al., 2009; Hicks, 1954; Tansey and Briggs,
2001).
The windlass mechanism is a uniquely human structure. Apes and other species that are
close evolutionary relatives to humans lack a plantar fascia, adducted big toe, and a medial
longitudinal arch that are developed enough to sustain the presence of a windlass (Griffin et al.,
2015). While the plantar fascia itself is not unique to humans, it seems to reflect the increased
proportion of time spent in terrestrial compared to suspensory locomotion (Sichting et al., 2020).
Humans therefore likely evolved to fit the selective pressures of faster-paced and more efficient
bipedal movement that resulted in the development of a thicker plantar aponeurosis and a medial
longitudinal arch (Griffin et al., 2015; Song et al., 2013).
During gait, the windlass is most pronounced during stance phase. At initial contact, the
reverse windlass is said to occur (Hicks, 1954). The loading of the foot causes the posterior motion
of the calcaneus, pulling on the plantar fascia and unwinding the windlass, causing the
metatarsophalangeal joint to plantar flex towards the ground. When the triceps surae activates
towards the end of mid-stance, the heel is lifted, causing the plantar fascia to be tensioned, pulling
the MTPJ into dorsiflexion (Griffin et al., 2015). The windlass has the potential to reduce energetic
cost by 15% in comparison to a foot without a windlass, based on neuromuscular modelling (Song
and Geyer, 2011).
As described originally by Hicks, the plantar fascia is sufficiently stiff such that it strains
minimally during gait (Hicks, 1954). MTPJ dorsiflexion is thus directly coupled to arch
deformation in this ideal windlass case. However, several studies have shown that the MTPJ angle
increases the strain in the plantar fascia, using both static ex-vivo methods (Carlson et al., 2000),
and finite element analysis (Cheng, 2008). Both of these studies locked the mid-foot and strained
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the plantar fascia through the Achilles force and MTPJ angle, both which may explain strain preloading of the plantar fascia at initial contact in walking (Caravaggi et al., 2009), and rear-foot
strike running (McDonald et al., 2016; Wager and Challis, 2016). During in vivo walking in midto late- stance however, plantar fascia elongation is unrelated to MTPJ angle (Fessel et al., 2014),
but is somewhat correlated with the Achilles force (Erdemir et al., 2004). Therefore, the
relationship between plantar fascia elongation, MTPJ angle and the Achilles force remains unclear,
and consequently the effect of the windlass mechanism on the arch requires clarification. The
windlass mechanism is also likely influenced by the insertion of the intrinsic foot muscles onto the
plantar fascia (Holowka and Lieberman, 2018), as the plantar intrinsic muscles play an important
role in modulating the longitudinal arch (Kelly et al., 2014b), and in stiffening the forefoot in
running (Farris et al., 2019).
1.2.2.3 Mid-tarsal locking mechanism
The mid-tarsal joint, or the combined motion of the talonavicular and calcaneo-cuboid
joints (Figure 1-4), is coupled to the subtalar joint, as evidenced by fixing the subtalar joint and
observing decreases in the motion of the talonavicular and calcaneo-cuboid (Huson, 2000). The
motion of these joints has been described as a function of joint congruency (Huson, 2000), with
those in the tarsal complex moving around a similar axis (Chen Wang et al., 2016; Hicks, 1953).
There is substantial motion in the mid-tarsal joint, especially in the talonavicular joint (Arndt et
al., 2007; Chen Wang et al., 2016; Ito et al., 2017; Lundberg and Svensson, 1993; Lundgren et al.,
2008).
The locking of the mid-tarsal joint is one mechanism that is said to stiffen the foot during
propulsion (Blackwood et al., 2005; Elftman, 1960), contrary to the mid-tarsal break that occurs
in primates (DeSilva, 2009), and despite the apparent mobility of the mid-tarsal joint in humans
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(Arndt et al., 2007; Chen Wang et al., 2016). When the orientation of the axes of the mid-tarsal
joints are parallel (when the hindfoot is everted), the foot is flexible (Blackwood et al., 2005;
Bojsen-Møller, 1979). If the orientation of the axes change and become crossed (such as when the
calcaneus inverts), the sagittal motion of the forefoot is reduced (Blackwood et al., 2005). An
additional feature thought to assist with the locking is the articulation of the prominent medial
process on the cuboid with the calcaneus, which, in calcaneal inversion, could be held in position
by the short plantar ligament (Bojsen-Møller, 1979). However, the medial process on the cuboid
is not found in all humans (Bojsen-Møller, 1979).

Figure 1-4: The mid-tarsal joint. The mid-tarsal joint of the foot is composed of the talonavicular and the calcaneocuboid joints.

The mid-tarsal locking mechanism was first questioned in a dynamic gait cadaveric study,
whereby a change in orientation of the joint axes did not necessarily correlate to a stiffened foot,
but did change the position of the navicular relative to the cuboid (Okita et al., 2014). This may
have the effect of locking the naviculo-cuboid unit into a new position in response to calcaneal
inversion, but not necessarily stiffening the foot (Chen Wang et al., 2016; Okita et al., 2014).
Furthermore, when the calcaneus is inverting in propulsion, the mid-tarsal joint has a lower
apparent stiffness in the sagittal plane compared to the weight acceptance phase of running
(Bruening et al., 2018), and goes through a larger range of motion than the flexible chimpanzee
foot (Holowka et al., 2017). Therefore, it seems unlikely that the mid-tarsal joint is responsible for
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stiffening the foot through the re-orientation of the bones into a close-packed – or locked –
position.
1.2.2.4 Lever theory
The apparent rigidity of the arch in propulsion has led to the modelling of the foot as a
lever. There are three types of levers that offer a mechanical advantage when supporting a load
(Figure 1-5). The mechanical advantage is the ratio of lever arms from the fulcrum to the applied
force, and to the load. It must always be larger than zero. A mechanical advantage larger than one
means that the applied force required to lift a load is less with the lever than without the lever. A
mechanical advantage between 0 and 1 indicates that the applied force must be greater than the
weight of the load; this serves the purpose of increasing velocity at the opposite end of the lever.
The position of the load, the applied force and the fulcrum change the class of lever. A
lever arm is mechanically equivalent to a moment arm, and will be referred to as the latter due to
its biological relevance. A class one lever is similar to a see-saw (Figure 1-5a). The load is on the
opposite side of the fulcrum from the applied force. As the fulcrum moves closer to the load, and
farther from the applied force, the mechanical advantage increases. A class two lever is similar to
a wheelbarrow, where the load is placed between the applied force and the fulcrum (Figure 1-5b).
The mechanical advantage is always greater than 1 and increases as the applied force moves farther
away from the fulcrum/load. Alternatively, if the fulcrum moves closer to the load, the mechanical
advantage still increases because both moment arms are shortening by the same amount, but the
applied force moment arm has a proportionally smaller change in length. A class three lever,
similar to an arm with the fulcrum at the elbow and a load in the hand, does not offer a mechanical
advantage in force, but can amplify the speed at the end of the lever.
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Figure 1-5: Classes of levers. There are three classes of levers (a) class 1 (b) class 2 and (c) class 3, which are based on
the position of the fulcrum, load and applied force that either offer a mechanical advantage to reduce the applied force
(MA > 1), or increase the velocity of the load (MA < 1).

1.2.2.5 Moments in the lower limb
Muscles produce moments around joints by applying a force at a distance away from the
centre of rotation of a joint. The ankle plantar flexor muscles, connected by the Achilles tendon to
the calcaneus, have been studied as a function of their moment arm from the centre of rotation of
the ankle (see moment arms about the ankle centre in red - Figure 1-6). There are complex
interactions between the length of the moment arm, and the effect on the muscle’s ability to
produce force and moments about the centre of rotation. The length of the plantar flexor moment
arm has been studied for its effect on locomotion, to understand these inter-dependencies (Baxter
and Piazza, 2018; Carrier et al., 1994; Lee and Piazza, 2009; Scholz et al., 2008). For example, for
a constant force, an increase in moment arm would naturally lead to an increase in ankle moment
and would result in increased ankle rotation speed. However, the assumption of constant force is
not necessarily appropriate, as muscle force changes if the shortening/lengthening velocity of the
muscle is changing (Hill, 1938). Therefore, we must consider concentric and eccentric contractions
separately (Nagano and Komura, 2003). For an eccentric contraction, an increased moment arm
increases eccentric contraction velocity, which favors increased muscle force and ankle moment
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(Nagano and Komura, 2003). Alternatively, in concentric contractions, as the moment arm
increases about the centre of rotation, the speed of shortening at the point of force also increases,
and the plantar flexor muscles produce less force for increased shortening speed (Hill, 1938; Lee
and Piazza, 2009; Nagano and Komura, 2003). There may also be length changes in the plantar
flexor fascicles which affect force production, however the force potential of a muscle is more
influenced by an increased shortening velocity than a length change (Bohm et al., 2019). There is
therefore a trade-off between the length of the moment arm and the muscle force on the ankle
moment in concentric contractions.

Figure 1-6: Modelling the foot as a class 2 lever. The Achilles tendon line of action and the body force vector are shown
with relation to the fulcrum as the metatarsal head (black circle). The dotted black lines indicate the moment arms of
the forces about the metatarsal head. An alternative modelling choice calculates moments about the centre of rotation
of the talocrural joint (red circle). However, the body force is unlikely to pass directly through the centre of rotation of
the talocrural joint. Thus, the moment balance that determines the gear ratio when modelling the foot as a class 1 lever
is missing a term.
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The plantar flexor moment arm has functional effects on locomotion such as improved
sprinting performance (Lee and Piazza, 2009), and improved running economy (Scholz et al.,
2008) with a smaller Achilles tendon moment arm. The reasons for improved performance are
attributed to smaller velocity at the Achilles insertion, which allows the muscle to produce more
force at a slower velocity (Carrier et al., 1994; Lee and Piazza, 2009), and potentially enables the
Achilles tendon to store more elastic energy (Raichlen et al., 2011; Scholz et al., 2008). Stored
energy in the Achilles tendon can amplify the power in the plantar flexor muscles (Dickinson et
al., 2000; Roberts and Azizi, 2011), as well as store and return energy such that the muscle does
not need to generate this energy (Cavagna et al., 1977, 1964). Evolutionary biologists also
hypothesize that the presence of shorter heels, and thus shorter Achilles tendon moment arms, in
modern humans and early homo sapiens compared to Neanderthals, suggest that humans evolved
to endurance run (Bramble and Lieberman, 2004; Raichlen et al., 2011). Running economy
improves with shorter Achilles moment arms (Raichlen et al., 2011; Scholz et al., 2008), but the
same effect is not present in walking (Raichlen et al., 2011). However, whether humans evolved
to walk or run remains a topic of interest as our musculoskeletal system is not tuned to maximize
economic force production in all muscles at one speed in either walking or running (Carrier et al.,
2011).
The human foot has been described in terms of a rigid, class one lever about the ankle joint,
with the purpose of describing the mechanical advantage of the plantar flexor muscles, also known
as the gear ratio (Baxter et al., 2012; Carrier et al., 1994; Lee and Piazza, 2009; Ray and Takahashi,
2020; Takahashi et al., 2016). The Achilles tendon moment arm decreases in mid-stance of
walking and increases rapidly in propulsion (Takahashi et al., 2016). This has the effect of
increasing the gear ratio, which is consistent with the effect in constant-speed running (Carrier et
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al., 1994). During accelerated running however, the gear ratio remains relatively constant (Carrier
et al., 1994). The longitudinal bending stiffness of footwear can increase the gear ratio as well, by
modifying the position and orientation of the ground reaction force relative to the ankle (Ray and
Takahashi, 2020; Takahashi et al., 2016; Willwacher et al., 2016, 2014).
However, applying a class 1 lever system to the foot and ankle assumes that the talocrural
contact force does not produce a moment about the ankle. The force of the body on the ankle is
not zero, and it is unlikely that the force of the body on the foot passes exactly through the
instantaneous centre of rotation of the ankle (Figure 1-6). In addition, errors in the position of the
instantaneous centre of rotation of the ankle greatly affect the moment arm of the Achilles tendon
(Baxter et al., 2012), which is challenging to measure during in vivo motion. The centre of rotation
is not necessarily fixed in one position, therefore by not measuring it instantaneously, assumptions
are made about its position and orientation. These errors would be amplified in the measurement
of the moment arms and gear ratios. For example, as the ankle centre of rotation moves towards
the heel, it simultaneously decreases the Achilles tendon moment arm and increases the ground
reaction force moment arm. Further, to sum the moments about a potentially accelerating fulcrum
is also mathematically questionable due to inertial effects, although the inertia of the foot is
generally small. Therefore, modelling the foot as a class 1 lever has limitations, and likely could
be better modelled as a class 2 lever that rotates about the metatarsal head. The mid-tarsal joint is
also mobile, which would affect the mechanical advantage of the ankle plantar flexors, and could
be accounted for by allowing the lever to quasi-statically change length.
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1.2.3 Running biomechanics
1.2.3.1 Energy transfer & modelling of locomotion
Humans can run over-ground due to a highly synchronized sequence of events that includes
the nervous, circulatory and the musculoskeletal systems. It consists of a one-legged stance phase,
a flight phase and the contralateral limb stance phase. Humans run with a natural bouncing gait
(Figure 1-7) (Cavagna et al., 1977; Dickinson et al., 2000), which divides stance phase into a period
of weight-acceptance (where the bounce is slowed), mid-stance (where the bounce changes
direction) and propulsion (where the body bounces upward and forward). This bouncing behaviour
is possible due to the evolution of spring-like characteristics of muscles, tendons, ligaments and
aponeuroses that work in tandem to reduce the metabolic cost of running (Bramble and Lieberman,
2004; Cavagna et al., 1977; Dickinson et al., 2000; Roberts and Azizi, 2011). During walking,
total energy oscillates between kinetic and potential energy, while they vary in phase during
running (Biewener and Patek, 2018). Both kinetic and potential energy decrease as the COM
moves below its initial height at ground contact and slows towards the middle of the step (the
weight-acceptance phase). In tandem, they then increase as the body is propelled forward and
upward (propulsion).

Figure 1-7: Mass-spring model of running. The centre-of-mass (COM) is high at initial contact and then lowers in midstance as the leg-spring compresses. The leg-spring, composed of many in-series springs, including the arch-spring, then
returns the energy to the COM, lifting it in the upward and forward direction.
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The in-phase kinetic and potential energy changes of running are captured when the body
is modelled as a mass-spring system (Roberts and Azizi, 2011). When the foot lands on the ground,
the centre-of-mass (COM) is moving down and forward, compressing the leg-spring, as energy is
absorbed in the compliant tendons and ligaments of the lower limb (Bramble and Lieberman, 2004;
Cavagna et al., 1977). The effective leg-spring recoils in propulsion, accelerating the COM
forwards and upwards. Muscles can actively modulate the apparent stiffness of the leg-spring
where necessary. The mass-spring model is convenient in that a single apparent stiffness value can
describe the dynamics of running. It also visually describes compliance at different joints, each
with their own stiffness in-series to make up the whole leg apparent stiffness. The mass-spring
model is not always applicable however, as variation in the ground reaction forces, such as impact
transients in rear-foot striking, are not well modelled by a mass-spring system (Gill et al., 2020).
Multiple apparent stiffness parameters for the leg-spring throughout different parts of gait may be
more appropriate, depending on the strike pattern (Gill et al., 2020). Alternative modelling
methods include various additions of springs, masses and dampers (Nikooyan and Zadpoor, 2011).
Humans are able to tune their leg-spring apparent stiffness when moving over terrain with
different compliance (Ferris et al., 1998; Moritz and Farley, 2005) or shod compared to barefoot
(De Wit et al., 2000). This ability for humans to tune their leg apparent stiffness suggests that there
may be an optimal value for locomotion (Ferris et al., 1998; Kerdok et al., 2002). However, the
contributions to the overall propulsion of the centre-of-mass of each part of the leg-spring are
unclear – especially of the foot.
1.2.4 Arch apparent stiffness
The arch-spring is an important contributor of apparent stiffness to the leg-spring (Figure
1-7), as increased stiffness of the midfoot has also been linked to reduced metabolic rate (Song et
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al., 2013). However, the stiffness of the arch has been often misinterpreted. Stiffness, by definition,
is the inherent resistance to deformation by an applied force. However, without considering the
loading conditions, many have suggested that different mechanisms can “stiffen” the foot, by
showing only reductions in range of motion of joints (Okita et al., 2014). The windlass mechanism,
the arch-spring, mid-tarsal locking, joint shapes and congruence can all alter the motion of joints
(Elftman and Manter, 1935; Hicks, 1953, 1954; Ker et al., 1987; Huson, 2000). However, to
appropriately describe a change in apparent stiffness of the arch, the load on the foot must also be
considered concurrently with a change in range of motion.
Actively, the foot can modify its apparent stiffness through force production by the
extrinsic and intrinsic foot muscles. The intrinsic foot muscles are more active in standing
compared to sitting (Kelly et al., 2012), and can modulate apparent arch stiffness in walking,
running and hopping (Farris et al., 2020; Kelly et al., 2016, 2014b; Kessler et al., 2020). Further,
they can stiffen the metatarsophalangeal joints, assisting in propulsion (Farris et al., 2020, 2019).
Muscle contraction limits motion of the arch by actively resisting the movement through an applied
force, which changes the apparent stiffness.
Passively, there are two ways for the foot to increase its apparent stiffness. One, ligaments
can be moved past their initial resting length through the uncrimping and straining of collagen
fibers into the higher stiffness part of the force-elongation ligament curve (Figure 1-8) (Zitnay and
Weiss, 2018). The ligaments then produce more force for the same deformation, which increases
the stiffness of the ligament. For arch-spanning ligaments, this would increase the arch’s apparent
stiffness. Second, the foot can be moved into an orientation such that two bones are no longer able
to move congruently in the direction of the applied load. For example, if two bones are at one
extreme of their relative range of motion, an applied force in that direction may cause them to
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experience higher joint compression forces or engage tissues that were not previously loaded. This
change in loading paradigm could be coupled with reduced motion, and thus would increase the
apparent stiffness of the joint.

Figure 1-8: Typical force-elongation curve of a ligament experiencing uniaxial tension. The stiffness is proportional to
the slope of the force-elongation curve. The force in the ligament increases non-linearly in the toe region as collagen
fibres uncrimp and elongate. At larger elongations, the ligament stiffness becomes linear.

Therefore, how can the mid-tarsal locking mechanism and the windlass mechanism change
the apparent stiffness of the foot? The mid-tarsal locking mechanism could change the apparent
stiffness of the arch as inversion of the calcaneus could move the cuboid into the end range of
motion of the calcaneo-cuboid joint, altering both the load and the possible joint motion. However,
as described in section 1.2.2.3 , the existence of this mechanism has been called heavily into
question. Further, the windlass mechanism was originally described as creating a stable base of
support to propel the body forward, which many have interpreted as stiffening the foot. However,
for the windlass mechanism to change the apparent stiffness of the foot, the plantar fascia itself
would have to increase its stiffness by moving out of the toe region of its force-elongation curve,
which implies that it would have to be nearly slack prior to propulsion, which is unlikely as it is
most strained in propulsion (McDonald et al., 2016; Wager and Challis, 2016). Alternatively, the
windlass mechanism could enact the mid-tarsal locking mechanism, as the plantar fascia’s force
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on the calcaneus causes inversion (Tansey and Briggs, 2001), the same motion that is required for
the mid-tarsal locking mechanism. Therefore, as it remains unclear if the mid-tarsal locking
mechanism exists, there is not a good explanation for the mechanism that could cause the windlass
mechanism to increase the apparent stiffness of the foot.
1.2.5 Methodological considerations
This thesis employs several technologies to measure lower limb bone kinematics. Optical
motion capture is a popular gait analysis tool, with retro-reflective markers fitted to anatomical
landmarks and their positions measured with several calibrated cameras. The marker positions are
commonly employed with a multi-segment foot model (such as (Bruening et al., 2012; Leardini et
al., 2007)), which groups several bones together with a rigid body assumption. Optical motion
capture is advantageous as the field of view is large, and data collection and processing are
relatively quick. However, measurements are sensitive to errors such as soft-tissue artifact
(Akbarshahi et al., 2010), and both intra- and inter-operator error (Della Croce et al., 2005).
Accuracy of marker positions is generally sub-millimetre (Eichelberger et al., 2016).
To assess in vivo bone motion, biplanar videoradiography uses two x-ray sources paired
with image intensifiers and spatially calibrated high-speed cameras (frame rate > 1000 Hz).
Markerless tracking, in which an operator uses a semi-automated process to match bone models
with x-ray images, has a dynamic accuracy of 0.15° (Miranda et al., 2011). Alternatively, beaded
data can track motion with incredibly high accuracy (within 0.1 mm and 0.1°) and is considered
the gold standard of motion (Miranda et al., 2011). However, it is rare to acquire in vivo beaded
data, as the invasive approach implants tantalum beads directly into a participant’s foot bones.
While biplanar videoradiography is generally more accurate than optical motion, and is not
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sensitive to soft-tissue artifact, it has drawbacks in that it has a much smaller field of view (about
the size of a basketball), and is very time-intensive to process (Kessler et al., 2019b).

1.3 Approach
The overall goal of this project is to understand the roles of the windlass and arch-spring
mechanisms in dynamic activities. First, I test if the windlass mechanism can stiffen the arch when
it is engaged, as the mechanisms for the apparent stiffening from the windlass mechanism alone
remain unclear. Second, I investigate the plantar fascia’s role specifically as a contributor to both
the windlass mechanism and the arch-spring during running gait, as a straining plantar fascia could
compromise the windlass’s ideal coupling between MTPJ dorsiflexion and arch deformation.
Third, I investigate the purpose of the recoiling arch in propulsion, as it shortens substantially in
late stance, and the contribution of the arch to centre-of-mass propulsion has not been highlighted.
1.3.1 Specific Aim 1
Investigate the influence of the windlass mechanism on the arch’s apparent stiffness and
arch-spring behaviour during a dynamic compression.
It is unclear how the windlass mechanism could increase the apparent stiffness of the arch,
as the plantar fascia could leave the toe-region of its stress-strain curve, or it could enact the heavily
questioned mid-tarsal locking mechanism. Therefore, the aim of this project was to test if
engagement of the windlass mechanism stiffens the arch.
In Chapter 2, the foot arch is perturbed by engaging or disengaging the windlass
mechanism during a controlled foot compression and I measured the arch’s compliance and energy
storage and return. A foot plate controlled the MTPJ angle and a custom compression apparatus
applied a force to compress the foot. Arch mechanics were measured using optical motion capture,
with a multi-segment foot model and a force plate.
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1.3.2 Specific Aim 2
Investigate the influence of plantar fascia strain on the ability of the windlass mechanism to
change the shape of the arch during running.
The effect of the windlass mechanism as it was originally described by Hicks was to change
the shape of the arch via direct coupling of MTPJ dorsiflexion to arch shortening (Hicks, 1954).
However, the plantar fascia strains during running gait, which could theoretically inhibit the
windlass mechanism’s effect on the arch by taking up the force through strain in the plantar fascia.
In Chapter 3, I use bone kinematics derived from biplanar x-ray and a fibre model of the
plantar fascia to measure plantar fascia strain as a function of MTPJ dorsiflexion (which represents
the engagement of the windlass mechanism). I then classify the stance phase of running gait as a
function of the effectiveness of the windlass mechanism on the arch.
1.3.3 Specific Aim 3
Investigate the purpose for arch shortening in propulsion: as a contributor to lifting the
centre-of-mass, and/or in modifying the mechanical advantage of the foot.
The arch shortens rapidly in propulsion, which is part of the arch recoil effect of the archspring. This behaviour has been described as propelling the centre-of-mass forward and upward,
however I question the magnitude with which the shortening arch can contribute to propulsion.
Additionally, the variation in mechanical advantage of the foot has not been determined for the
recoiling arch.
In Chapter 4, using biplanar x-ray-derived bone kinematics in the propulsive phase of
running stance, I compare the difference between a mathematically rigid foot and a naturally
recoiling foot on the apex of the arch, to measure its contribution to centre-of-mass propulsion. I
also investigate the variation in the mechanical advantage of the Achilles tendon and load on the
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foot from the body about the fulcrum of propulsion: the metatarsal head. The foot is modelled as
a class two lever that dynamically changes shape to allow for mobility of the arch.
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CHAPTER 2 : Influence of the windlass mechanism on arch-spring mechanics
during dynamic foot arch deformation
This work is published as : Welte L, Kelly L, Lichtwark G, Rainbow MJ. Influence of the windlass
mechanism on arch-spring mechanics during dynamic foot arch deformation. J R Soc Interface
2018.

2.1 Introduction
Walking and running are integral movements to human locomotion. The ability to
manoeuver over constantly varying surfaces at a range of speeds is facilitated by an elegant
interplay of movements in the many small articulations of the feet. The foot adapts to variations in
terrain, during which it functions as a compliant structure, managing energy absorption and
transfer. However, the foot also assists with forward propulsion during push-off, where it behaves
more like a stiff lever. This dichotomous compliant-stiff function of the foot is often considered to
play a key role in the ability to walk and run on two feet.
The main structure thought to be responsible for modulating the stiffness of the foot is the
medial longitudinal arch (MLA). The MLA is formed by nine bones (the calcaneus, talus,
navicular, three cuneiforms and first three metatarsals (S. K. Sarrafian, 1993; Standring, 2016))
which are supported by both ligamentous and muscular structures that span the length of the MLA
(Ker et al., 1987; Hicks, 1954; Bolgla and Malone, 2004; Caravaggi et al., 2009, 2010; Erdemir et
al., 2004; Fessel et al., 2014; Gefen, 2003; McDonald et al., 2016; Wager and Challis, 2016;
Stearne et al., 2016; Song and Geyer, 2011; Kim and Voloshin, 1995; Kelly et al., 2014b, 2014a).
The passive structures (e.g. the plantar fascia, long and short plantar ligaments and the calcaneonavicular ligament) have a particularly important mechanical role in modulating two known
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mechanisms that are believed to enhance human locomotion: the arch-spring (Ker et al., 1987) and
the windlass (Hicks, 1954) (Figure 2-1).

Figure 2-1: The windlass and arch-spring mechanisms. Both describe functional behaviour of the arch, one through the
rigidity of the arch-spanning tissues, and the other through their elasticity.

The arch-spring and windlass mechanisms depict each side of the dichotomous compliantstiff behaviour of the foot. The arch is compliant and spring-like as it compresses in height and
elongates in length during the early- and mid-stance phases of gait. The arch then recoils in late
stance, rising and shortening, which may aid with stiffening of the foot and may assist propulsion
during push-off. On the other hand, Hicks proposed that the arch’s transition from compliant to
rigid during late stance is a function of the windlass action of the plantar fascia (Hicks, 1954).
Hick’s windlass mechanism suggests that dorsiflexion of the metatarsophalangeal joint (MTPJ)
during late stance produces winding of the plantar fascia around the metatarsal head (or drum of
the windlass). This winding of the plantar fascia pulls on the calcaneus, shortens and raises the
arch, and inverts the subtalar joint (Bolgla and Malone, 2004; Hicks, 1954). The crucial
assumption in Hicks’ hypothesis is that the plantar fascia is extremely stiff.
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If the windlass mechanism appropriately modelled the foot’s function, any MTPJ
dorsiflexion would correspond to a change in arch length and height. However, if there is a change
in arch length and the MTPJ angle is constant, the plantar fascia must stretch/strain to
accommodate this deformation of the foot. Hicks concluded that the plantar fascia was stiff enough
to perform the windlass action, with minimal elongation. However, measured elongation of the
plantar fascia during gait (Caravaggi et al., 2010, 2009; Carlson et al., 2000; Cheng, 2008; Erdemir
et al., 2004; Fessel et al., 2014; Gefen, 2003; Ker et al., 1987; McDonald et al., 2016; Wager and
Challis, 2016) and energy return in (Gefen, 2003; Ker et al., 1987; McDonald et al., 2016; Stearne
et al., 2016; Wager and Challis, 2016) suggest that during dynamic, loaded tasks, the effect of the
windlass may be reduced. Previous cadaveric and finite element studies have investigated the
effect of varying the MTPJ angle on the strain in the plantar fascia (Carlson et al., 2000; Cheng,
2008; Erdemir et al., 2004), and showed that increasing dorsiflexion in the MTPJ increases the
strain in the tissue. However, it is unclear whether varying the MTPJ angle in vivo affects arch
mechanics and energy return.
Elongation of the soft tissues in the arch, as the foot is loaded during locomotion, is
consistent with the arch-spring mechanism proposed by Ker and colleagues (Ker et al., 1987).
Applying cyclical compressions to cadaveric feet, at loads similar to the ground reaction forces
experienced during running, they highlighted that the plantar fascia, and other ligamentous
structures of the arch, contributed substantially to elastic energy storage and return. We therefore
question how these two mechanisms – the windlass and the arch-spring – interact to influence the
shape and function of the medial longitudinal arch as a function of MTPJ angle. Using a similar
in-vivo experimental paradigm to Ker and colleagues (Ker et al., 1987), we examined how MTPJ
angle affects arch stiffness, energetics, and kinematics during foot loading. We hypothesized that
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dorsiflexion of the toes would reduce deformation of the arch by pre-tensioning the plantar fascia
and increasing the effective stiffness of the arch. We also hypothesized that an increased stiffness
and decreased deformation of the arch with a dorsiflexed MTPJ would lead to less absorbed and
returned energy in the foot compared to the plantarflexed MTPJ condition.

2.2 Methods
Nine healthy subjects (8M, 1F, mean +- std. dev., mass 80 +- 12 kg) with no history of
lower limb injury provided written informed consent to participate in this study.
A force-controlled electromagnetic actuator (Linmot PS10-70x400U-BL-QJ, NTI AG
Linmot, Switzerland) applied a compression force at one of two speeds through the shank to the
subject’s bare foot. The force was applied to the knee, directly vertical to the navicular, with the
shank at an approximate angle of 150 to the vertical (similar to late mid-stance in walking, before
heel rise (Levine et al., 2012)) (Figure 2-2). The effect of the MTPJ angle on arch deformation was
tested by fixing the MTPJ passively at 300 of plantarflexion, neutral, or 300 of dorsiflexion with
respect to the ground. A thin, rigid metal plate angled for each MTPJ position was placed securely
under the ball of the foot. The toes were attached with tape to prevent any angle changes during
testing. The foot was in contact with two platforms, similar to Ker et al. (Ker et al., 1987), with
the platform under the ball of the foot fixed in place with grips. The heel platform had ball bearings
fixed to the bottom, which allowed it to translate freely in the anterior/posterior direction on a
linear stage. A 6 degree-of-freedom force platform (Bertec, USA), capturing at 3700 Hz, was
placed under this custom apparatus. The participants were instructed to relax as loads of one
bodyweight were applied to the knee, compressing, holding and then releasing the arch of the foot.
The fast condition loaded the foot to one bodyweight with a loading rate of 3.5 ± 0.7 BW/s (Mean
± SD), which was selected to induce a similar time to first peak of ground reaction force as walking
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between 1.0 - 1.5 m/s (Keller et al., 1996). The slow condition was loaded at a rate of 1.3 ± 0.1
BW/s. The compression was held for 0.23 ± 0.05 s for the fast condition and 1.3 ± 0.3 s for the
slow condition for each MTPJ angle, in a randomized order.
Six cameras (Qualisys, Sweden), sampling at 185 Hz, captured the three-dimensional
positions of 20 retro-reflective markers (9.0 mm) placed on the skin surface of the foot and shank.
The marker set was similar to Leardini et al. (Leardini et al., 2007), with an extra marker on the
end of both the second and fourth proximal phalanges. In addition, three markers were placed on
a rigid shank cluster, one marker was placed on the medial femoral epicondyle, and one marker
was placed on the lateral femoral epicondyle. A multi-segment foot model consisting of the rearfoot, mid-foot, and fore-foot was developed from Leardini et al.’s (Leardini et al., 2007) marker
set. The transverse plane of the foot is the plane containing the calcaneal, first metatarsal, and fifth
metatarsal markers. The sagittal plane is normal to this plane, and intersects it along the vector
between the calcaneus and second metatarsal markers projected into the transverse plane (Leardini
et al., 2007).

Figure 2-2: Schematic of the experimental set up. An electromagnetic actuator applies a force to the top of the thigh,
vertical to the navicular marker. The MTPJ angle is controlled at either 30° of plantar- or dorsiflexion, or neutral. A
force plate is placed under the foot supports. The heel support is free to roll on a glider.
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Table 2-1: Maximum arch length and arch compression measured for all trials for each subject. Arch length is measured
as the distance between the calcaneus marker and the head of the first metatarsal. Arch compression is the vertical
displacement of the navicular marker relative to the beginning of the trial.

S01
S02
S03
S04
S05
S06
S07
S08
S09

Maximum Arch Length (mm) Maximum Arch Compression (mm)
256
9.8
243
7.4
252
6.7
274
10.5
253
7.6
285
7.3
248
4.8
270
5.8
260
7.1

The motion and force data was filtered with a fourth- order, low pass Butterworth filter
with a cut-off frequency of 6 Hz (Kristianslund et al., 2012), selected from a Fast Fourier transform
analysis. The trials were cropped using the vertical dimension of the ground reaction force, at a
threshold of 15 N, using a custom algorithm implemented in MATLAB (Mathworks, Natick MA).
The medial longitudinal arch angle, and the MTPJ angle (named F2Ps in (Leardini et al.,
2007)) were calculated based on an established model (Leardini et al., 2007). Briefly, the MLA
angle is the projection of the angle between the markers on the posterior calcaneus, sustentaculum
tali of the calcaneus and the head of the first metatarsal into the sagittal plane of the foot. The MLA
angle at the beginning of the compression is subtracted from the maximum MLA angle that
occurred in a trial to yield the ΔMLA angle. An increased and positive ΔMLA angle indicates that
the arch is being horizontally lengthened and vertically compressed. The angle between the
markers on the first metatarsal base, the first metatarsal head and the proximal phalanx, projected
into the sagittal plane, is the MTPJ angle. The reference neutral position (toes flat) was taken
without any applied load and was considered zero degrees of toe dorsiflexion.
The length of the arch was the distance between the posterior calcaneal and the first
metatarsal head marker, along the path of the primary slip of the plantar fascia, normalized to the
subject’s longest recorded arch length (Table 2-1). Elongation was defined as the range of the arch
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length during a trial. Arch height was the vertical displacement of the navicular marker, in the
same dimension as the applied force on the knee. The initial arch height at the beginning of the
trial was subtracted from the lowest arch height during that trial to calculate the arch compression,
and is normalized to the largest measured arch compression for that subject (Table 2-1). The arch
height was differentiated with respect to time to compute arch velocity, which was multiplied with
the vertical force, resulting in arch power. Integration of the arch power curve over time for one
compression cycle yielded the work done in the arch (Figure 2-3). The absorbed energy was taken
as the range between the absolute largest energy measured in a trial (while loaded) and the
beginning of the trial (unloaded); the returned energy was the difference between the absorbed
energy and the energy value at the end of the trial; and, the dissipated energy is the difference
between the absorbed energy and the returned energy (Figure 2-3). The proportion of returned
energy was the ratio of energy returned to energy absorbed.
To quantify the shape changes in the arch, the axis about which the fore-foot segment
rotated relative to the rear-foot segment during the arch compression trials was calculated as the
helical axis of motion (Panjabi et al., 1981). The helical axis is defined as a single axis about which
the three-dimensional (3D) rotation and along which the 3D translation of a rigid body relative to
another occurs. The fore-foot segment was first registered to the rear-foot for all frames. The
helical axes of motion were then calculated between the first frame of the trial (with no deformation
of the arch) and five frames at the mid-point of the trial (at the point of maximum arch
deformation). The component-wise average of the rotation axis for these five frames was taken to
reduce noise, and was expressed in the local foot coordinate system. Principal component analysis
was completed on the average unit vector of the rotation axis, for every trial condition and across
all subjects.
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Figure 2-3: Example of power and work done, with the absorbed, dissipated and returned energy metrics. The
integration of the power (calculated from the vertical force and the arch velocity) determined the work done.

To test the static engagement of the windlass, the correlation between MTPJ angle and the
arch length was assessed when the foot was static and unloaded. The MTPJ angle and the arch
length were determined for each trial condition, providing six combinations for each participant
(slow/fast for dorsiflexed/neutral/plantarflexed). An analysis of variance (ANOVA) tested the
least-squares linear regression for the pooled data points.
A two-way repeated-measures ANOVA examined the effect of MTPJ angle (300 of
dorsiflexion/300 of plantarflexion) and loading speed (fast/slow) on the energetics of the arch
(absorbed, returned and dissipated energy, and the energy ratio), and the kinematic metrics of the
arch (arch elongation, arch compression, ΔMLA angle, Δ helical axis rotation). To simplify the
analysis, the neutral condition was not included in the ANOVA.
Paired sample t-tests evaluated differences in principal components of the rotation axes
between MTPJ angles and speeds.
Alpha level was set at 0.05. All analyses were completed using custom software written in
MATLAB (Mathworks, Natick MA.). Unless otherwise indicated, all values are mean ± 1 standard
deviation.
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2.3 Results
In an unloaded, static position, arch length was shorter by 5 ± 1% (of the maximum length)
when the toes were dorsiflexed compared to plantarflexed (p < 0.01) (Figure 2-4). Each subject
experienced a decreasing arch length as the MTPJ angle varied from plantarflexion to dorsiflexion.
There was a significant subject-specific linear correlation between the arch length and the MTPJ
angle (R2 > 0.92). The pooled slope also had a significant linear relationship (R2 = 0.67, p < 0.01)
(Figure 2-4).
Toe angle condition during foot compression had a significant influence on the energy
absorbed and dissipated by the arch (Table 2-2) (Figure 2-5). In comparison to the plantarflexed
MTPJ (P), the dorsiflexed MTPJ (D) caused the arch to absorb more energy (D = 23.1 ± 8.0 mJ
kg-1, P = 20.6 ± 5.4 mJ kg-1, p < 0.05) and dissipate more energy (D = 7.5 ± 4.4 mJ kg-1, P = 6.2 ±
3.4 mJ kg-1, p < 0.05). However, the MTPJ angle did not have a significant effect on the returned
energy (D = 15.6 ± 5.4 mJ kg-1, P = 14.5 ± 4.9 mJ kg-1, p = 0.08) or the ratio of returned energy
(D = 0.68 ± 0.11, P = 0.70 ± 0.14, p = 0.11).

Figure 2-4: Unloaded MTPJ dorsiflexion angle (with 0° as the neutral position) against arch length for all conditions
(plantarflexed, neutral, dorsiflexed for slow, fast) and all subjects (different colours). R2 > 0.92 for each subject-specific
relationship and R2 = 0.67 for the pooled linear relationship.
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Figure 2-5: For a slow trial, the vertical force (normalized to bodyweight) is plotted against the compression of the arch
(normalized to the maximum arch compression), with the slope of the curve as a representation of arch stiffness. The
dorsiflexed condition showed reduced arch stiffness compared to the plantarflexed MTPJ. The shaded area provides an
indication of the energy absorbed and returned by the arch of the foot.

The speed of the compression, either fast (F) or slow (S), affected the energetics of the arch
(Table 2-2). When the foot was compressed quickly, more energy was absorbed (F = 24.2 ± 8.1
mJ kg-1, S = 19.5 ± 4.5 mJ kg-1, p < 0.05) and returned (F = 17.3 ± 5.6 mJ kg-1, S = 12.8 ± 3.4 mJ
kg-1, p < 0.01) compared to when the foot was compressed slowly. Interestingly, the energy
dissipated was not significantly different between the two speeds (F = 6.9 ± 5.0 mJ kg-1, S = 6.7 ±
2.7 mJ kg-1, p = 0.86) nor was the proportion of returned energy (F = 0.72 ± 0.14, S = 0.66 ± 0.10,
p = 0.19).
MTPJ angle also influenced the kinematics of foot compression, with a significant effect
in the elongation of the arch. The dorsiflexed MTPJ increased the elongation of the arch during
the loading trials (D = 0.0085 ± 0.0026, P = 0.0053 ± 0.0020, p < 0.01), compared to when the
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MTPJ was plantarflexed. There were no significant effects on the arch compression (D = 0.72 ±
0.16, P = 0.69 ± 0.11, p = 0.23), the ΔMLA angle (D = 2.6 ± 0.90, P = 2.8 ± 0.70, p = 0.25) or the
Δ helical axis rotation (D = 4.2 ± 2.10, P = 3.6 ± 0.90, p = 0.20) (Table 2-2). There were no
significant interactions for any of the variables between compression speed and toe condition.
The first and second principal components of the orientation of the helical axes respectively
explained 65.0% and 30.8% of the variance in the orientation. The second component was
significantly different between the toe conditions (p < 0.05) while the first component was not (p
= 0.10). The first component primarily explained rotation axis orientation variation in the anteriorposterior direction (transverse plane rotation), and the second in the superior-inferior direction
(frontal plane rotation) (see Appendix B - Supplementary Material, S1 - Chapter 2 for
visualization). When the first MTPJ was dorsiflexed, the rotation axis was oriented more proximaldistally, and more anterior, compared to when the MTPJ was plantarflexed, which caused the midfoot to deform around an inverted axis (Figure 2-6). In contrast, when the MTPJ was plantarflexed,
the arch compressed primarily in the sagittal plane.

Figure 2-6: Depiction of helical axis orientation differences between dorsiflexed (blue) and plantarflexed (green) MTPJ
angles. The axes are taken from the same subject and loading condition. The toe condition is the only variation between
the two axes. The bones are not in the appropriate orientation but provide a frame of reference. The marker set is also
superimposed.
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Table 2-2: Measured parameters for all conditions. Values are mean ± 1SD *Significant difference in MTPJ condition
†Significant difference in speed.

Arch Elongation *
[Mean ± 1 SD, x10-3]
Arch Compression
[Mean ± 1 SD]
ΔMLA Angle
[Mean ± 1 SD, 0]
Δ Helical Axis Rotation
[Mean ± 1 SD, 0]
Energy Absorbed *†
[Mean ± 1 SD, mJ kg-1]
Energy Returned †
[Mean ± 1 SD , mJ kg-1]
Energy Dissipated *
[Mean ± 1 SD, mJ kg-1]
Energy Ratio
[Mean ± 1 SD]

Plantarflexed
Slow
Fast
4.9 ± 1.6
5.6 ± 2.3

Dorsiflexed
Slow
8.4 ± 2.4

Fast
8.7 ± 2.9

0.68 ± 0.10

0.70 ± 0.12

0.70 ± 0.16

0.74 ± 0.16

2.8 ± 0.7

2.9 ± 0.8

2.5 ± 0.8

2.6 ± 1.0

3.6 ± 0.8

3.6 ± 1.1

4.3 ± 2.8

4.1 ± 1.1

18.7 ± 4.6

22.5 ± 5.8

20.2 ± 4.6

25.9 ± 9.9

12.3 ± 3.0

16.7 ± 5.5

13.3 ± 3.8

17.9 ± 5.9

6.5 ± 2.9

5.9 ± 4.0

6.9 ± 2.5

8.0 ± 5.9

0.66 ± 0.11

0.74 ± 0.15

0.66 ± 0.10

0.71 ± 0.12

2.4 Discussion
The purpose of this investigation was to understand the interaction between the windlass
and arch spring mechanisms, by engaging the windlass through MTPJ dorsiflexion, and
investigating the effects on arch energetics during a dynamic compression. We hypothesized that
MTPJ dorsiflexion would pre-tension the plantar fascia and stiffen the arch. However, in contrast
to our hypothesis, the engagement of the windlass mechanism reduced the stiffness of the arch and
increased energy absorption and dissipation. The effect of MTPJ dorsiflexion therefore has the
potential to affect locomotion by altering the mechanical energy profile within the foot.
The windlass mechanism predicts that when the MTPJ is dorsiflexed, the arch increases in
height and decreases in length, which was confirmed in the results of our unloaded condition. The
relationship between the MTPJ angle and the arch elongation was highly correlated and largely
consistent for all subjects. In contrast to the static, unloaded case, if the windlass mechanism
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explained the dynamic motion of the arch, then for constant toe angles, there should be no change
in the length of the arch. However, the arch elongated during the compression trials, meaning that
the plantar fascia must deform to accommodate this change. This is consistent with the
measurement of plantar fascia elongation in previous studies (Caravaggi et al., 2010, 2009; Carlson
et al., 2000; Erdemir et al., 2004; Fessel et al., 2014; Gefen, 2003; Ker et al., 1987; McDonald et
al., 2016; Wager and Challis, 2016) and implies that the windlass mechanism does not completely
explain the behaviour of the arch during dynamic loading.
The windlass did however modulate the energetics of the arch during dynamic loading.
When the windlass mechanism was engaged, the arch was shortened significantly, which likely
placed other tissues crossing the arch closer to their resting length. The arch could therefore go
through a greater excursion due to the non-linear elastic properties of the arch- spanning tissues.
This would functionally reduce the bulk stiffness of the arch and lead to greater elongation, and
consequently facilitate greater energy absorption and dissipation during cyclic loading of the foot.
While the effect of perturbing the MTPJ angle on the specific internal structures of the foot cannot
be determined with these methods, it is possible that modification to the shape and length of the
arch changed the proportion of the load delivered to the arch’s soft tissue structures. Differences
in viscosity between these structures could also influence the dissipated energy in the arch.
The speed of compression had a small, but significant influence on the energetics of the
arch. More energy was absorbed and returned by the arch of the foot when the arch was compressed
in the fast condition compared to the slow condition. Similar peak forces and peak deformation
were found across both loading speeds, however a more linear stiffness in the fast loading
condition (allowing for increased stiffness at low forces) was the main source of the increased
energy stored and returned. It is likely that this small change in stiffness at lower forces may be
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the result of activation of the intrinsic foot muscles – which have been shown to alter arch stiffness
under similar loading conditions (Kelly et al., 2014a, 2014b). In this experiment we did not
measure intrinsic foot muscle activation (which requires intramuscular electromyography) and
hence cannot confirm whether there was any difference in muscle activation across trials. We
assume that muscle activation is primarily driven by force application (Caravaggi et al., 2010;
Kelly et al., 2014b), however there may also be a subtle difference in activation due to the velocity
of stretch, which may have led to the difference in both energy absorbed and returned at the arch.
Furthermore, there was no difference in the dissipated energy between the speed conditions. This
is consistent with biological tissues generally requiring a strain rate difference of several orders of
magnitude to elicit a change in viscous energy dissipations (Kitaoka et al., 1994).
MTPJ dorsiflexion modified how the foot deformed. The helical axis measure shows how
the fore-foot moves relative to the hind-foot, and as a result, the motion described is independent
of the foot’s global position. Between two identical compressions, it would be expected that the
axis would remain the same. However, when the MTPJ was dorsiflexed, the fore-foot moved
around an inclined axis relative to the hind-foot, compared to the plantarflexed MTPJ. This
functionally means that if the hind-foot is hypothetically in the same position, the fore-foot rotates
more in the transverse plane (i.e. externally rotates) during a foot compression when the MTPJ is
dorsiflexed, than the purely sagittal motion that occurs when the MTPJ is plantarflexed. If there is
more motion in the transverse plane, increased loads may be experienced by different archspanning structures that resist the external rotation of the fore-foot, such as the medial band of the
plantar fascia, the deltoid ligament, or the abductor hallucis muscle. In other words, the load in the
foot may be redistributed to different tissues, which could affect the energetics of the arch as a
result of differences among the tissues’ moment arms and material properties.
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The shift of the helical axis from the sagittal plane (plantarflexed MTPJ) to all three planes
(dorsiflexed MTPJ), indicates that the two-dimensional truss model in the sagittal plane does not
appropriately model the behaviour of the medial longitudinal arch. This is supported by the
significant arch elongation but non-significant arch compression. In addition, neither the change
in ΔMLA angle nor the amount of rotation about the helical axis show significant differences
between the toe conditions. This suggests that there may be changes in the transverse arch that are
not accounted for in these two- dimensional models, which has been suggested by Fuller (Fuller,
2000), and that three- dimensional models will more appropriately model the energetics and
behaviour of the arch.
One limitation of this study is that our experimental paradigm did not exactly recreate
conditions found during locomotion. The range of MLA angle values in healthy walking (about
40 in mid-stance, not including push-off (Leardini et al., 2007)) were close to the range experienced
here (2.1 – 3.70), however the first MTPJ and arch kinematics do not necessarily experience the
combination of conditions controlled here. While it is difficult to directly relate our findings to
foot function during gait, we have demonstrated a novel interaction between the windlass and the
arch-spring, which is likely to be consistent across a range of toe flexion angles. For instance, if
the dorsiflexion of the MTPJ is limited before initial contact during gait, it may limit the elongation
of the arch, and thus its energy absorption during impact, and subsequently affect the foot’s ability
to absorb shock. It may also cause the foot to deform differently, by straining different arch tissues,
which would also modify arch energetics. Therefore, the windlass mechanism may be important
during initial contact, as well as during push-off. We also did not qualify the foot type (e.g. flat
feet, high arch) of the subjects; however, we still found significant differences among conditions,
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which likely indicates that healthy feet function similarly despite potential morphological
differences.
The foot was in contact with two points on the force plate, which prevented us from
knowing the proportion of force on the rear-foot and fore-foot. Other studies have allocated the
force to the fore-foot or rear-foot depending on geometry (Gefen, 2003; Simkin, 1990; Wright and
Rennels, 1964) or the location of the centre of pressure relative to the metatarsal heads (McDonald
et al., 2016). Since the direction of the applied force was one-dimensional in this case, the bulk
energy metric used to quantify the energetics of the arch was a simple way to indicate arch
mechanics without making assumptions about the force distribution on the sole of the foot.
However, this approach may underestimate the total mechanical power transferred. Energy is also
likely absorbed and dissipated in other soft tissues, such as the fat pad of the heel (Bennett and
Ker, 1990; Gefen et al., 2001). Energy dissipations in the heel fat pad during walking have been
shown to be 28.6 ± 6.9% in cadaveric experiments (Bennett and Ker, 1990) and 17.8 ± 0.8% during
in vivo experiments (Gefen et al., 2001). While we cannot separate the contributions of the arch
and soft tissues of the lower limb with these methods, it seems unlikely that soft tissue dissipations
in the knee or ankle joints, or the fat pad of the heel, are perturbed by the dorsiflexion of the MTPJ.
This work has several applications. Varying the MTPJ angle in shoe and orthosis design
has implications in modifying the absorption of shock, the functional rotation axis of the arch, and
the energetic savings. For example, previous work has shown that increasing the bending stiffness
of shoes can limit MTPJ dorsiflexion, which can reduce energy losses in this joint (Roy and
Stefanyshyn, 2006), and that a metabolic minimum exists at a critical stiffness where natural MTPJ
dorsiflexion is not inhibited (Oh and Park, 2017). The lever arm from the ground reaction force
vector to the ankle joint centre is also said to increase with the increasing bending stiffness of shoes
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(Oh and Park, 2017; Willwacher et al., 2014), however the impact on MLA kinematics has not
been taken into account. The study conducted here was completed in subjects with bare-feet in a
prescribed position, which may not fully translate to footwear mechanics during gait; however, the
position of the arch and MTPJ inside the shoe may still affect energetics of the foot- shoe
combination.
Adding to the understanding of the function of the windlass and its interplay with the archspring may have clinical implications in further understanding arch-related pathologies such as
plantar fasciitis. The inhibition or engagement of the windlass in this pathology may have a
functional effect on gait mechanics and patient rehabilitation. Finally, elucidation of these
mechanisms may have implications in the field of evolutionary biology, because the interplay
between the windlass and arch-spring mechanism likely affects performance and economy, which
are hypothesized to be targets of natural selection.

2.5 Conclusion
The windlass mechanism explains arch function in static positions, when the arch is able
to deform without resistance. However, during dynamic compressions, the elongation of the arch
at a constant toe angle, and the associated energy absorption and return, demonstrate that the
windlass does not fully define the plantar fascia’s role in arch function. Overall, the windlass
functions to modify the shape of the foot, which directly affects the arch- spring behaviour and the
energetics of the foot.
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CHAPTER 3 : The elasticity of the plantar fascia influences the windlass effect on
arch deformation during human running
3.1 Introduction
Three key modifications in the foot thought to have been selected for bipedal walking and
endurance running in hominins are the adducted great toe, the medial longitudinal arch and a
relatively robust plantar fascia (D’Août and Aerts, 2008; Holowka and Lieberman, 2018). These
derived features manage the load during weight acceptance and help the foot function as a stable
lever during the push-off phase of walking and running. Two mechanisms that explain these
passive characteristics of the foot are the arch-spring and the windlass mechanisms (Hicks, 1954;
Ker et al., 1987). The plantar fascia is fundamental to both mechanisms, as it spans the arch of the
foot, connecting the calcaneus to the five proximal phalanges by wrapping around the metatarsalphalangeal joints (MTPJs) (Bojsen-Moller and Flagstad, 1976). As originally described, the archspring and windlass mechanisms require different plantar fascia behaviour, and their timing and
interplay during running is unclear.
The arch-spring, proposed by Ker et al. (Ker et al., 1987), conceptualizes the medial
longitudinal arch as a dynamic truss with arch-spanning ligaments that serve as energy-saving
springs. In their foundational study, the arch-supporting structures of a cadaver foot were
sequentially cut, and the foot was subjected to compressive loads that simulated running forces.
The authors projected that the arch stored and returned sufficient energy to make metabolic savings
during running, which was confirmed in a recent in vivo study (Stearne et al., 2016). Furthermore,
several studies have shown that the plantar fascia strains during stance (Caravaggi et al., 2010,
2009; Erdemir et al., 2004; Fessel et al., 2014; Gefen, 2003; McDonald et al., 2016; Wager and
Challis, 2016), and that the arch of the foot stores less elastic energy without a plantar fascia (Ker
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et al., 1987), indicating that the plantar fascia contributes to the energy-saving arch- spring
mechanism.
In 1954, Hicks described the plantar fascia’s influence on the arch as a windlass mechanism
(Hicks, 1954). According to his description, dorsiflexion of the MTPJs pulls on the stiff plantar
fascia, whose tissue encapsulates small sesamoid bones inferior to the metatarsal heads. The
sesamoid bones and the firmly attached plantar fascia slide around the metatarsal head, pulling the
calcaneus toward the phalanges, shortening and raising the arch (Caravaggi et al., 2009; Hicks,
1954). For the windlass to change the shape of the arch effectively, the plantar fascia must undergo
minimal strain; otherwise, the effect of the windlass on arch shape could be enhanced or reduced
(Figure 3-1). Since both the windlass and a shortening plantar fascia act to raise the arch, we termed
this an enhanced forward-windlass action. Alternatively, if the plantar fascia elongates while the
windlass attempts to raise the arch, the arch raising effect could be inhibited. Analogously, pulling
a weight (the calcaneus) with an elongating elastic band is much less effective than pulling it with
a steel rope.
During both walking and running gaits, there is evidence of the forward-windlass
mechanism (Bruening et al., 2018; Caravaggi et al., 2009; Hicks, 1954; McDonald et al., 2016)
and that the plantar fascia strains during mid- to late- stance, simultaneously to the expected timing
of the windlass (Caravaggi et al., 2010, 2009; Erdemir et al., 2004; Fessel et al., 2014; Gefen,
2003; McDonald et al., 2016; Wager and Challis, 2016). We question if the straining plantar fascia
compromises the one-to-one coupling between arch deformation and toe arc length change from
MTPJ dorsiflexion (ideal windlass mechanism - Figure 3-1). Addressing this question is
challenging because plantar fascia strain is difficult to measure during locomotion. While current
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Figure 3-1: Theoretical framework. The forward-windlass mechanism’s ability to shorten and raise the arch can be
theoretically influenced if the plantar fascia lengthens, shortens or is quasi-isometric. The pure forward-windlass
mechanism occurs if there is a 1:1 ratio of arch deformation (𝚫𝐥) to arc length change from MTPJ dorsiflexion (𝐫𝛉). If
the plantar fascia shortens concurrently to the forward-windlass mechanism, it would enhance arch-rising. If the plantar
fascia lengthens simultaneously to the forward-windlass mechanism, the arch rising effect would be limited.

approaches such as motion capture (Caravaggi et al., 2010, 2009; McDonald et al., 2016; Wager
and Challis, 2016), ultrasound (Caravaggi et al., 2010, 2009; Wager and Challis, 2016), or single
plane fluoroscopy (Fessel et al., 2014; Gefen, 2003) have provided insight into plantar fascia and
foot function, they do not capture the complex, three-dimensional motions of the structures within
the foot during locomotion. Here, we test in vivo if the elastic behaviour of the plantar fascia
compromises its function as a windlass in running. We modelled plantar fascia elongation using
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three-dimensional biplanar videoradiography measurements of subject-specific bone motion. We
classify the coupling of MTPJ dorsiflexion and plantar fascia elongation to test if the foot can
exhibit a pure windlass mechanism. We use a simple model (depicted two-dimensionally in Figure
3-1) to show whether the forward-windlass’s effect on the arch can be inhibited by a simultaneous
lengthening of the plantar fascia, or enhanced by the simultaneous shortening of the plantar fascia.
We hypothesize that due to the elasticity of the plantar fascia, we will only see periods of stance
where the forward-windlass is inhibited by the elongation or enhanced by the shortening of the
plantar fascia, and that we will not see a pure forward-windlass mechanism.

3.2 Methods
(a) Experimental set-up and subject characteristics.
Running data were pooled from three datasets that use X-ray Reconstruction of Moving
Morphology (XROMM), a three-dimensional imaging technology for visualizing rapid skeletal
movement in vivo (Brainerd et al., 2010; Knörlein et al., 2016). The combined subject pool
included 12 participants (8M, 4F, mean±SD, height 1.69±0.06m, weight 70±12kg). Two datasets
(11 subjects) were collected at the Brown University Keck Facility (Brown University, USA). One
subject’s data was collected at the Skeletal Observation Lab using a similar biplanar
videoradiography system (Figure 3-2a) (Queen’s University, CAN). Experimental protocols were
approved by the Providence VA Medical Center Institutional Review Board, the Brown University
Institutional Review Board, or Queen's University Health Sciences & Affiliated Teaching
Hospitals Research Ethics Board. All subjects gave informed consent prior to participation in the
data collection.

43

Figure 3-2: Experimental set-up and processing pipeline. (a) Twelve subjects ran barefoot overground at either Queen’s
University or Brown University. (b) Computed tomography scans were taken of the participants’ right foot. (c) Biplanar
videoradiography captured foot bone motion during the stance phase of running at 250 Hz. (d) Digitally reconstructed
radiographs of the bone from the partial volumes (DRR – shown in orange) are used in conjunction with the calibrated
camera locations to track of the position and orientation of the individual bones. (e) Using rigid body transformations
from the tracked bones, a fibre wrapping algorithm modelled the medial slip of the plantar fascia, originating on the
medial 1/5 of the calcaneal lateral tubercle, wrapping around the sesamoids, and inserting on the base of the first
proximal phalanx.
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(b) Data collection: computed tomography scans of the right foot.
Computed tomography (CT) scans were taken of each participant’s right foot while they
were prone (Figure 3-2b) (model: (n=11) Lightspeed 16, (n=1) Revolution HD; General Electric
Medical Systems, USA). Seven participants received their scan with the plantar surface of their
foot constrained at 90° from the scanning table (average resolution: 0.577 mm x 0.577 mm x 0.625
mm) and five participants were scanned with their foot in a prone position to increase the resolution
(average resolution: 0.393 mm x 0.393 mm x 0.625 mm). The tibia, calcaneus, first metatarsal,
first proximal phalanx and sesamoids were segmented (Mimics, Materialise, Leuven, Belgium).
Partial volumes were generated to create digitally reconstructed radiographs (Miranda et al., 2011).
Tessellated meshes representing the bone surfaces were also created from the CT scans. Inertial
anatomical coordinate systems were generated from the bone meshes, with the origin located at
the centroid and the x-y-z axes aligned along the principal axes of the moment of inertia tensor
(Eberly et al., 1991). The axes were re-labelled such that the x-axis was lateral, the y-axis was
anterior, and the z-axis was superior.
(c) Data collection: biplanar videoradiography of running.
Participants in all collections were instructed to run barefoot at a self-selected speed and
strike pattern along a raised walkway. They were allowed as much time as required to become
familiar with the raised walkway and with the selected starting position, which ensured that the
participant’s right foot landed naturally in the middle of the x-ray volume. Three barefoot running
trials were collected using biplanar videoradiography (250 Hz, range of 70-80 kV, 100- 125 mA).
One trial from each participant was selected for analysis, guided by x-ray image quality (Figure
3-2c).
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(d) Data processing: kinematics derived from biplanar videoradiography.
The current processing pipeline for foot biplanar videoradiography data has been described
previously (Kessler et al., 2019b). Briefly, the high-speed cameras were calibrated using a custom
calibration object and the images were undistorted (Brainerd et al., 2010), using x-ray- specific
software (Knörlein et al., 2016) (XMALab, Brown University, USA). The orientation and
translation of the tibia, calcaneus, first metatarsal and first proximal phalanx were measured by
markerlessly tracking the digitally reconstructed radiographs using custom software (Figure 3-2d)
(Miranda et al., 2011) (Autoscoper, Brown University, USA). All of the sesamoid bones inferior
to the first metatarsal were tracked as a single rigid body, but due to bone occlusion, it was difficult
to track all six degrees of freedom. The rotation of the phalanx was used as a starting point, as the
sesamoid-phalangeal ligament apparatus is quite stiff (S. Sarrafian, 1993a), and likely rotates
similarly about the metatarsal head. The sesamoid unit was then purely translated to best fit the xray images.
Gait events were defined using kinematic trajectories of specified inferior points on each
bone surface. The strike pattern was classified as either fore-foot strike (FFS) or rear-foot strike
(RFS) from the x-ray images. Initial contact was defined as the instant that either the sesamoids
(for FFS) or calcaneus (for RFS) contacted the ground. Heel and fore-foot contact were defined as
the instant of maximum negative vertical velocity. Physically, this is the point where the contact
with the ground causes the acceleration vector to change direction, and would mimic the instant
the ground reaction force registers. Toe-off was defined by manually selecting the frame where
the toes were not in contact with the ground.
The inertial axes computed from the surface meshes defined the anatomical co-ordinate
systems for the tibia, calcaneus, first metatarsal and first proximal phalanx (Eberly et al., 1991).
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The coordinate systems were oriented so that the x-axis represented dorsiflexion, the y-axis
represented inversion and the z-axis represented adduction, with reference to the right foot. A YZX
Tait-Bryan angle sequence determined the angles of the phalanx relative to the metatarsal (MTPJ
angle). Arch deformation is the resultant three-dimensional angle of rotation around the
instantaneous helical axis of the first metatarsal relative to the calcaneus, computed between every
frame. The time of minimum arch angular velocity was selected as the point where the arch angle
started to decrease. All angles were filtered with an adaptive low-pass Butterworth filter with a
cut-off frequency between 14 and 40 Hz, depending on the signal content at each time point (Erer,
2007). This filter effectively preserves the high-frequency content during the impact event at initial
contact.
(e) Plantar fascia modelling.
The plantar fascia was modelled as two fibres connecting the origin and the insertion of
the first slip of the plantar fascia (Figure 3-2e). The origin was selected as two points on the medial
1/5 (i.e. the medial side of the plantar fascia tissue) of the lateral tubercle of the calcaneus, and the
insertion was selected on the medial and lateral insertion points of the phalanx for one subject
(Bojsen-Moller and Flagstad, 1976; Sarrafian, 1983). The bones of all other subjects were aligned
using the inertial anatomical co-ordinate systems and a Coherent Point Drift Algorithm ensured
that the origins and insertions were placed consistently among subjects (Myronenko and Song,
2010). The plantar fascia fibre connected the selected origin and insertion, with the constraint that
the fibre cannot pass through any bone. Using generated distance fields for each bone, a custom
optimization was implemented in MATLAB (R2019a, Mathworks, USA), with 100 points used
for each fibre (Marai et al., 2004). A convex hull was created around the sesamoids to model the
inter- sesamoid ligaments and to prevent the fibre from falling between them. The optimization
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algorithm was given an initial guess using guiding points on the inferior side of sesamoid, which
then converged to optimal solutions around the sesamoids. The lengths of these two fibres were
measured as the sum of the Euclidean distances between adjacent points. The elongation of the
fibres was normalized to the longest plantar fascia length in the trial. The normalized elongation
was filtered with an adaptive low pass Butterworth filter with a cut-off frequency between 14 and
40 Hz (Erer, 2007).
(f) Classification of plantar fascia behaviour using vector coding.
We elucidate the timing and potential trade-offs of the plantar fascia’s role in the archspring and windlass mechanisms by examining the coupling between MTPJ rotation, plantar fascia
elongation and arch deformation during stance phase (Figure 3-3). The arch-spring mechanism
occurs whenever there is arch deformation, during which arch- spanning tissues strain. The archspring stores strain energy when the arch flattens and the tissues stretch, while the arch-spring
releases strain energy when the arch rises and shortens, and the tissues recoil. The plantar fascia
can absorb strain energy – in contribution to the arch-spring – if arch flattening occurs
simultaneously to plantar fascia lengthening. Alternatively, if the arch is rising and the plantar
fascia is shortening, it is returning energy to the foot. During periods where there is minimal
elongation of the plantar fascia, the pure forward-windlass occurs if there is primarily dorsiflexion
at the MTPJ and simultaneous arch rising, and the reverse-windlass occurs if the MTPJ
plantarflexes while the arch flattens. These encompass four pure phases of the plantar fascia’s role
in the windlass and arch-spring mechanisms (Figure 3-3, Table 3-1). Our model assumes that the
plantar fascia is not slack during stance (Erdemir et al., 2004; McDonald et al., 2016); therefore,
fibre elongation is analogous to strain. While strain energy cannot be directly quantified using this
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approach, we proceed with the assumption that elongating fibres are absorbing strain energy, while
shortening fibres are releasing strain energy.

Figure 3-3: Classification of plantar fascia behaviour. (a) Phases are classified using a vector coding approach on the
relationship between MTPJ dorsiflexion and plantar fascia elongation. Vector coding is a technique that indicates the
dominance of one variable over another. In the example time point Pi and the adjacent time points, the subject’s plantar
fascia elongation is more substantial between time points than the MTPJ dorsiflexion. It would therefore be classified as
dominant plantar fascia lengthening (b) The coded vector is then labelled in one of the eight phases: four of which are
pure (forward/reverse windlass, plantar fascia contribution to arch-spring stretch/recoil), while the other four are
interaction phases.
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Table 3-1: Description of behaviour of the plantar fascia as described by the named phases in the vector-coding
classification (Figure 3-3). If the plantar fascia is behaving consistently with one mechanism, the phase is described as
“pure”; otherwise, it is classified as an interaction. The plantar fascia length change and MTPJ behaviour that occur
during each phase are indicated.

Phase classification

reverse- windlass
plantar fascia elongation,
MTPJ plantarflexion
contribution to archspring strain energy
absorption
forward- windlass
(inhibited)
forward- windlass
forward- windlass
(enhanced)
contribution to archspring strain energy recoil
plantar fascia shortening,
MTPJ plantarflexion

Mechanism

Type of
phase

windlass

pure

isometric

plantarflexion

interaction

elongation

plantarflexion

pure

elongation

constant

interaction

elongation

dorsiflexion

pure

isometric

dorsiflexion

interaction

shortening

dorsiflexion

pure

shortening

constant

interaction

shortening

plantarflexion

arch-spring

windlass

arch-spring

Classification criteria
Plantar fascia
MTPJ angle
length

Vector coding quantified the plantar fascia’s contribution to the windlass and arch-spring
mechanisms by evaluating the balance between plantar fascia elongation and MTPJ angle over
stance phase, for every 1% of stance (Figure 3-3a). Vector coding evaluates the dominance of one
variable over another by plotting the two variables against each other and then determining the
vector from one point in time to the next point in time (Sparrow et al., 1987). The angle of this
vector indicates the dominant variable. Plantar fascia elongation and MTPJ angle were normalized
to the mean and standard deviation of all time points across all subjects. The instantaneous vector
was calculated using the finite difference between the time point immediately before and after the
time point in question. The phase was calculated using the four-quadrant inverse tangent. To
interpret this, 0°, 90°, 180° and 270° indicate the points where one variable is changing exclusively
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while the other is changing minimally. The unit circle was divided into 8 equal segments, centred
around the axes.
The time spent in the primary phases (windlass, contribution to arch-spring) and the
interaction phases were calculated as a percentage of stance. During these periods, arch
deformation was tabulated during each plantar fascia phase. Positive arch deformation indicates a
flattening of the arch while negative arch deformation indicates rising of the arch. The total
absolute arch deformation was the sum of the absolute value of the arch deformation during that
phase. The average arch deformation velocity is the net arch deformation in the phase divided by
the time spent in the phase. All values reported are the mean ± standard error of the mean unless
otherwise indicated.
To test whether the straining or shortening plantar fascia could respectively inhibit or
enhance the windlass, we tested a simple model. In theory, the change in arch length, Δ𝑙, and MTPJ
dorsiflexion, 𝜃, should be coupled. For 𝜃 =1° of MTP dorsiflexion, there is an 𝑠 = 𝑟𝜃 change in
arc length (s) (Figure 3-1), which, in the ideal forward-windlass case, should be identical with the
change in arch length (𝛥𝑙). The radius of the metatarsal head (r) was measured as the radius of a
least-squares sphere fit to the bone mesh vertices. The expected arch length change (𝛥𝑙) per 1° of
MTPJ dorsiflexion for an ideal windlass was then calculated for each subject. The arch length was
measured as the 3D distance between an inferior point on both the calcaneus and the metatarsal,
and the change in arch length was measured between every 1% of stance. The change in arch
length was divided by the change in MTPJ dorsiflexion and subtracted from the model’s ideal
windlass ratio. If positive, this indicates that the arch is shortening more than predicted by the ideal
windlass (enhanced windlass); if negative, it is less than predicted by the ideal windlass (inhibited
windlass); or if close to 0, it is equivalent to an ideal windlass. The mean arch length change per
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°MTPJ dorsiflexion is computed in the inhibited, pure, and enhanced forward-windlass phases as
classified by the vector coding analysis.

3.3 Results
(a) Plantar fascia behaviour during locomotion.
Dorsiflexion of the MTPJ, plantar fascia elongation and 3D arch deformation were similar
among subjects regardless of strike pattern (Figure 3-4). Across all 12 individuals, the vector
coding identified a temporally consistent pattern during the running gait cycle (Figure 3-5, Table
3-2). Consistent with our hypothesis, we found an inhibited forward-windlass just prior to the pure
forward-windlass, where the plantar fascia elongated while the toes dorsiflexed and the arch rose
slightly. However, in direct contradiction to our hypothesis, the plantar fascia spent a substantial
period (11 ± 1% of stance) in the pure forward-windlass phase, approximately at heel rise, with 16
± 2° of MTPJ dorsiflexion with a maximally strained but quasi-isometric plantar fascia. The ratio
of arch length change to MTPJ dorsiflexion was remarkably similar to that predicted by the radius
of the metatarsal head, as originally described by Hicks (Figure 3-6) (Hicks, 1954). The inhibited
forward-windlass occurred over a similar amount of time (13 ± 2 % of stance) as the pure forwardwindlass phase, but had 34% less arch deformation. Our ideal windlass model indicated that arch
rising can be inhibited during this phase, as the arch length change was 0.15mm/1°MTPJ
dorsiflexion less than the expected length change for the ideal windlass. Therefore, when the
plantar fascia strains concurrently to the forward- windlass mechanism, the windlass’s ability to
shorten the arch is inhibited.
Following the pure forward-windlass phase, the plantar fascia shortened simultaneously to
the forward-windlass action in the enhanced windlass phase. Arch rising velocity increased to 1.1
± 0.1 deg/% stance during this phase over 0.8 ± 0.1 deg/% stance in the pure forward-windlass
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phase (Figure 3-5c, Table 3-2). Additionally, the rising effect of the arch was shown to be enhanced
by the increase in arch length change of 0.12 mm/1°MTPJ dorsiflexion over the expected ideal
windlass arch length change (Figure 3-6).
Table 3-2: The average and the standard error of the mean of all 12 participants of the kinematic variables measured during
each phase during stance. Because of inter-participant variation in the exact time that the participant enters and leaves a
phase, only the average percentage of time that the participants spent in that phase, and the temporally relevant MTPJ
angle, plantar fascia elongation, arch deformation, and arch deformation velocity are presented. The phases are presented
in the consistent order that they occur in stance.

Phase

MTPJ angle
[°]
(+) dorsiflexion
(-) plantarflexion

Plantar fascia
elongation
[% of max
length]
(+) lengthening
(-) shortening

Net arch
deformation [°]
(+) flattening
(-) rising

Total
absolute arch
deform-ation
[°]

Time in
stance [%]

Arch
velocity
(deg/ %
stance)

reverse- windlass

-15.5 ± 2.3

-0.1 ± 0.1

7.6 ± 0.8

7.8 ± 0.9

9.4 ± 1.1

0.9 ± 0.1

plantar fascia elongation,
MTPJ plantarflexion

-11.1 ± 1.9

0.9 ± 0.1

7.6 ± 1.2

7.7 ± 1.2

9.7 ± 1.4

0.8 ± 0.1

contribution to arch- spring
strain energy absorption

0.4 ± 0.5

1.9 ± 0.3

5.8 ± 2.3

9.6 ± 1.6

23.3 ± 2.4

0.2 ± 0.1

forward- windlass
(inhibited)

8.4 ± 1.4

0.9 ± 0.1

-3.7 ± 1.5

5.9 ± 1.2

13.2 ± 2.3

-0.3 ± 0.1

forward- windlass

15.9 ± 1.9

-0.1 ± 0.0

-8.9 ± 1.3

8.9 ± 1.3

11.3 ± 1.4

-0.8 ± 0.1

forward- windlass
(enhanced)

19.9 ± 2.2

-1.9 ± 0.2

-13.0 ± 1.6

13.3 ± 1.5

12.1 ± 1.3

-1.1 ± 0.1

contribution to archspring strain energy return

0.1 ± 0.9

-3.0 ± 0.6

-8.2 ± 2.2

10.2 ± 2.1

10.3 ± 1.0

-0.8 ± 0.1

plantar fascia shortening,
MTPJ plantarflexion

-9.4 ± 1.7

-1.6 ± 0.3

-4.3 ± 0.8

4.5 ± 0.8

4.2 ± 1.0

-0.9 ± 0.1

Finally, the plantar fascia spent 23 ± 2 % of stance in the strain energy absorption phase,
near mid-stance, while at initial contact, the plantar fascia behaved as a reverse-windlass for 9 ± 1
% of stance. During this phase, the MTPJ plantarflexed 16 ± 2°, the plantar fascia remained nearly
isometric, and the arch flattened 8 ± 1° (out of 29 ± 8). The timing of the reverse-windlass phase
coincides with arch loading at ground contact, as suggested by the high arch flattening velocities
in the ideal reverse-windlass phase (0.9 ± 0.1 deg/% stance) (Figure 3-5c). In contrast, the lowest
arch flattening velocities occur in the plantar fascia elongation phase (0.2 ± 0.1 deg/% stance).
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Figure 3-4: Joint angles and plantar fascia elongation. (a) Arch deformation, (b) MTPJ dorsiflexion and (c) plantar fascia
elongation over the stance phase of running gait. The thickest line and shaded region represent the mean±1SD. The
subject’s strike pattern is indicated with either a dashed (rear-foot strike - RFS) or solid (fore-foot strike - FFS) line.
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Figure 3-5: Classification of running stance phase. (a) MTPJ dorsiflexion as a function of normalized plantar fascia
elongation in one representative participant. Every time point (1% of stance) is classified using the vector coding approach
and is colour-coded. The position of the foot is shown with the fibre model and bone locations. (b) The consistent sequence
of phases of the contributions of the plantar fascia to the windlass and the arch-spring mechanisms during the stance phase
of running for each participant. The colour is consistent between (a-c). The black regions indicate frames where the
subject’s calcaneus was out of the frame of view, and therefore the plantar fascia elongation could not be measured. (c) The
average arch deformation velocity (☐) and ±1 standard deviation error bars during each phase of the running cycle for
each subject (♦). The x- axis approximates the progression of stance phase.
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Figure 3-6: Arch length change in each windlass phase. The ideal windlass arch length change was predicted by 1° of MTPJ
dorsiflexion. The difference between the actual ratio of arch length change to MTPJ dorsiflexion and the ideal ratio is
shown for each forward-windlass phase. The filled diamonds (♦) represent the rear-foot strike runners and the diamond
outlines (◊) represent the fore-foot strike runners. The inhibited forward-windlass phase geometrically inhibits arch
deformation, while the enhanced forward-windlass phase geometrically enhances arch deformation.

(b) Arch ligament behaviour during initial contact.
We were surprised that the plantar fascia elongation phase consistently occurred later than
15-20% of stance, and that the load of impact on the arch may be managed in the earlier reversewindlass phase. We hypothesized that the large amount of arch flattening during the reversewindlass action is likely slowed by the loading of tissues proximal to the plantar fascia, which have
been shown to absorb and return strain energy (Ker et al., 1987). To investigate the elongation
timing of the proximal ligaments, we used data from one participant with additional tracked bones.
Three of the proximal ligaments (the spring ligament, the short plantar ligament, and the deep
fibres of the long plantar ligament) were modelled with the same algorithm as the plantar fascia
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(Appendix B - Supplementary Material, S2 - Chapter 3). The elongation profile of the plantar
ligaments and the medial component of the spring ligament matched the participant’s arch
deformation profile, supporting our hypothesis (Figure 3-7).

Figure 3-7: Arch ligament deformation. The arch deformation over the stance phase of running (black, right y-axis)
shows similar maximum timing to the elongation of the arch- spanning ligaments. Elongation of the arch spanning
ligaments normalized to the range of elongation are measured on the left y-axis in purple. The plantar fascia’s
normalized elongation is measured on the left y-axis but is shown in teal to highlight the later peak elongation.

3.4 Discussion
Our experimental results show that the plantar fascia dynamically shifts its behaviour
during running gait, in a consistent sequence across subjects. Unexpectedly, the plantar fascia’s
ability to strain did not preclude it from being quasi-isometric and behaving as a pure reverse- or
forward- windlass. This led us to two primary findings. First, at initial contact, the plantar fascia’s
pure reverse-windlass motion may allow arch-spanning tissues to mitigate more of the load of
impact than the plantar fascia, eliminating the need for the plantar fascia to directly strain to slow
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arch deformation. Second, in propulsion, the pure forward-windlass raises the arch at a quasiisometric but maximally strained plantar fascia length, which delays the return of the plantar
fascia’s strain energy until later in stance. The shortening plantar-fascia and forward-windlass
mechanisms then work in tandem to raise the arch. These findings elucidate the role of the plantar
fascia in running gait.
Our data show that in early stance, the plantar fascia does not elongate substantially until
arch flattening has already slowed; instead, the plantar fascia facilitates the reverse-windlass
motion of the foot, likely so that arch tissues proximal to the plantar fascia manage more of the
load than the plantar fascia. The similarities in the arch deformation curves and the elongation
profiles of the proximal arch ligaments suggest that they contribute more strain energy absorption
to the arch-spring than the plantar fascia during early stance. Thus, we propose that the plantar
fascia’s role before contact is to prepare the arch for impact, modulating how energy absorption
occurs in arch ligaments. This has implications for arch loading patterns if MTPJ dorsiflexion is
limited before initial contact, thus inhibiting the reverse-windlass, as could be the case with certain
types of footwear (e.g. the reinforced toe box in many shoes) or foot pathologies, for example.
Consistent with our hypothesis, there were periods when the windlass effect on the arch
was inhibited by the straining plantar fascia. In eleven of the twelve subjects, the arch length
change was reduced compared to the length change predicted by the ideal windlass mechanism.
The inhibited windlass phase could be merely transitional for some subjects who spent relatively
little time in it (see Appendix B - Supplementary Material, S3 - Chapter 3 for all subject traces).
For the subjects who spent longer in the inhibited windlass phase, it could be an indication that the
passive arch tissues, in combination with the intrinsic foot muscles, may not be able to resist the
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load borne through the foot at heel-lift. While we cannot confirm this with our approach, it warrants
further study to explain the variability among subjects in the time spent in this phase.
Unexpectedly, we consistently saw a pure forward-windlass phase in propulsion where the
plantar fascia was quasi-isometric while the MTPJ experienced substantial dorsiflexion and the
arch shortened. There were variations in the time spent in this phase, but the arch length change
was closely coupled to the arc length change expected from MTPJ dorsiflexion about the
metatarsal head, suggesting that the windlass mechanism as Hicks originally described it is present
during running gait (Hicks, 1954). The plantar fascia’s role through the forward-windlass in
propulsion is to resist the tendency of the mid-foot to break in response to the body’s weight, such
that the foot becomes a stable base of support, but not a rigid lever (Hicks, 1954; Holowka et al.,
2017). If the mid-foot was breaking after heel-rise, we would see additional arch flattening (or arch
dorsiflexion – see Appendix B - Supplementary Material, S4 - Chapter 3). However, we see
substantial arch shortening, comprised of arch plantarflexion and adduction. Our data suggest
therefore that the forward-windlass and the plantar fascia contribute to stabilizing the foot, by
counteracting mid-foot break. However, there is substantial motion that occurs in the arch during
this phase, which conflicts with the description of the foot as a rigid lever, as has been recently
questioned by several researchers (Bruening et al., 2018; Holowka et al., 2017). While this study
lacks kinetic data to measure dynamic stiffness of the arch, previous studies have shown that the
windlass mechanism does not stiffen the foot (Farris et al., 2020; Kessler et al., 2020; Welte et al.,
2018), and that the arch is more compliant in late stance than in the first half of stance (Bruening
et al., 2018). Therefore, we propose that the arch complex is best described as a dynamic lever
rather than a rigid lever, as it provides a stable base of support for push-off, with a constantly
changing lever-arm.
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The plantar fascia prevents mid-tarsal break with its high tension in propulsion, but does
so at a quasi-isometric length, which delays the return of its stored strain energy to the arch. The
quasi-isometric length during the pure forward-windlass phase suggests that tension in the plantar
fascia is relatively constant, while the ankle has already started to plantarflex and generate power.
The mechanism that mediates this prolonged quasi-isometric behaviour cannot be deduced without
measures of forces acting on the foot. However, it seems likely that after this period, the rapid
shortening of the plantar fascia would contribute to arch power generation as the arch is rising
rapidly and generating positive power during this phase of gait (Bruening et al., 2018). We
speculate that through a fine-tuned balance of the extrinsic and intrinsic muscle forces as the toes
move into dorsiflexion, the plantar fascia’s strain energy is maintained from approximately 6080% of stance, such that it can then contribute to arch power in late stance (80-100%). This could
compensate for the positive power reduction at the ankle, which occurs at a temporally similar
time to the transition between the ideal and enhanced forward-windlass phases. Alternatively, the
conversion of absorbed energy at the MTPJs, partially resulting from intrinsic foot muscles (Farris
et al., 2019), to positive arch power by the plantar fascia (McDonald et al., 2016; Wager and
Challis, 2016), could be facilitated with an isometric plantar fascia, by reducing the energy
dissipation that would occur with tissue shortening. However, we cannot directly measure these
ideas with our approach.
Our plantar fascia elongation values are consistent with existing data, however we did not
observe consistent differences in running strike patterns, and we measured a later time of peak
strain. The plantar fascia strain values here match the work of Wager & Challis, with an average
peak strain around 6% and initial contact strain around 4% (Wager and Challis, 2016). McDonald
et al. found a similar 2% strain from initial contact to maximum strain, but selected a smaller
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resting length, leading to lower initial strain values (McDonald et al., 2016). Early stance preloading of the plantar fascia has been shown in running, and is significantly higher in rear-foot
strike participants (McDonald et al., 2016; Wager and Challis, 2016). While we unfortunately do
not have the statistical power to make inferences between strike patterns, and our distribution of
rear-foot strikers and fore-foot strikers was skewed (3:9), the plantar fascia of the rear-foot strikers
was not consistently more strained at heel strike. Further, most participants had some form of
plantar fascia shortening at initial contact, which has only been shown for RFS patterns (McDonald
et al., 2016). We did not see any consistent differences in the vector coding analysis, however there
may be a later transition from arch-flattening to arch rise for the RFS runners, consistent with
Bruening et al. (Bruening et al., 2018). The time of peak strain was also later in our work compared
to published values (65 ± 7 % of stance compared to ~60% (McDonald et al., 2016; Wager and
Challis, 2016)). These variations could be a result of methodological differences between motion
capture and biplanar videoradiography technology, or more likely due to our inclusion of the
sesamoid bones, which increase the moment arm around the metatarsal head by close to ½ the
diameter for some subjects. Variations in the sesamoids’ position during gait can change the
direction of the force applied to the first metatarsal and maintain strain in the plantar fascia.
There are some limitations in this work. We selected only one trial from every participant
and as a result, we are unable to determine whether these trials were representative of their typical
running patterns, nor assess the within-subjects’ variability in the timing of the windlass phases.
Additionally, we are unable to measure running speed accurately during the trials as we only have
distal tibia and foot kinematic data. We likely have differences in running speed among subjects,
supported by the range of contact times from 0.22s to 0.37s, which could represent variations of
Froude numbers from 0.3 to 1.6 (de Ruiter et al., 2016). We estimated the participants’ leg lengths
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using the proportion of 48.5% of their stature and found a group mean estimate of speed of 3.4 m/s
(range: 3.0-3.8 m/s) (Winter, 2009). These differences are due to the short runway length in 11/12
of the subjects’ collections. Furthermore, we restricted our analysis to the medial slip of the plantar
fascia and the first ray of the foot primarily due to the difficulty in measuring the dynamic motion
of the other metatarsals. While we deemed this a reasonable assumption as the medial segment of
the plantar fascia is the most strained during walking (Caravaggi et al., 2009), the plantar fascia’s
central and lateral band, as well as the inter-metatarsal ligaments play a role in the stiffness and
support of both the medial and the transverse arches (Venkadesan et al., 2020). Additionally, the
resting length of the plantar fascia is unknown in our elongation calculations. It is unclear if there
is a point during gait where the plantar fascia is completely slack, and whether it goes slack could
be dependent on the subject’s specific plantar fascia material properties. During running gait,
MTPJ dorsiflexion likely tensions the plantar fascia before initial contact (Carlson et al., 2000;
Cheng, 2008), possibly so that it is no longer in the toe region of its force-elongation curve. This
could explain why in late stance the plantar fascia shortens well below the strain at initial contact
and could be the plantar fascia going slack for some subjects. To minimize errors from selecting a
slack length, we normalized to the subject-specific maximum plantar fascia length. Despite these
limitations, we have remarkably consistent temporal characteristics of plantar fascia elongation.

3.5 Conclusion
In conclusion, we have created a novel paradigm under which we have described the
interactions between the windlass and arch-spring mechanisms. Our findings show that the plantar
fascia can behave as a pure windlass mechanism during running. However, the plantar fascia’s
elasticity can also inhibit or complement the windlass mechanism, potentially influencing arch
function. Overall, this work shows that the plantar fascia plays a central role in managing the foot62

ground interaction during locomotion, which may highlight why the plantar fascia is thicker and
more pronounced in terrestrial hominins compared to more arboreal primates (Lovejoy et al., 2009;
Sichting et al., 2020). Furthering our understanding of the complex behaviour of the foot will likely
have additional important applications, such as influencing therapies in podiatry, orthopaedics and
physical therapy as well as improving the anatomical basis in the design of shoes, prostheses and
biomimetic robots.
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CHAPTER 4 : Why does the arch of the foot recoil in propulsion?
4.1 Introduction
Humans have several derived features that may have evolved from selective pressures for
efficient bipedal endurance running (Bramble and Lieberman, 2004). Some of these adaptations
include small hair follicles, increased perspiration ability, and enlarged gluteal muscles relative to
non-human apes (Bramble and Lieberman, 2004; Kamberov et al., 2018). Another important
feature is the ability of lower limb muscles, tendons and ligaments to store elastic energy (Bramble
and Lieberman, 2004; Cavagna et al., 1977; Holowka and Lieberman, 2018; Roberts and Azizi,
2011). Elastic energy storage enables mass-spring dynamics associated with running (Roberts and
Azizi, 2011), allowing the lower limb to soften the impact at ground contact and then propel the
centre-of-mass (COM) forward and upwards at the end of stance. Tendons and ligaments are the
primary springs in the human body that enable propulsion of the centre-of-mass (Biewener and
Patek, 2018).
The spring in the arch of the foot has been theorized to play a direct role in the
mass-spring dynamics of running (Ker et al., 1987). The arch-spanning ligaments lengthen in
response to applied loads on the foot, as the foot flattens against the ground, which is concurrent
with the lowering of the centre-of-mass. The ligaments then shorten during arch recoil in
propulsion, returning elastic energy to the body. The arch-spring behaviour reduces metabolic cost
by 7% in slow running (Stearne et al., 2016), and may save up to 17% of the body’s mechanical
energy in fast running (Ker et al., 1987).
The mechanism by which the arch-spring makes metabolic savings in running remains
debated. It has been suggested that the arch-spring makes up mechanical work that would
otherwise be produced at a metabolic cost by muscles in parallel (Stearne et al., 2016), or that it
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propels the COM forward and upwards (Perl et al., 2012). We question how foot arch recoil during
propulsion directly contributes to COM propulsion within the context of mass-spring mechanics.
For the arch to directly contribute to COM propulsion, the concurrent shortening and rising of the
arch would need to physically move the apex of the arch (talus) superiorly and anteriorly, which
could then propel the tibia and the rest of the body. The COM is propelled upwards around 80 mm
(Lee and Farley, 1998; McKinon et al., 2004) while the magnitude of arch compression is around
10 mm (Stearne et al., 2016), and there is limited data on linear measurements of arch recoil. We
therefore aim to quantify the magnitude of arch recoil during propulsion, decoupled from ankle
plantarflexion, that can contribute to COM propulsion (Figure 4-1).

Figure 4-1: Foot and ankle contributions to propulsion. (a) The arch modelled as a truss, overlaid on a representative
foot. (b) In theory, the contribution of the arch to propulsion is a combination of plantarflexion at the ankle and the rise
from the spring-like effect of the arch.

Alternatively, the shortening and rising arch could indirectly reduce metabolic cost by
offering a mechanical advantage to the Achilles tendon as it rotates the dynamic foot-lever about
the metatarsal-phalangeal joint (MTPJ). The mechanical advantage is the ratio of the Achilles
moment arm to the body force moment arm (Figure 4-2). The moment arms from the fulcrum at
the metatarsal head to the Achilles tendon and body-weight forces would change as a function of
the shortening arch, modifying the mechanical advantage of the triceps surae to plantarflex the
ankle for propulsion (Carrier et al., 1994; Lee and Piazza, 2009). The lever arm of the ankle about
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the ground reaction force can be modified by the longitudinal bending stiffness of shoes (Cigoja
et al., 2020; Ray and Takahashi, 2020; Willwacher et al., 2016, 2014; Takahashi et al., 2016; Roy
and Stefanyshyn, 2006). Consequently, runners then modify their ankle moments to compensate,
and increase their stance time to increase their impulse during propulsion (Willwacher et al., 2014).
Analogously, if the arch is not allowed to shorten, this would likely lengthen the moment arms of
the foot about the MTPJ rotational centre, forcibly modifying ankle kinetics and impacting the
ability to push-off.
To understand the advantage of arch recoil at push-off during running, we decouple the
arch-recoil motion from the levering effect of the plantar flexor muscles at the ankle. We compare
the height and anterior displacement of the arch for each participant, with their arch either
recoiling, or mathematically fixed to its position immediately before propulsion. We hypothesize
that the recoiling arch will be higher than the rigid arch at take-off, but will also improve the
mechanical advantage of the plantar flexor muscles to lever the foot around the MTPJs.

Figure 4-2: Model of the foot as a class 2 lever. The fulcrum is the metatarsal head. The moment arms are the
perpendicular distance of the Achilles tendon line of action and the body force line of action from the fulcrum.
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4.2 Methods
Running data was pooled from three different datasets that use X-ray Reconstruction of
Moving Morphology (Brainerd et al., 2010; Knörlein et al., 2016). This technology combines highspeed biplanar videoradiography with bone models derived from a computed tomography (CT)
scan to visualize rapid skeletal movement in vivo.
Dataset A (four participants) was collected at the Brown University Keck Facility (Brown
University, USA) (Table 4-1). Dataset B (two participants) and a case study (one participant) were
collected at the Skeletal Observation Lab (Queen’s University, CAN). The case study was
collected as the participant has tantalum beads implanted in his foot bones, which is considered
the gold standard for measuring skeletal motion in vivo.
Experimental protocols were approved by the Providence VA Medical Center Institutional
Review Board, the Brown University Institutional Review Board, or Queen's University Health
Sciences and Affiliated Teaching Hospitals Research Ethics Board. All participants gave informed
consent prior to participation in the data collection.
4.2.1 Biplanar videoradiography processing
All participants ran over-ground at a self-selected speed on a raised walkway either
barefoot or shod in minimal shoes (7.5 mm sole, 0 mm heel-toe drop, Xero Prio Shoes, USA). All
subjects were given as much time as required to feel comfortable running on the walkway, as well
as to ensure that their natural stride coincided with their right foot’s placement in the middle of the
x-ray volume, which is approximately the size of a basketball. Three x-ray trials were collected
for each participant (250Hz, range of 70-80kV, 100-125mA, shutter speed 500-1000µs, resolution
2048 x 2048 pixels). The biplanar videoradiography processing pipeline has been described
previously (Kessler et al., 2019a). Briefly, the high-speed cameras were calibrated using a custom
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calibration object and the images were undistorted using open-source x-ray processing software
(XMALab, USA) (Knörlein et al., 2016).
4.2.2 Dataset A/B
Four participants’ data were collected at Brown University in dataset A. When running
through the biplanar system, these participants were barefoot (see all subject information in Table
4-1). In dataset B, two participants’ data were collected at Queen’s University as part of a larger
study. The control condition was running in a minimal shoe, which were the trials used in this
analysis. One trial is analysed from each subject, selected for quality of the x-ray images.
A CT scan was taken of the participants’ right foot with the ankle at 90° and the foot flat
on the scanning table (Dataset A: Lightspeed 16; General Electric Medical Systems, USA
resolution: 0.559 mm x 0.559 mm x 0.625 mm), or with the participants in a prone position and
with a maximally plantarflexed ankle to increase the resolution (Dataset B: Revolution HD;
General Electric Medical Systems, USA; resolution: 0.303 mm x 0.303 mm x 0.625 mm).
The tibia, talus, calcaneus, first metatarsal and first proximal phalanx were segmented for
dataset A, and the navicular and medial cuneiform were also included in dataset B (Mimics,
Materialise, Belgium). Tessellated meshes depicted the bone surfaces and were used to establish
anatomical inertial co-ordinate systems. The origin of the co-ordinate systems were located at the
centroid of each bone, and the three axes aligned with the principal directions of the moment of
inertia tensor (Eberly et al., 1991). The axes were re-labelled such that the x-axis was lateral, the
y-axis was anterior and the z-axis was superior.
Partial volumes generated from the bone masks were used to create digitally reconstructed
radiographs (Miranda et al., 2011). Custom software (Autoscoper, Brown University, USA)
measured the orientation and translation of the bones of interest using the digitally reconstructed
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radiographs and undistorted x-ray images, with a particle swarm optimization on the normalized
cross-correlation values of the matched digitally reconstructed radiographs to the x-ray image
(Akhbari et al., 2019).
4.2.3 Case study participant
One subject participated in a case study on foot biomechanics as he had 3 or more 0.8mm
diameter beads implanted in each of his tibia, talus, calcaneus, navicular, medial cuneiform, first
metatarsal and first proximal phalanx. CT scans were taken of the participant’s right foot while he
was prone and maximally plantarflexed at the ankle (Revolution HD; General Electric Medical
Systems; resolution: 0.391mm x 0.391mm x 0.625mm). The beads and bones were segmented and
tessellated meshes were created (Mimics, Materialise, Leuven, Belgium). A three-dimensional
(3D) sphere-fit (MATLAB, Mathworks, USA) determined the centroids of the beads in CT space.
To test the robustness of our findings, the case study participant ran with and without
footwear, and with different running techniques. One trial was taken of the following trial types,
such that each condition in datasets A and B was represented (4 total): barefoot+rear-foot strike,
barefoot+fore-foot strike, minimal shoe+forefoot-strike (Xero Prio Shoes, USA), minimal
shoe+rear-foot strike. For each frame, the x-y image co-ordinates of each bead were tabulated in
XMALab and exported (XMALab, Providence, USA) (Knörlein et al., 2016). The image coordinates were filtered with a low-pass adaptive Butterworth filter (Erer, 2007) and the 3D coordinates were triangulated using the computer vision toolbox in MATLAB (Mathworks, USA).
The 3D bead positions in x-ray space were pose-matched using a least-squares approach to the
sphere-fit centroids in CT space (Söderkvist and Wedin, 1993).
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Table 4-1: Details on the participant pool, CT scan parameters, trials in each dataset and the bone motion that was
measured. If the bone motion is measured, the columns are marked with an x.

Dataset B
Queen's
University
2
1

Case Study
Queen's University

# of participants
# of trials per
subject
Sex
Height [m]

Dataset A
Brown
University
4
1
3M, 1 F
1.70 ± 0.05

2F

1M

1.70 ± 0.05

1.75

Weight [kg]
Barefoot

62 ± 9
x (4)

60 ± 1
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University

Participant
demographics
Running
Condition
Strike type

Minimal shoe
Forefoot strike
Rearfoot strike
Model
Position

x (2)

LightSpeed 16
prone + ankle
90° to foot on
scanning table

x (2)
x (1)
x (1)
Revolution HD
prone + ankle
maximally
plantarflexed

x (2)
x (2)
x (2)
Revolution HD
prone + ankle
maximally
plantarflexed

Resolution [mm3]
Tibia
Talus

0.559x0.559x0.625

0.303x0.303x0.635

0.391x0.391x0.625

x
x

x
x

x
x

Calcaneus
Navicular
Medial cuneiform
First metatarsal
First proximal
phalanx

x

x
x
x
x
x

x
x
x
x
x

CT scan

Bone Motion
Measured

1
4

x (4)

x
x

4.2.4 Analysis
We compared a mathematically rigid arch’s motion and a moving arch’s motion to
elucidate the contribution of the arch-spring to propulsion. The rigid-arch’s bone kinematics were
locked with the first metatarsal at the onset of heel rise and were then moved through the levering
motion of the foot in propulsion, remaining fixed with the metatarsal. Propulsion was defined as
the period between the onset of heel rise (maximum tibio-talar dorsiflexion) and push-off
(maximum MTPJ dorsiflexion). MTPJ kinematics were consistent for the rigid-arch and movingarch.
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The physical contribution of the recoiling arch to propulsion of the COM was measured
using the position of the talar centroid as a surrogate measure. The difference between the position
of the talar centroid of the rigid and moving arches was projected into the proximal phalanx’s
anatomical co-ordinate system. As we do not know how the talocrural joint mechanics would
change with a rigid-arch, we compared the moving-arch to the rigid-arch in three different
analyses. First, we compared the talar centroid position with identical talocrural mechanics when
the levering effect was complete at maximum MTPJ dorsiflexion (“push-off”). Second, we
assumed that the global position of the moving-arch tibia was optimal at push-off and simulated
the talocrural mechanics at rigid-arch push-off. We rotated the tibia about the talocrural axis to
align it with the moving-arch’s global tibia position, to understand where the rigid-arch tibia would
be oriented relative to the rigid-arch talus. Third, with the talocrural joint fixed in the moving-arch
push-off position, we compared the instant when the rigid-arch tibia aligns globally with the pushoff position of the moving-arch tibia (“simulated push-off”). The talocrural axis was measured
using a least-squares cylinder fit to the inferior surface of the tibia mesh for each participant. The
maximum value of the dot product of the long axis of the rigid and moving tibiae indicated tibiae
alignment.
Contact of the tibia on the talus in all three analyses, as well as the location and direction
of the force vector of the tibia on the talus were approximated using a surrogate contact algorithm
based on joint space (Rainbow et al., 2013). Contact of the tibia on the talus was determined using
the surface points and triangles of the tessellated talus mesh, segmented to contain only the talar
dome. The distance of the centroid of each talus triangle from the inferior surface of the tibia was
measured. If this value was below 4 mm, it was assumed to be in contact. This value was selected
from the joint space in the CT scans, and visually verified on the 3D bone models. To calculate
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the contact centre, or the point of force application of the tibia on the talus, each triangle’s centre
was weighted proportionally to its surface area and inversely proportionally to its distance from
the tibia. The direction of the force vector of the tibia on the talus was measured similarly, using
the weighted triangle normal vectors, and was flipped in sign to reflect the force of the tibia on the
talus.
The direction of the applied force on the calcaneus by the Achilles tendon was determined
by connecting a distal point on the calcaneus with a proximal point moving with the tibia. The
distal insertion of the Achilles tendon was measured by segmenting the posterior surface of the
calcaneus and computing the centroid from the mean of the points. The posterior surface was
segmented on a reference calcaneus, and a non-rigid Coherent Point Drift algorithm was used to
select the most similar points across subjects (Myronenko and Song, 2010). A least-squares plane
was then fit to the points contained on this surface during the running trials when the shank was
approximately 90 degrees to the plane of the floor. This position was measured as the time point
where the long axis of the tibia was most aligned with the vertical global axis, using the dot
product. The most distal and posterior point on the tibia that was closest to the plane of the Achilles
was projected onto the plane and used as the proximal end of the Achilles tendon. The proximal
point was moved through propulsion using the kinematics of the tibia, while the distal point was
driven with the calcaneal kinematics. For each frame of motion, the points were used to create the
line of action of the Achilles tendon from the distal calcaneal point to the proximal point. The
difference between the velocity of the two points creating the Achilles line of action determined
the velocity of shortening of the Achilles tendon.
The foot was modelled as a type 2 lever, where the instantaneous global axis of rotation of
the first metatarsal is considered the pivot point/fulcrum. The axis was calculated as the motion
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between every 5 frames for each time point and then a moving average filter over 9 frames
smoothed the motion. This improved the stability of the axis, and the markerlessly tracked results
more closely matched the instantaneous axis of rotation measured from the case series participant,
whose beaded bone data is smoother and more accurate. The axis is generally located in the
metatarsal head and then moves anteriorly through the MTPJ throughout propulsion.
The moment arms of the Achilles tendon and the body force vectors were measured as the
mutual perpendicular of each vector with the axis of rotation of the metatarsal (Figure 4-2). The
magnitude of the Achilles moment arm divided by the magnitude of the body force moment arm
determined the mechanical advantage during propulsion. The moment arms were calculated for
both the rigid arch and the moving arch.
A Wilcoxon signed-ranks test measured the difference in talar height, Achilles tendon and
body force moment arms, mechanical advantage, and Achilles shortening velocity at the push-off
position between the rigid and moving arches. Wilcoxon signed-ranks tests were also conducted
between the talar height and Achilles shortening velocity at the simulated push-off position and
the moving-arch at push-off. Only the forefoot strike-barefoot trial of the case-study participant
was included in the statistical analyses as it was most similar in condition to the other participants.
Significance was set at α = 0.05. All reported values are mean ± 1 standard deviation unless
otherwise indicated.

4.3 Results
When the arch was rigid, the centroid of the talus was 6 ± 2% higher and 12 ± 1% more
anterior than when the arch was allowed to rise (Figure 4-3a). Instead, the moving-arch “curled
under” the tibia, lowering the global position of the talus. When the rigid-arch’s talocrural joint
was fixed at moving-arch push-off plantarflexion, and aligned with the actual tibia push-off
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position, the rigid-arch talus height was 28 ± 7% lower and 44 ± 9% more posterior than the
moving arch’s push-off position, and it occurred 25 ± 5% of stance phase propulsion earlier (0.025
± 0.006s) (Figure 4-3b). Additionally, the MTPJ was only at 76 ± 8% of its maximum dorsiflexion.
This simulated rigid tibia position in push-off (Figure 4-4) shows the tibia in a biologically
infeasible position, past the posterior joint surface of the talus. Alternatively, the tibia is pitched
forward if tibio-talar kinematics are maintained.

Figure 4-3: Position of the talar centroid of the moving arch (x) and the corresponding participant’s rigid arch centroid
(●) at (a) push-off and (b) at the simulated rigid arch push-off. The tibiae are the most aligned at this frame in the trial.
The other participants’ talar centroids (○) are included in reference to the moving talar centroid of the representative
participant. The case study subject’s talar centroid with four trials are indicated in red.
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Figure 4-4: Tibio-talar contact. Contact between the tibia and the talus for (a) the moving arch at take-off, (b) the rigid
arch at take-off with identical tibio-talar kinematics, and (c) the simulated tibia position using the tibia position in (a)
and the rigid arch in (b). Tibia pitch forward is evident in the rigid arch (b) but contact is biologically infeasible in (c).
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At push-off, the moving-arch’s Achilles moment arm was 3.9 ± 1.4 % (6.8 ± 2.3 mm, p <
0.05) shorter than the rigid-arch while the ankle moment arm was 17.2 ± 5.3% (18.0 ± 6 mm, p <
0.05) shorter than the rigid-arch. This translated to an increase in mechanical advantage of the
moving-arch by 0.12 ± 0.06, or 7.6 ± 3.7 % over the rigid-arch (p < 0.05) (Figure 4-5). The Achilles
tendon shortened significantly faster with the rigid-arch (699 ± 133 mm/s), compared to the
moving-arch (528 ±79 mm/s) at push-off (p < 0.05) (Figure 4-6). The Achilles tendon shortening
velocity was 666 ± 100 mm/s for the rigid arch at simulated push-off, which was again significantly
faster than the velocity of the moving arch at actual take-off (528 ± 79 mm/s, p < 0.05).

Figure 4-5: The mechanical advantage of the rigid and moving arches at push-off. The case study participant is indicated
by filled circles. The line style indicates the running condition (FFS: fore-foot strike, RFS: rear-foot strike).
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Figure 4-6: Shortening velocity of the Achilles tendon. The shortening velocity of the Achilles tendon in propulsion,
between heel lift and maximum metatarsophalangeal joint dorsiflexion (100% propulsion) is shown for all participants
with a moving arch and a fixed arch.

4.4 Discussion
Our data show that the talus does not physically lift the body’s centre-of-mass, as the
moving-arch’s talar centroid was consistently lower at push-off than the rigid-arch’s. Instead, the
moving-arch facilitates greater tibia plantarflexion relative to the talus over a longer period of time
while retaining biologically feasible contact. Additionally, the moving-arch increases the
mechanical advantage of the plantar flexor muscles by shortening the moment arm of the body
force to the metatarsal’s rotation axis more than the moment arm of the Achilles tendon. Finally,
the recoiling arch significantly decreased the shortening speed of the Achilles tendon, which may
allow the plantar flexor muscles to work in an optimal velocity range. Overall, the recoiling arch
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contributes to propulsion by increasing the propulsion time as well as the mechanical advantage
of the Achilles tendon and plantar flexor muscles.
Our primary finding was that the recoiling arch does not physically lift the body’s centreof-mass, as the recoiling arch’s talar centroid was lower than the rigid-arch’s at push-off. This
indicates that the arch-spring does not propel the centre-of-mass directly, but instead orients the
foot such that the talar surface is oriented more superiorly. The talocrural joint can then plantarflex
over a longer period of time, increasing contact time before toe-off. This could increase the impulse
on the ground, which would generate more energy for propulsion. Alternatively, it could maintain
the same impulse required for propulsion, but decrease the force applied to the body, perhaps
reducing maximal stresses in biological tissues, or reducing muscle forces required to propel the
body forwards. Either way, the benefit of arch shortening is in indirectly assisting the body’s
propulsion by enabling additional ankle plantar flexion.
Comparatively to modern humans, great apes are lacking a medial longitudinal arch.
During walking, their midfoot dorsiflexes during mid-stance, and plantarflexes significantly less
in propulsion (Holowka et al., 2017). The evolution of increased propulsion plantarflexion of the
human medial longitudinal arch may have improved the efficiency of bipedal locomotion by
enabling additional plantarflexion at the talocrural joint. Furthermore, a major difference between
humans and apes is hypothesized to be the potential for spring energy storage in the arch-spanning
tissues as a result of the height of the longitudinal arch (Holowka and Lieberman, 2018). When
tested, running monkeys have similar foot elastic energy storage to humans despite lacking a
medial longitudinal arch (Bennett et al., 1989). Based on our findings here, we speculate therefore
that the mobility of the foot is more important than the height of the arch for improving the
efficiency of bipedal running.
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The shortening of both the body force and Achilles tendon moment arms increased the
mechanical advantage of the plantar flexor muscles and reduced the speed of shortening of the
Achilles tendon. The increased mechanical advantage of the plantar flexor muscles with a movingarch means that the muscles can produce less force but achieve the same levering motion as the
rigid-arch. The reduced speed of shortening of the Achilles tendon suggests that the muscle fascicle
shortening velocity may also be reduced for a moving-arch, which would allow them to produce
force in a more economical region of the force-velocity curve (Baxter et al., 2012; Carrier et al.,
2011; Hill, 1938; Lee and Piazza, 2009); however, we cannot confirm this without muscle fascicle
measurements. The moving-arch may therefore create an improved environment for the substantial
positive power required of the ankle plantar flexor muscles in propulsion (Farris and Sawicki,
2012), in that the moving-arch requires less plantar flexor muscle force to lever the foot about the
metatarsal head, and also allows the force to be produced more economically. The runner with a
recoiling arch would have a lower rate of force production and activation of the muscles, perhaps
improving running economy with a recoiling arch (Kram and Taylor, 1990). As the power
generated in the arch is much smaller than the magnitude of power at the ankle (Bruening et al.,
2018), it is plausible that the arch instead geometrically assists the plantar flexor muscles in
generating ankle power.
The position of the rigid-arch tibia at push-off suggests that with a rigid foot, the body
would be substantially leaned forward, modifying the posture of body segments and the muscular
requirements for locomotion. This effect parallels the footwear literature as the effect of increasing
the bending stiffness of the sole of the shoe can reduce arch deformation (Cigoja et al., 2020), and
also increases forward lean (Willwacher et al., 2014). This suggests that there may be a relationship
between arch shortening and forward lean. This has further implications for people with naturally
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stiff feet, or foot pathologies (such as osteoarthritis) that reduce mobility in the arch. For example,
ankle push-off power in walking increases when the midfoot is fused (Beischer et al., 1999). We
speculate that as the foot decreases in mobility, the arch and ankle moment arms would increase,
requiring higher plantar flexor forces, and metabolic cost to meet the demands of push-off. Stiffarched runners also have higher vertical (Williams et al., 2014), and anterior ground reaction forces
(Nachbauer and Nigg, 1992), at the beginning of propulsion, which could be a result of an increase
in plantar flexor muscle forces. Alternatively, as shown in the simulated push-off analysis, the foot
would have to leave the ground much earlier, losing time to generate impulse to the ground, and
requiring higher muscle forces to compensate and push-off to the next step. Thus, there could be
combined postural, muscular and metabolic changes resulting from a less mobile arch.
This dataset combined various running conditions, including strike patterns and whether
the participants were shod. While there are documented differences in kinematics of the ankle
between strike patterns, variations in the midtarsal joint at push-off are minimal (Bruening et al.,
2018; Wager and Challis, 2016). In this study, each participant was compared to their own
kinematics, and we saw consistent behaviour for every subject, suggesting that the overall effects
of arch shortening are independent of these conditions. There are variations in magnitude however
which warrant further study, as we do not have the sample size for statistical testing among
conditions. To further support this, there is variability even in our one case study subject for the
increase in mechanical advantage (0.13 – 0.22), although the two shod trials are remarkably
similar.
Our modelling approach as a class two lever does not facilitate simple comparisons
between existing moment arm work that models the foot as a type 1 lever due to the 3D nature of
the measurements. We chose to measure the arch as a dynamically length changing, but

80

instantaneously rigid type 2 lever. We assume therefore that the inertial effects over time are
negligible, due to the small mass of the foot bones. Previous work has modelled the foot as a type
1 lever, which has some inherent flaws. The primary issue with modelling the foot as a type 1 lever
is that the body force is ignored in the mechanical advantage (also termed gear-ratio) calculations.
The body force is unlikely to pass perfectly through the centre of rotation of the talocrural joint,
and would thus create an additional moment. Furthermore, the ground reaction force does not
separate out the force of the phalanges on the ground, which can influence propulsion (Farris et
al., 2020; Takahashi et al., 2017). Therefore, it inherently biases the moment arm calculations. We
therefore chose to instead model it as a type 2 lever, and measured the direction of the Achilles
tendon force and the applied force on the foot and calculated moment arms about the instantaneous
centre-of-rotation of the metatarsal.
In our assessment of mechanical advantage, we did not measure the transverse arch, nor
consider the axis of push-off. Bojsen-Møller et al. described the two different axes of push-off as
a high-gear axis (over the first metatarsophalangeal joint) and low-gear (over the lesser toes)
(Bojsen-Møller, 1979). It is possible that there is variation within our dataset of the push-off axis,
which would change the mechanical advantage of the plantar flexor muscles. However, if the axis
of push-off were to change to the low gear axis, we would expect the shortening effect to be
amplified (as the fulcrum moving closer to the point of force application increases mechanical
advantage), unless the windlass mechanism was inhibited due to decreased first
metatarsophalangeal joint dorsiflexion, which could limit arch shortening (Hicks, 1954).

4.5 Conclusion
In conclusion, we investigated the purpose of the recoiling arch in propulsion. We found
that it does not physically lift the centre-of-mass, but instead prolongs plantarflexion of the
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talocrural joint and increases the mechanical advantage of the ankle plantar flexor muscles. The
indirect advantages provided by the recoiling arch suggest that mobility of the arch is important
for propulsion. Changes in arch mobility, either from pathology or restrictive footwear, could
influence ankle kinetics and the operating velocity range of ankle plantar flexor muscles, which
may then influence running performance and metabolic cost. This work also suggests that mobility
of the arch, and the subsequent indirect advantages, may be more important than arch height for
the evolution of the human medial longitudinal arch.
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CHAPTER 5 : Conclusion
5.1 Summary
Feet are integral to our ability to locomote, and yet there are still many gaps in our
understanding of their function. Mechanisms such as the windlass and the arch-spring were
originally well-described in static, cadaveric experiments. The research and clinical communities
then extrapolated these ideas to dynamic motion, which has propagated dogma like the windlass
mechanism increasing the apparent stiffness of the arch. This thesis sought to improve our
understanding of the windlass and the arch-spring mechanisms in running gait using optical motion
capture and biplanar videoradiography.
The windlass mechanism was originally described as creating a stable base of support for
the foot to push-off (Hicks, 1954), which has been widely interpreted as creating a stiff foot, or a
rigid lever for propulsion (Blackwood et al., 2005; Bolgla and Malone, 2004; Okita et al., 2014).
To test whether the windlass mechanism stiffened the foot, I dynamically compressed the arch
with the windlass mechanism both engaged and disengaged. The engaged windlass mechanism
did not increase the apparent stiffness of the arch, and actually made it more compliant, as
evidenced by the increased energy absorption in the arch for the same applied load. The windlass
played an important role in changing the shape of the arch, as it was seemingly able to orient the
arch-spanning tissues, other than the plantar fascia, closer to their resting length, which decreased
the apparent arch stiffness.
The spring-like compression and recoil of ligaments in the arch suggests that the plantar
fascia is elastic (Ker et al., 1987). However, an effective arch-raising windlass mechanism requires
the plantar fascia to undergo minimal strain (Hicks, 1954). I hypothesized that the elastic nature
of the plantar fascia would either inhibit or enhance the arch-raising windlass effect in running
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gait, and that the ideal windlass mechanism originally described by Hicks would not exist. I
measured the coupling between plantar fascia elongation, arch kinematics and MTPJ dorsiflexion
from bone motion derived from high-speed biplanar videoradiography. While the elastic nature of
the plantar fascia does inhibit the windlass mechanism at times during running gait, there are
defined periods where the plantar fascia is quasi-isometric, and acts as a pure forward-windlass
mechanism. The plantar fascia is likely held at this length by a fine-tuned balance of intrinsic foot
muscles and the ankle plantar flexor muscles which delays the release of the plantar fascia’s strain
energy. The sudden shortening of the plantar fascia, in tandem with the forward-windlass
mechanism, may enhance the arch-raising effect. Arch velocity is highest during this enhanced
windlass phase, which invites the possibility that the rapid arch shortening mechanism in late
stance is an important adaptation.
If these mechanisms are working to dramatically shorten the arch without directly
stiffening it, why does the arch need to shorten? The arch-spring has been suggested to make
metabolic savings in running gait by reducing the need for muscles in parallel to activate at a
metabolic cost (Stearne et al., 2016). Alternatively, the arch could theoretically “propel” the centreof-mass, as the arch’s apex would be higher with the arch-rising effect (Perl et al., 2012). To
address this question, I used high-speed x-ray to measure ankle plantar flexion and arch bone
kinematics in propulsion. I then compared the natural shortening arch to the same arch without the
recoiling effect. I found that the arch-spring does not recoil to directly propel the centre-of-mass
as originally hypothesized. Instead, it geometrically contributes to propulsion by increasing the
time available for the talocrural joint to plantarflex and for the ankle plantar flexor muscles to
generate ankle power. Further, the recoiling arch increases the mechanical advantage, and
therefore likely requires less plantar flexor force, and may also enable the ankle plantar flexor
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muscles to produce that force in a more efficient region of the force-velocity curve. Thus, the
recoiling arch likely enables an improved mechanical environment for the ankle plantar flexor
muscles to generate the foot leverage required for propulsion.

5.2 Arch mobility
The importance of arch mobility has been highlighted throughout this thesis. The arch
shortens rapidly in propulsion, as a combined effect of the windlass and arch-spring mechanisms.
Compared to a mobile arch, if the arch is completely rigid, the body is at a mechanical disadvantage
from the longer moment arms of the ankle plantar flexors and body forces about the metatarsal
heads. In addition, the body would either have reduced contact time with the ground, or substantial
forward lean in locomotion, both which would increase the metabolic cost (Kram and Taylor,
1990). Therefore, the arch’s ability to shorten is an important adaptation in human locomotion.
The evolution of a pronounced medial longitudinal arch in humans may be advantageous
due to its height and the associated elastic recoil (Holowka and Lieberman, 2018). The fossil record
is commonly examined with the perspective that arch height is the most important indicator of the
evolved ability to run. However, the results here suggest that the mobility of the arch may be as
important, if not more, for providing a locomotive advantage. Mobility of the arch is not always
linked to foot posture (Zifchock et al., 2006), and foot posture is only somewhat correlated to
features of dynamic motion (Mootanah et al., 2013). If key features in bone shape could be tied to
arch mobility instead of arch height, this would permit further interpretation of the fossil record,
and contribute to an improved understanding of human evolution.
There are important gait implications for pathologies that limit arch mobility, such as
osteoarthritis of the mid-foot, or hallux rigidus (loss of mobility in the first toe). Osteoarthritis of
the foot is a debilitating condition that alters joint function through inflammation, joint space
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narrowing and osteophyte formation (Roddy and Menz, 2018). If the arch has a reduced range of
motion from osteoarthritis, other structures have to compensate for the reduced propulsive ability,
which likely reduces the efficiency of locomotion (Zammit et al., 2008). Loss of arch mobility also
occurs with current surgical approaches, as arthrodesis (fusion) is common in arch joints, and is
considered the gold-standard at the MTP joint. While pain outcomes from these surgeries are
generally good, patient return to recreational activity is typically a result of reduced pain, and not
improved function (Da Cunha et al., 2019). Functionally, fusion of the mid-tarsal joints can reduce
ankle dorsiflexion by 33% and maximum ankle power by 45% in the affected limb, which is
consistent with the results here, and further suggests that arch motion is critical for foot function
(Beischer et al., 1999). Additional research is needed to understand typical arch behaviour, the
implications of surgical outcomes on foot function, and ultimately to design new surgeries or
interventions to improve patients’ ability to perform their activities of daily living.
Arch mobility likely influences performance in running and sprinting. The footwear
industry aims to improve running performance with the insertion of a stiffened midsole (via a
carbon fibre plate) in running shoes. The appropriate tuning of this stiffened midsole can lead to a
reduction of metabolic cost of 4% (Hoogkamer et al., 2018). However, despite the improvements
in performance from the recoil of the stiff carbon plate, a stiffer midsole can reduce the mobility
of the arch and increase the work from the ankle plantar flexor muscles (Cigoja et al., 2020). This
is consistent with the results of Chapter 4, as the recoiling arch improved the force-velocity
operating range for the ankle plantar flexor muscles. Furthermore, the critical stiffness of midsole
that reduces metabolic cost is a function of MTPJ dorsiflexion (Oh and Park, 2017). After the
critical stiffness, MTPJ motion is reduced and metabolic cost increases. Alternatively, if natural
motion at the MTPJ is maintained, the metabolic cost is at a minimum. Oh and Park attribute the
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mechanism for metabolic cost reduction to slightly increased impulses in proximal joints.
However, the implication of enabling natural MTPJ motion suggests that the windlass effect would
be maximized up until the critical stiffness, after which it would have a reduced shortening effect
on the arch. Consistent with the work in this thesis, the runner with a critically stiff midsole would
have the most arch deformation, increased contact time and subsequently reduce the rate of force
production in the ankle plantar flexors. The stiffness of the sole would still provide the rebound
effect (which typically increases with additional stiffness). Therefore, optimizing for the trade-off
between arch mobility and midsole stiffness could further improve performance.

5.3 Future Work
There are many additional research questions that naturally follow from this thesis. In
Chapter 2, I assessed the dynamic stiffness of the arch in a single position and not in locomotion.
Others have shown that arch stiffness is reduced in propulsion compared to early stance (Bruening
et al., 2018), and that stiffening of the foot in propulsion is primarily due to the intrinsic foot
muscles (Farris et al., 2020, 2019). Early stance compliance however, has not been studied
extensively. Further, it is unclear which structures contribute to early stance compliance as the
intrinsic foot muscles are not typically active at this time (Farris et al., 2019), and the compression
of the calcaneal fat pad typically reaches a maximum deformation before the centre-of-mass has
fully slowed its downward trajectory (De Clercq et al., 1994). Additionally, if the foot is actually
stiffer in early stance than propulsion as suggested by Bruening et al, this may change the way we
think about weight acceptance as a period of loading with a compliant foot (Bruening et al., 2018).
The presence of a reverse-windlass behaviour in early stance suggests that changing the
shape of the arch before loading may modify the compliance of the arch. Various levels of windlass
engagement could be tested before foot-contact to investigate whether the reverse-windlass effect
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is functionally important in gait. This effect could also be influenced by the inherent stiffness of
the arch ligaments. A mapping of tissue stiffness to arch ligament strain could be completed via
shear wave elastography or a tendon-tapper (Martin et al., 2018), and combined with biplanar
vidoeradiography to understand the contributions of passive structures to arch, and the importance
of the reverse-windlass mechanism.
Inter-subject variation in the windlass effect has also been described (Lucas and Cornwall,
2017). It is possible that morphological differences in joint surfaces of foot bones limit arch
mobility (Lucas and Cornwall, 2017), or that structural differences in the plantar fascia are
responsible for these variations. A delay in the windlass mechanism is also possible, potentially
from variable stiffness and slack lengths of the plantar fascia between people (Kappel-Bargas et
al., 1998). Future work should look at the function of the windlass as a function of joint shape and
plantar fascia material properties to further understand the influence of the windlass mechanism
and shape variations on locomotion. Further, there are a variety of activities that likely take
advantage of the windlass mechanism – and potentially the enhanced windlass mechanism – such
as sprinting and jumping. Robots with a windlass mechanism jump higher than those without (Liu
et al., 2018), suggesting that it is not only a constant speed locomotor task that takes advantage of
the passive elements of the human foot.
The critical stiffness of footwear and its interaction with the MTPJ and arch mobility has
many unanswered questions. It is difficult to measure in vivo arch motion when wearing running
shoes, as optical motion capture requires holes to be cut into the shoe so that markers can be fixed
to the skin. Biplanar x-ray can overcome these challenges and accurately assess the effects of
midsole stiffness on arch mobility. This would provide critical information to footwear designers
to further improve human performance in running and sprinting.

88

5.4 Conclusion
The human foot interacts dynamically with its environment throughout gait. This thesis
describes the roles of the arch and the windlass mechanism using optical motion capture and
biplanar videoradiography. The windlass mechanism can modify the arch’s compliance, which is
likely important before initial contact as the plantar-fascia quasi-isometrically moves through a
reverse-windlass action, which allows deeper arch ligaments to manage the load at ground contact
instead of the plantar fascia. Further, despite the elastic behaviour of the plantar fascia, there is a
pure forward-windlass that occurs in propulsion. The plantar fascia is held at a quasi-isometric
length before it rapidly shortens, when it is likely released by a fine-tuned balance of intrinsic and
extrinsic foot muscles. This rapid shortening highlighted the importance of arch recoil in late
stance. I found that the purpose for arch recoil was not to propel the body’s centre-of-mass as
expected, but instead it allows the plantar flexors to operate in a more efficient range of contraction,
over a longer period of time, and with a mechanical advantage as it levers about the MTPJs. This
work elucidates fundamental foot function, which has a broad range of applications, such as
creating biomimetic robots, designing performance-improving footwear, and designing treatments
for debilitating foot pathologies such as foot osteoarthritis.

89

REFERENCES
Akbarshahi, M., Schache, A.G., Fernandez, J.W., Baker, R., Banks, S., Pandy, M.G., 2010. Noninvasive assessment of soft-tissue artifact and its effect on knee joint kinematics during
functional
activity.
J.
Biomech.
43,
1292–1301.
https://doi.org/10.1016/j.jbiomech.2010.01.002
Akhbari, B., Morton, A.M., Moore, D.C., Weiss, A.-P.C., Wolfe, S.W., Crisco, J.J., 2019.
Accuracy of biplane videoradiography for quantifying dynamic wrist kinematics. J.
Biomech. 92, 120–125. https://doi.org/10.1016/j.jbiomech.2019.05.040
Arndt, A., Wolf, P., Liu, A., Nester, C., Stacoff, A., Jones, R., Lundgren, P., Lundberg, A., 2007.
Intrinsic foot kinematics measured in vivo during the stance phase of slow running. J.
Biomech. 40, 2672–2678. https://doi.org/10.1016/j.jbiomech.2006.12.009
Baxter, J.R., Novack, T.A., Van Werkhoven, H., Pennell, D.R., Piazza, S.J., 2012. Ankle joint
mechanics and foot proportions differ between human sprinters and non-sprinters. Proc. R.
Soc. B Biol. Sci. 279, 2018–2024. https://doi.org/10.1098/rspb.2011.2358
Baxter, J.R., Piazza, S.J., 2018. Plantarflexor moment arms estimated from tendon excursion in
vivo are not strongly correlated with geometric measurements. J. Biomech. 77, 201–205.
https://doi.org/10.1016/j.jbiomech.2018.06.020
Beischer, A.D., Brodsky, J.W., Polio, F.E., Peereboom, J., 1999. Functional Outcome and Gait
Analysis After Triple or Double Arthrodesis. Foot Ankle Int. 20, 545–553.
https://doi.org/10.1177/107110079902000902
Bennett, M.B., Ker, R.F., 1990. The mechanical properties of the human subcalcaneal fat pad in
compression. J. Anat. 171, 131–138.
Bennett, M.B., Ker, R.F., Alexander, R.M., 1989. Elastic strain energy storage in the feet of
running monkeys. J. Zool. 217, 469–475. https://doi.org/10.1111/j.14697998.1989.tb02502.x
Biewener, A.A., Patek, S.N., 2018. Animal Locomotion, Second Edition. ed. Oxford University
Press, United Kingdom.
Blackwood, C.B., Yuen, T.J., Sangeorzan, B.J., Ledoux, W.R., 2005. The midtarsal joint locking
mechanism. Foot Ankle Int. 26, 1074–1080.
Bohm, S., Mersmann, F., Santuz, A., Arampatzis, A., 2019. The force–length–velocity potential
of the human soleus muscle is related to the energetic cost of running. Proc. R. Soc. B Biol.
Sci. 286, 20192560. https://doi.org/10.1098/rspb.2019.2560
Bojsen-Møller, F., 1979. Calcaneocuboid joint and stability of the longitudinal arch of the foot at
high and low gear push off. J. Anat. 129, 165–176.
Bojsen-Moller, F., Flagstad, K.E., 1976. Plantar aponeurosis and internal architecture of the ball
of the foot. J. Anat. 121, 599–611.
Bolgla, L.A., Malone, T.R., 2004. Plantar Fasciitis and the Windlass Mechanism: A
Biomechanical Link to Clinical Practice. J. Athl. Train. 39, 77–82.
Brainerd, E.L., Baier, D.B., Gatesy, S.M., Hedrick, T.L., Metzger, K.A., Gilbert, S.L., Crisco, J.J.,
2010. X-ray reconstruction of moving morphology (XROMM): precision, accuracy and
applications in comparative biomechanics research. J. Exp. Zool. Part Ecol. Genet. Physiol.
313, 262–279. https://doi.org/10.1002/jez.589
Bramble, D.M., Lieberman, D.E., 2004. Endurance running and the evolution of Homo. Nature
432, 345–352. https://doi.org/10.1038/nature03052

90

Bruening, D.A., Cooney, K.M., Buczek, F.L., 2012. Analysis of a kinetic multi-segment foot
model. Part I: Model repeatability and kinematic validity. Gait Posture 35, 529–534.
https://doi.org/10.1016/j.gaitpost.2011.10.363
Bruening, D.A., Pohl, M.B., Takahashi, K.Z., Barrios, J.A., 2018. Midtarsal locking, the windlass
mechanism, and running strike pattern: A kinematic and kinetic assessment. J. Biomech.
73, 185–191. https://doi.org/10.1016/j.jbiomech.2018.04.010
Caravaggi, P., Pataky, T., Goulermas, J.Y., Savage, R., Crompton, R., 2009. A dynamic model of
the windlass mechanism of the foot: evidence for early stance phase preloading of the
plantar aponeurosis. J. Exp. Biol. 212, 2491–2499. https://doi.org/10.1242/jeb.025767
Caravaggi, P., Pataky, T., Günther, M., Savage, R., Crompton, R., 2010. Dynamics of longitudinal
arch support in relation to walking speed: contribution of the plantar aponeurosis. J. Anat.
217, 254–261. https://doi.org/10.1111/j.1469-7580.2010.01261.x
Carlson, R.E., Fleming, L.L., Hutton, W.C., 2000. The biomechanical relationship between the
tendoachilles, plantar fascia and metatarsophalangeal joint dorsiflexion angle. Foot Ankle
Int. 21, 18–25.
Carrier, D.R., Anders, C., Schilling, N., 2011. The musculoskeletal system of humans is not tuned
to maximize the economy of locomotion. Proc. Natl. Acad. Sci. 108, 18631–18636.
https://doi.org/10.1073/pnas.1105277108
Carrier, D.R., Heglund, N.C., Earls, K.D., 1994. Variable gearing during locomotion in the human
musculoskeletal system. Science 265, 651–653.
Cavagna, G.A., Heglund, N.C., Taylor, C.R., 1977. Mechanical work in terrestrial locomotion:
two basic mechanisms for minimizing energy expenditure. Am. J. Physiol.-Regul. Integr.
Comp. Physiol. 233, R243–R261. https://doi.org/10.1152/ajpregu.1977.233.5.R243
Cavagna, G.A., Saibene, F.P., Margaria, R., 1964. Mechanical work in running. J. Appl. Physiol.
19, 249–256. https://doi.org/10.1152/jappl.1964.19.2.249
Chen Wang, M.D., Geng, X., Wang, S., Xin Ma, M.D., Xu Wang, M.D., Jiazhang Huang, M.D.,
Chao Zhang, M.D., Li Chen, M.S., Yang, J., Wang, K., 2016. In vivo kinematic study of
the tarsal joints complex based on fluoroscopic 3D-2D registration technique. Gait Posture
49, 54–60. https://doi.org/10.1016/j.gaitpost.2016.06.009
Cheng, H.-Y.K., 2008. Finite element analysis of plantar fascia under stretch—The relative
contribution of windlass mechanism and Achilles tendon force. J. Biomech. 41, 1937–
1944.
Cigoja, S., Asmussen, M.J., Firminger, C.R., Fletcher, J.R., Edwards, W.B., Nigg, B.M., 2020.
The Effects of Increased Midsole Bending Stiffness of Sport Shoes on Muscle-Tendon Unit
Shortening and Shortening Velocity: a Randomised Crossover Trial in Recreational Male
Runners. Sports Med. - Open 6, 9. https://doi.org/10.1186/s40798-020-0241-9
Da Cunha, R.J., MacMahon, A., Jones, M.T., Savenkov, A., Deland, J., Roberts, M., Levine, D.,
Elliot, A., Kennedy, J., Drakos, M., Ellis, S.J., 2019. Return to Sports and Physical
Activities After First Metatarsophalangeal Joint Arthrodesis in Young Patients. Foot Ankle
Int. 40, 745–752. https://doi.org/10.1177/1071100719842799
D’Août, K., Aerts, P., 2008. The evolutionary history of the human foot. Shaker Publishing,
Maastricht.
De Clercq, D., Aerts, P., Kunnen, M., 1994. The mechanical characteristics of the human heel pad
during foot strike in running: An in vivo cineradiographic study. J. Biomech. 27, 1213–
1222. https://doi.org/10.1016/0021-9290(94)90275-5

91

de Ruiter, C.J., van Oeveren, B., Francke, A., Zijlstra, P., van Dieen, J.H., 2016. Running Speed
Can Be Predicted from Foot Contact Time during Outdoor over Ground Running. PLOS
ONE 11, e0163023. https://doi.org/10.1371/journal.pone.0163023
De Wit, B., De Clercq, D., Aerts, P., 2000. Biomechanical analysis of the stance phase during
barefoot and shod running. J. Biomech. 33, 269–278. https://doi.org/10.1016/S00219290(99)00192-X
Della Croce, U., Leardini, A., Chiari, L., Cappozzo, A., 2005. Human movement analysis using
stereophotogrammetry: Part 4: assessment of anatomical landmark misplacement and its
effects
on
joint
kinematics.
Gait
Posture
21,
226–237.
https://doi.org/10.1016/j.gaitpost.2004.05.003
DeSilva, J.M., 2009. Revisiting the “midtarsal break.” Am. J. Phys. Anthropol. NA-NA.
https://doi.org/10.1002/ajpa.21140
Dickinson, M.H., Farley, C.T., Full, R.J., Koehl, M. a. R., Kram, R., Lehman, S., 2000. How
Animals
Move:
An
Integrative
View.
Science
288,
100–106.
https://doi.org/10.1126/science.288.5463.100
Eberly, D., Lancaster, J., Alyassin, A., 1991. On gray scale image measurements: II. Surface area
and volume. CVGIP Graph. Models Image Process. 53, 550–562.
https://doi.org/10.1016/1049-9652(91)90005-5
Eichelberger, P., Ferraro, M., Minder, U., Denton, T., Blasimann, A., Krause, F., Baur, H., 2016.
Analysis of accuracy in optical motion capture – A protocol for laboratory setup evaluation.
J. Biomech. 49, 2085–2088. https://doi.org/10.1016/j.jbiomech.2016.05.007
Elftman, H., 1960. The transverse tarsal joint and its control. Clin. Orthop. 16, 41–46.
Elftman, H., Manter, J., 1935. The Evolution of the Human Foot, with Especial Reference to the
Joints. J. Anat. 70, 56–67.
Erdemir, A., Hamel, A.J., Fauth, A.R., Piazza, S.J., Sharkey, N.A., 2004. Dynamic Loading of the
Plantar Aponeurosis in Walking. J. Bone Joint Surg. Am. 86, 546–52.
Erer, K.S., 2007. Adaptive usage of the Butterworth digital filter. J. Biomech. 40, 2934–2943.
https://doi.org/10.1016/j.jbiomech.2007.02.019
Farris, D.J., Birch, J., Kelly, L., 2020. Foot stiffening during the push-off phase of human walking
is linked to active muscle contraction, and not the windlass mechanism. J. R. Soc. Interface
17, 20200208. https://doi.org/10.1098/rsif.2020.0208
Farris, D.J., Kelly, L.A., Cresswell, A.G., Lichtwark, G.A., 2019. The functional importance of
human foot muscles for bipedal locomotion. Proc. Natl. Acad. Sci. 116, 1645–1650.
https://doi.org/10.1073/pnas.1812820116
Farris, D.J., Sawicki, G.S., 2012. The mechanics and energetics of human walking and running: a
joint
level
perspective.
J.
R.
Soc.
Interface
9,
110–118.
https://doi.org/10.1098/rsif.2011.0182
Ferris, D.P., Louie, M., Farley, C.T., 1998. Running in the real world: adjusting leg stiffness for
different surfaces. Proc. R. Soc. Lond. B Biol. Sci. 265, 989–994.
https://doi.org/10.1098/rspb.1998.0388
Fessel, G., Jacob, H. a. C., Wyss, C., Mittlmeier, T., Müller-Gerbl, M., Büttner, A., 2014. Changes
in length of the plantar aponeurosis during the stance phase of gait - An in vivo dynamic
fluoroscopic study. Ann. Anat. Anat. Anz. Off. Organ Anat. Ges.
https://doi.org/10.1016/j.aanat.2014.07.003
Fuller, E.A., 2000. The windlass mechanism of the foot. A mechanical model to explain pathology.
J. Am. Podiatr. Med. Assoc. 90, 35–46.
92

Gefen, A., 2003. The in Vivo Elastic Properties of the Plantar Fascia during the Contact Phase of
Walking. Foot Ankle Int. 24, 238–244. https://doi.org/10.1177/107110070302400307
Gefen, A., Megido-Ravid, M., Itzchak, Y., 2001. In vivo biomechanical behavior of the human
heel pad during the stance phase of gait. J. Biomech. 34, 1661–1665.
https://doi.org/10.1016/S0021-9290(01)00143-9
Gill, N., Preece, S.J., Baker, R., 2020. Using the spring-mass model for running: Force-length
curves
and
foot-strike
patterns.
Gait
Posture
80,
318–323.
https://doi.org/10.1016/j.gaitpost.2020.06.023
Griffin, N.L., Miller, C.E., Schmitt, D., D’Août, K., 2015. Understanding the evolution of the
windlass mechanism of the human foot from comparative anatomy: Insights, obstacles, and
future directions. Am. J. Phys. Anthropol. 156, 1–10. https://doi.org/10.1002/ajpa.22636
Hicks, J.H., 1954. The mechanics of the foot. II. The plantar aponeurosis and the arch. J. Anat. 88,
25–30.
Hicks, J.H., 1953. The mechanics of the foot. I. The joints. J Anat 87, 345–57.
Hill, A.V., 1938. The heat of shortening and the dynamic constants of muscle. Proc. R. Soc. Lond.
Ser. B - Biol. Sci. 126, 136–195. https://doi.org/10.1098/rspb.1938.0050
Holowka, N.B., Lieberman, D.E., 2018. Rethinking the evolution of the human foot: insights from
experimental research. J. Exp. Biol. 221, jeb174425. https://doi.org/10.1242/jeb.174425
Holowka, N.B., O’Neill, M.C., Thompson, N.E., Demes, B., 2017. Chimpanzee and human
midfoot motion during bipedal walking and the evolution of the longitudinal arch of the
foot. J. Hum. Evol. 104, 23–31. https://doi.org/10.1016/j.jhevol.2016.12.002
Hoogkamer, W., Kipp, S., Frank, J.H., Farina, E.M., Luo, G., Kram, R., 2018. A Comparison of
the Energetic Cost of Running in Marathon Racing Shoes. Sports Med. 48, 1009–1019.
https://doi.org/10.1007/s40279-017-0811-2
Huang, C.-K., Kitaoka, H.B., An, K.-N., Chao, E.Y.S., 1993. Biomechanical Evaluation of
Longitudinal
Arch
Stability.
Foot
Ankle
14,
353–357.
https://doi.org/10.1177/107110079301400609
Huson, A., 2000. Biomechanics of the tarsal mechanism. A key to the function of the normal
human foot. J. Am. Podiatr. Med. Assoc. 90, 12–17.
Iaquinto, J.M., Wayne, J.S., 2010. Computational model of the lower leg and foot/ankle complex:
application
to
arch
stability.
J.
Biomech.
Eng.
132,
021009.
https://doi.org/10.1115/1.4000939
Ito, K., Hosoda, K., Shimizu, M., Ikemoto, S., Nagura, T., Seki, H., Kitashiro, M., Imanishi, N.,
Aiso, S., Jinzaki, M., Ogihara, N., 2017. Three-dimensional innate mobility of the human
foot bones under axial loading using biplane X-ray fluoroscopy. R. Soc. Open Sci. 4,
171086. https://doi.org/10.1098/rsos.171086
Kamberov, Y.G., Guhan, S.M., DeMarchis, A., Jiang, J., Wright, S.S., Morgan, B.A., Sabeti, P.C.,
Tabin, C.J., Lieberman, D.E., 2018. Comparative evidence for the independent evolution
of hair and sweat gland traits in primates. J. Hum. Evol. 125, 99–105.
https://doi.org/10.1016/j.jhevol.2018.10.008
Kappel-Bargas, A., Woolf, R.D., Cornwall, M.W., McPoil, T.G., 1998. The windlass mechanism
during normal walking and passive first metatarsalphalangeal joint extension. Clin.
Biomech. 13, 190–194. https://doi.org/10.1016/S0268-0033(97)00038-7
Keller, T., Weisberger, A., Ray, J., Hasan, S., Shiavi, R., Spengler, D., 1996. Relationship between
vertical ground reaction force and speed during walking, slow jogging, and running. Clin.
Biomech. 11, 253–259. https://doi.org/10.1016/0268-0033(95)00068-2
93

Kelly, L.A., Cresswell, A.G., Racinais, S., Whiteley, R., Lichtwark, G., 2014a. Intrinsic foot
muscles have the capacity to control deformation of the longitudinal arch. J. R. Soc.
Interface 11, 20131188–20131188. https://doi.org/10.1098/rsif.2013.1188
Kelly, L.A., Kuitunen, S., Racinais, S., Cresswell, A.G., 2012. Recruitment of the plantar intrinsic
foot muscles with increasing postural demand. Clin. Biomech. Bristol Avon 27, 46–51.
https://doi.org/10.1016/j.clinbiomech.2011.07.013
Kelly, L.A., Lichtwark, G., Cresswell, A.G., 2014b. Active regulation of longitudinal arch
compression and recoil during walking and running. J. R. Soc. Interface 12, 20141076–
20141076. https://doi.org/10.1098/rsif.2014.1076
Kelly, L.A., Lichtwark, G.A., Farris, D.J., Cresswell, A., 2016. Shoes alter the spring-like function
of
the
human
foot
during
running.
J.
R.
Soc.
Interface
13.
https://doi.org/10.1098/rsif.2016.0174
Ker, R.F., Bennett, M.B., Bibby, S.R., Kester, R.C., Alexander, R.McN., 1987. The spring in the
arch of the human foot. Nature 325, 147–149. https://doi.org/10.1038/325147a0
Kerdok, A.E., Biewener, A.A., McMahon, T.A., Weyand, P.G., Herr, H.M., 2002. Energetics and
mechanics of human running on surfaces of different stiffnesses. J. Appl. Physiol. 92, 469–
478. https://doi.org/10.1152/japplphysiol.01164.2000
Kessler, S.E., Lichtwark, G.A., Welte, L.K.M., Rainbow, M.J., Kelly, L.A., 2020. Regulation of
foot and ankle quasi-stiffness during human hopping across a range of frequencies. J.
Biomech. 108, 109853. https://doi.org/10.1016/j.jbiomech.2020.109853
Kessler, S.E., Rainbow, M.J., Lichtwark, G.A., Cresswell, A.G., D’Andrea, S.E., D’Andrea, S.E.,
D’Andrea, S.E., Konow, N., Kelly, L.A., 2019a. A Direct Comparison of Biplanar
Videoradiography and Optical Motion Capture for Foot and Ankle Kinematics. Front.
Bioeng. Biotechnol. 7. https://doi.org/10.3389/fbioe.2019.00199
Kessler, S.E., Rainbow, M.J., Lichtwark, G.A., Cresswell, A.G., D’Andrea, S.E., Konow, N.,
Kelly, L.A., 2019b. A Direct Comparison of Biplanar Videoradiography and Optical
Motion Capture for Foot and Ankle Kinematics. Front. Bioeng. Biotechnol. 7.
https://doi.org/10.3389/fbioe.2019.00199
Kim, W., Voloshin, A.S., 1995. Role of plantar fascia in the load bearing capacity of the human
foot. J. Biomech. 28, 1025–1033. https://doi.org/10.1016/0021-9290(94)00163-X
Kitaoka, H.B., Luo, Z.P., Growney, E.S., Berglund, L.J., An, K.-N., 1994. Material properties of
the plantar aponeurosis. Foot Ankle Int. 15, 557–560.
Knörlein, B.J., Baier, D.B., Gatesy, S.M., Laurence-Chasen, J.D., Brainerd, E.L., 2016. Validation
of XMALab software for marker-based XROMM. J. Exp. Biol. 219, 3701–3711.
https://doi.org/10.1242/jeb.145383
Kram, R., Taylor, C.R., 1990. Energetics of running: a new perspective. Nature 346, 265–267.
https://doi.org/10.1038/346265a0
Kristianslund, E., Krosshaug, T., van den Bogert, A.J., 2012. Effect of low pass filtering on joint
moments from inverse dynamics: Implications for injury prevention. J. Biomech. 45, 666–
671. https://doi.org/10.1016/j.jbiomech.2011.12.011
Leardini, A., Benedetti, M.G., Berti, L., Bettinelli, D., Nativo, R., Giannini, S., 2007. Rear-foot,
mid-foot and fore-foot motion during the stance phase of gait. Gait Posture 25, 453–462.
https://doi.org/10.1016/j.gaitpost.2006.05.017
Lee, C.R., Farley, C.T., 1998. Determinants of the center of mass trajectory in human walking and
running. J. Exp. Biol. 201, 2935–2944.

94

Lee, S.S.M., Piazza, S.J., 2009. Built for speed: musculoskeletal structure and sprinting ability. J.
Exp. Biol. 212, 3700–3707. https://doi.org/10.1242/jeb.031096
Levine, D., Richards, J., Whittle, M.W., 2012. Whittle’s Gait Analysis. Elsevier Health Sciences.
Liu, X., Duan, Y., Hitzmann, A., Xu, Y., Chen, T., Ikemoto, S., Hosoda, K., 2018. Using the foot
windlass mechanism for jumping higher: A study on bipedal robot jumping. Robot. Auton.
Syst. 110, 85–91. https://doi.org/10.1016/j.robot.2018.09.006
Lovejoy, C.O., Latimer, B., Suwa, G., Asfaw, B., White, T.D., 2009. Combining Prehension and
Propulsion: The Foot of Ardipithecus ramidus. Science 326, 72-72e8.
https://doi.org/10.1126/science.1175832
Lucas, R., Cornwall, M., 2017. Influence of foot posture on the functioning of the windlass
mechanism. The Foot 30, 38–42. https://doi.org/10.1016/j.foot.2017.01.005
Lundberg, A., Svensson, O.K., 1993. The axes of rotation of the talocalcaneal and talonavicular
joints. The Foot 3, 65–70.
Lundgren, P., Nester, C., Liu, A., Arndt, A., Jones, R., Stacoff, A., Wolf, P., Lundberg, A., 2008.
Invasive in vivo measurement of rear-, mid- and forefoot motion during walking. Gait
Posture 28, 93–100.
Marai, G.E., Laidlaw, D.H., Demiralp, C., Andrews, S., Grimm, C.M., Crisco, J.J., 2004.
Estimating joint contact areas and ligament lengths from bone kinematics and surfaces.
IEEE Trans. Biomed. Eng. 51, 790–799. https://doi.org/10.1109/TBME.2004.826606
Martin, J.A., Brandon, S.C.E., Keuler, E.M., Hermus, J.R., Ehlers, A.C., Segalman, D.J., Allen,
M.S., Thelen, D.G., 2018. Gauging force by tapping tendons. Nat. Commun. 9.
https://doi.org/10.1038/s41467-018-03797-6
McDonald, K.A., Stearne, S.M., Alderson, J.A., North, I., Pires, N.J., Rubenson, J., 2016. The
Role of Arch Compression and Metatarsophalangeal Joint Dynamics in Modulating Plantar
Fascia
Strain
in
Running.
PloS
One
11,
e0152602.
https://doi.org/10.1371/journal.pone.0152602
McKinon, W., Hartford, C., Zio, L.D., Schalkwyk, J. van, Veliotes, D., Hofmeyr, A., Rogers, G.,
2004. The agreement between reaction-board measurements and kinematic estimation of
adult male human whole body centre of mass location during running. Physiol. Meas. 25,
1339–1354. https://doi.org/10.1088/0967-3334/25/6/001
Miranda, D.L., Schwartz, J.B., Loomis, A.C., Brainerd, E.L., Fleming, B.C., Crisco, J.J., 2011.
Static and Dynamic Error of a Biplanar Videoradiography System Using Marker-Based
and Markerless Tracking Techniques. J. Biomech. Eng. 133, 121002.
https://doi.org/10.1115/1.4005471
Mootanah, R., Song, J., Lenhoff, M.W., Hafer, J.F., Backus, S.I., Gagnon, D., Deland, J.T.,
Hillstrom, H.J., 2013. Foot Type Biomechanics Part 2: Are structure and anthropometrics
related
to
function?
Gait
Posture
37,
452–456.
https://doi.org/10.1016/j.gaitpost.2012.09.008
Moritz, C.T., Farley, C.T., 2005. Human hopping on very soft elastic surfaces: implications for
muscle pre-stretch and elastic energy storage in locomotion. J. Exp. Biol. 208, 939–949.
https://doi.org/10.1242/jeb.01472
Myronenko, A., Song, X., 2010. Point set registration: Coherent point drift. IEEE Trans. Pattern
Anal. Mach. Intell. 32, 2262–2275.
Nachbauer, W., Nigg, B.M., 1992. Effects of arch height of the foot on ground reaction forces in
running. Med. Sci. Sports Exerc. 24, 1264–1269.

95

Nagano, A., Komura, T., 2003. Longer moment arm results in smaller joint moment development,
power and work outputs in fast motions. J. Biomech. 36, 1675–1681.
https://doi.org/10.1016/s0021-9290(03)00171-4
Nikooyan, A.A., Zadpoor, A.A., 2011. Mass–spring–damper modelling of the human body to
study running and hopping – an overview. Proc. Inst. Mech. Eng. [H] 225, 1121–1135.
https://doi.org/10.1177/0954411911424210
Oh, K., Park, S., 2017. The bending stiffness of shoes is beneficial to running energetics if it does
not disturb the natural MTP joint flexion. J. Biomech. 53, 127–135.
https://doi.org/10.1016/j.jbiomech.2017.01.014
Okita, N., Meyers, S.A., Challis, J.H., Sharkey, N.A., 2014. Midtarsal joint locking: new
perspectives on an old paradigm. J. Orthop. Res. Off. Publ. Orthop. Res. Soc. 32, 110–115.
https://doi.org/10.1002/jor.22477
Panjabi, M.M., Krag, M.H., Goel, V.K., 1981. A technique for measurement and description of
three-dimensional six degree-of-freedom motion of a body joint with an application to the
human spine. J. Biomech. 14, 447–460.
Perl, D.P., Daoud, A.I., Lieberman, D.E., 2012. Effects of footwear and strike type on running
economy.
Med.
Sci.
Sports
Exerc.
44,
1335–1343.
https://doi.org/10.1249/MSS.0b013e318247989e
Raichlen, D.A., Armstrong, H., Lieberman, D.E., 2011. Calcaneus length determines running
economy: Implications for endurance running performance in modern humans and
Neandertals. J. Hum. Evol. 60, 299–308. https://doi.org/10.1016/j.jhevol.2010.11.002
Rainbow, M.J., Kamal, R.N., Leventhal, E., Akelman, E., Moore, D.C., Wolfe, S.W., Crisco, J.J.,
2013. In vivo kinematics of the scaphoid, lunate, capitate, and third metacarpal in extreme
wrist
flexion
and
extension.
J.
Hand
Surg.
38,
278–288.
https://doi.org/10.1016/j.jhsa.2012.10.035
Ray, S.F., Takahashi, K.Z., 2020. Gearing Up the Human Ankle-Foot System to Reduce Energy
Cost of Fast Walking. Sci. Rep. 10. https://doi.org/10.1038/s41598-020-65626-5
Roberts, T.J., Azizi, E., 2011. Flexible mechanisms: the diverse roles of biological springs in
vertebrate movement. J. Exp. Biol. 214, 353–361. https://doi.org/10.1242/jeb.038588
Roberts, T.J., Kram, R., Weyand, P.G., Taylor, C.R., 1998. Energetics of bipedal running. I.
Metabolic cost of generating force. J. Exp. Biol. 201, 2745–2751.
Roddy, E., Menz, H.B., 2018. Foot osteoarthritis: latest evidence and developments. Ther. Adv.
Musculoskelet. Dis. 10, 91–103. https://doi.org/10.1177/1759720X17753337
Roy, J.-P.R., Stefanyshyn, D.J., 2006. Shoe Midsole Longitudinal Bending Stiffness and Running
Economy, Joint Energy, and EMG: Med. Sci. Sports Exerc. 38, 562–569.
https://doi.org/10.1249/01.mss.0000193562.22001.e8
Sarrafian, S., 1993a. Proximal Phalangeal Apparatus of the Big Toe, in: Anatomy of the Foot and
Ankle. J.B. Lippincott Company, pp. 211–214.
Sarrafian, S., 1993b. Anatomy of the Foot and Ankle, Second. ed. J.B. Lippincott Company.
Sarrafian, S.K., 1993. Anatomy of the foot and ankle: descriptive, topographic, functional, 2nd
Edition. ed. J.B. Lippincott Company, Philadelphia, PA, USA.
Sarrafian, S.K., 1983. Anatomy of the foot and ankle: descriptive, topographic, functional.
Lippincott Williams & Wilkins.
Scholz, M.N., Bobbert, M.F., van Soest, A.J., Clark, J.R., van Heerden, J., 2008. Running
biomechanics: shorter heels, better economy. J. Exp. Biol. 211, 3266–3271.
https://doi.org/10.1242/jeb.018812
96

Sichting, F., Holowka, N.B., Ebrecht, F., Lieberman, D.E., 2020. Evolutionary anatomy of the
plantar aponeurosis in primates, including humans. J. Anat. 00, 1–21.
https://doi.org/10.1111/joa.13173
Siegel, K.L., Kepple, T.M., Caldwell, G.E., 1996. Improved agreement of foot segmental power
and rate of energy change during gait: inclusion of distal power terms and use of threedimensional models. J. Biomech. 29, 823–827. https://doi.org/10.1016/00219290(96)83336-7
Simkin, A., 1990. Role of the calcaneal inclination in the energy storage capacity of the human
foot—a biomechanical model. Med. Biol. Eng. Comput. 28, 149–152.
Söderkvist, I., Wedin, P.-Å., 1993. Determining the movements of the skeleton using wellconfigured markers. J. Biomech. 26, 1473–1477. https://doi.org/10.1016/00219290(93)90098-Y
Song, S., Geyer, H., 2011. The energetic cost of adaptive feet in walking, in: 2011 IEEE
International Conference on Robotics and Biomimetics (ROBIO). Presented at the 2011
IEEE International Conference on Robotics and Biomimetics (ROBIO), pp. 1597–1602.
https://doi.org/10.1109/ROBIO.2011.6181517
Song, S., LaMontagna, C., Collins, S.H., Geyer, H., 2013. The effect of foot compliance encoded
in the windlass mechanism on the energetics of human walking, in: 2013 35th Annual
International Conference of the IEEE Engineering in Medicine and Biology Society
(EMBC). Presented at the 2013 35th Annual International Conference of the IEEE
Engineering in Medicine and Biology Society (EMBC), pp. 3179–3182.
https://doi.org/10.1109/EMBC.2013.6610216
Sparrow, W.A., Donovan, E., Emmerik, R. van, Barry, E.B., 1987. Using Relative Motion Plots
to Measure Changes in Intra-Limb and Inter-Limb Coordination. J. Mot. Behav. 19, 115–
129. https://doi.org/10.1080/00222895.1987.10735403
Standring, S. (Ed.), 2016. Gray’s anatomy: the anatomical basis of clinical practice, Forty-first
edition. ed. Elsevier Limited, Philadelphia.
Stearne, S.M., McDonald, K.A., Alderson, J.A., North, I., Oxnard, C.E., Rubenson, J., 2016. The
Foot’s Arch and the Energetics of Human Locomotion. Sci. Rep. 6.
https://doi.org/10.1038/srep19403
Takahashi, K.Z., Gross, M.T., van Werkhoven, H., Piazza, S.J., Sawicki, G.S., 2016. Adding
Stiffness to the Foot Modulates Soleus Force-Velocity Behaviour during Human Walking.
Sci. Rep. 6. https://doi.org/10.1038/srep29870
Takahashi, K.Z., Worster, K., Bruening, D.A., 2017. Energy neutral: the human foot and ankle
subsections combine to produce near zero net mechanical work during walking. Sci. Rep.
7, 15404. https://doi.org/10.1038/s41598-017-15218-7
Tansey, P.A., Briggs, P.J., 2001. Active and passive mechanisms in the control of heel supination.
Foot Ankle Surg. 7, 131–136.
Venkadesan, M., Dias, M.A., Singh, D.K., Bandi, M.M., Mandre, S., 2017. Stiffness of the human
foot and evolution of the transverse arch. ArXiv170510371 Phys. Q-Bio.
Venkadesan, M., Yawar, A., Eng, C.M., Dias, M.A., Singh, D.K., Tommasini, S.M., Haims, A.H.,
Bandi, M.M., Mandre, S., 2020. Stiffness of the human foot and evolution of the transverse
arch. Nature 579, 97–100. https://doi.org/10.1038/s41586-020-2053-y
Wager, J.C., Challis, J.H., 2016. Elastic energy within the human plantar aponeurosis contributes
to arch shortening during the push-off phase of running. J. Biomech. 49, 704–709.
https://doi.org/10.1016/j.jbiomech.2016.02.023
97

Wang, B., Roach, K.E., Kapron, A.L., Fiorentino, N.M., Saltzman, C.L., Singer, M., Anderson,
A.E., 2015. Accuracy and feasibility of high-speed dual fluoroscopy and model-based
tracking to measure in vivo ankle arthrokinematics. Gait Posture 41, 888–893.
https://doi.org/10.1016/j.gaitpost.2015.03.008
Welte, L., Kelly, L.A., Lichtwark, G.A., Rainbow, M.J., 2018. Influence of the windlass
mechanism on arch-spring mechanics during dynamic foot arch deformation. J. R. Soc.
Interface 15, 20180270. https://doi.org/10.1098/rsif.2018.0270
Williams, D.S.B., Tierney, R.N., Butler, R.J., 2014. Increased medial longitudinal arch mobility,
lower extremity kinematics, and ground reaction forces in high-arched runners. J. Athl.
Train. 49, 290–296. https://doi.org/10.4085/1062-6050-49.3.05
Willwacher, S., König, M., Braunstein, B., Goldmann, J.-P., Brüggemann, G.-P., 2014. The
gearing function of running shoe longitudinal bending stiffness. Gait Posture 40, 386–390.
https://doi.org/10.1016/j.gaitpost.2014.05.005
Willwacher, S., Kurz, M., Menne, C., Schrödter, E., Brüggemann, G.-P., 2016. Biomechanical
response to altered footwear longitudinal bending stiffness in the early acceleration phase
of sprinting. Footwear Sci. 8, 99–108. https://doi.org/10.1080/19424280.2016.1144653
Winter, D.A., 2009. Anthropometry, in: Biomechanics and Motor Control of Human Movement.
John
Wiley
&
Sons,
Inc.,
Hoboken,
NJ,
USA,
pp.
82–106.
https://doi.org/10.1002/9780470549148
Wright, D.G., Rennels, D.C., 1964. A Study of the Elastic Properties of Plantar Fascia. JBJS 46,
482–492.
Zammit, G.V., Menz, H.B., Munteanu, S.E., Landorf, K.B., 2008. Plantar pressure distribution in
older people with osteoarthritis of the first metatarsophalangeal joint (hallux
limitus/rigidus). J. Orthop. Res. 26, 1665–1669. https://doi.org/10.1002/jor.20700
Zelik, K.E., Takahashi, K.Z., Sawicki, G.S., 2015. Six degree-of-freedom analysis of hip, knee,
ankle and foot provides updated understanding of biomechanical work during human
walking. J. Exp. Biol. 218, 876–886. https://doi.org/10.1242/jeb.115451
Zifchock, R.A., Davis, I., Hillstrom, H., Song, J., 2006. The Effect of Gender, Age, and Lateral
Dominance on Arch Height and Arch Stiffness. Foot Ankle Int. 27, 367–372.
https://doi.org/10.1177/107110070602700509
Zitnay, J.L., Weiss, J.A., 2018. Load Transfer, Damage and Failure in Ligaments and Tendons. J.
Orthop.
Res.
Off.
Publ.
Orthop.
Res.
Soc.
36,
3093–3104.
https://doi.org/10.1002/jor.24134

98

APPENDIX A: RESEARCH ETHICS APPROVAL
Chapter 2
The data collection was completed at the University of Queensland in Brisbane, Australia.
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Chapter 3:
The data collected was collected at Brown University at two different times. Dataset A is also used
in Chapter 4.
Dataset A:
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Dataset B (Collaboration between University of Queensland & Brown University):
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Chapter 4
Dataset A: Same as Chapter 3 – Dataset A.
The ethics application was approved by the Queen’s University Health Sciences Research Ethics
Board for the collection of data in the Skeletal Observation Lab for Dataset B (Orthosis stiffness)
and the case study participant (Multi-articular foot motion).
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Dataset B:
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Case Study:
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APPENDIX B - SUPPLEMENTARY MATERIAL
S1 - Chapter 2

Figure S1: First (A) and second (B) principal component variations on the orientation of
the helical axis, shown against a model foot for reference. Variation of ±2 standard deviations are
shown from the mean orientation of the helical axis. The first component is not significantly
different between MTPJ conditions and explains 65.0% of the variance in the data. The second
component is significantly different between MTPJ conditions and explains 30.8% of the variance
in the data. For this component, the dorsiflexed MTPJ is closer to the -2SD and the plantarflexed
MTPJ is closer to the +2SD.

S2 - Chapter 3
Methods S2. One subject had additional tracked bones - the talus, navicular and cuboid.
The spring ligament, short plantar ligament and the deep fibers of the long plantar ligament were
modelled in addition to the plantar fascia. The fibers connected the selected origin and insertion,
with the constraint that the fiber cannot pass through any bone (Marai et al., 2004). The anterior
tuberosity of the calcaneus was connected to the inferior posterior triangular surface of the cuboid

106

by 8 fibers, modelling the short plantar ligament (S. Sarrafian, 1993b). The protuberance between
the anterior and medial tuberosities of the calcaneus was connected to the anterior oblique crest of
the tuberosity of the cuboid with 6 fibers for the deep component of the long plantar ligament (S.
Sarrafian, 1993b). Nine fibers connected the calcaneus to the navicular, wrapping around the talus
(spring/calcaneonavicular ligament) (S. Sarrafian, 1993b). Using generated distance fields for each
bone, a custom optimization was implemented in MATLAB (Natick, MA, USA).
The lengths of the fibers were measured as the sum of the Euclidean distances between
adjacent points (120 points for the plantar fascia, 20 points for all other ligaments). The elongation
of the fibers was normalized to the range (max-min) of lengths of each individual ligament in the
trial. The normalized elongation was filtered with an adaptive low pass Butterworth filter with a
cut-off frequency of ω1=14 and ω2= 20 Hz (Erer, 2007). This filter effectively preserves the highfrequency content during the impact event at initial contact.
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Figure S2. Proximal arch ligaments. Ligaments modelled for the one subject with
additional tracked foot bones in a medial and inferior view.
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S3 - Chapter 3

Figure S3. The plantar fascia elongation plotted against the MTPJ dorsiflexion for all
participants. The number of the participant corresponds with Figure 3-5b, thus, 1-3 are rear-foot
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strikers and 4-12 are forefoot strikers. All time points are 1% of stance, and are coded in colour
according to the vector coding paradigm.

S4 - Chapter 3
Methods S4. The Euler angles of the metatarsal relative to the calcaneus are calculated in
a YZX Tait-Bryan angle sequence. The calcaneal co-ordinate system is oriented such that the xaxis represents dorsiflexion, the y-axis represents inversion and the z-axis represents adduction,
with reference to the right foot. The x-axis is the lateral vector between the peroneal tubercle and
the sustentaculum tali of the calcaneus; the y-axis is oriented anteriorly to the vector between the
sustentaculum tali of the calcaneus and the metatarsal head; the z-axis is the mutual perpendicular,
oriented superiorly.
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Figure S4. Arch angles. (A) Arch dorsiflexion and (B) adduction angles calculated
between the calcaneus and the first metatarsal, projected into the calcaneal co-ordinate system.
The thickest line is the mean of all subjects and ±1 standard deviation is shown in the shaded curve.
The propulsive phase is highlighted between the subject average heel rise and forefoot lift points
in stance (48-87% of stance). Plantarflexion and adduction dominate the propulsive phase.
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