Abstract
Pointe shoes designed for ballet practice have been proven to cause injury at
concentrated points of pressure, leading to misalignment within the shoe. This
misalignment leads to career-threatening injury and possible cessation of dance. This
study aims to identify regions of concentrated force on the forefoot and explore force
reduction of significant areas. This culminates in the exploration of a toe box
modification that aims to reduce areas of high force concentration, thereby promoting
“correct” alignment of the metatarsals within the toe box.
The beginning iterations of this study consisted of the development of a “foot
model”, utilizing Creaform’s 3D scanning technology and VXElements to create a 3D
rendering in two different materials, polylactic acid (PLA) and thermoplastic
polyurethane (TPU). This print was used to produce feet for vertical loading simulation in
the ADMET. The pressure measurements taken in the ADMET contribute to the
characterization of areas on the forefoot that experience high force during loading.
This study offers an understanding of the pressure and subsequent alignment
factors that negatively impact dancers on pointe, affording how modifications of existing
technology can improve the alignment due to pressure in the toe box of the pointe shoe.
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CHAPTER 1: INTRODUCTION
Central to the image of the ballerina, the pointe shoe is the most recognizable part
of the ballet world. From the 14th century to present day, ballet technology has advanced
in every respect, with the glaring exception of the pointe shoe. Accessory technology
such as dance floors, toe padding, and shoe ribbons have all made strides towards
improving dancer safety and health. Dancers previously performed on hard wooden
floors, harming joints. Now, marley, a type of floor overlay, cushions the joints and
provides traction and better shock absorption. Similarly, the “old” silk ribbons are being
swapped out for high-tech polymer ribbons that claim to keep the shoe more snugly on
the foot and provide the look of a higher arch. This change was pioneered from the lack
of medial longitudinal arch support in pure silk ribbons. The aesthetic and social
connotations of ballet have changed with time, for example ballet attire. In the 14th
century, ballerinas wore floor length robes to express wealth and modesty. Now, dancers
don skin tight leotards to show off the “lines” of the legs and feet, as the body has
become the true instrument of ballet. There has been a shift in the audience of ballet,
where the elite no longer have the monopoly over ballet. Ballet has become popular and
more accessible among the masses. Ballet dance began in the French court, and was an
activity reserved for the highest nobility. As years passed, the art of ballet filtered to the
“common man”, and ballet became a part of Vaudeville, a more available platform for
non-elite members of society. Today, ballet is a much more common and accessible art
form for most members of society. Along those lines, the shift in the image of the
ballerina has also changed dramatically. Previously, the “ideal” ballerina was a
Caucasian, waif-like, extremely thin figure during the Balanchine era. The institution of
ballet came under fire for its lack of diversity and promotion of unhealthy body image
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and has since made strides in inclusivity and body image. American Ballet Theater
(ABT) welcomed the first African-American principal dancer in 2015. Throughout these
changes in ballet technology and certain aspects of aesthetic – one factor has remained
constant: the construction and use of the pointe shoe.
The stagnation of change when it comes to the pointe shoe has created a
continually punishing routine for ballet dancers. A dancer can spend up to 6 hours in
pointe classes alone, not to mention added rehearsal time. During these hours, ballerinas
dance through traumatic injury and pain; multiple dancers have reported that despite a
known pathology, they continue to take classes (Tuckman, Alan S., et al.). Foot and ankle
pathologies are the most common in professional and pre-professional ballerinas, with
tibial and metatarsal stress fractures at the top of the list (Smith, T.o., et al.). Stress
fractures occur frequently at the 2nd and 3rd metatarsals, bones with more limited mobility
but high load concentration (Sammarco, G. James). The hallux, for example, is forced
into valgus due to a combination of pressure and shoe shape (Tuckman, Alan S., et al.).
Forced valgus can lead to bunion formation, joint laxity, and joint deformity; injuries that
decrease the health of dancer’s feet exponentially. The dancer’s foot is subject to extreme
force and pressure concentrations while en pointe, placing the dancer at risk for these
pathologies and more. Landing en pointe from a height of one meter generates an impact
force of 4950 N, and a subsequent pressure upwards of 700psi (Cunningham, Bryan W.,
et al.). The compressive strength of the shoe is less than 4300 N (Cunningham, Bryan W.,
et al.). The dancer is subject to forces equivalent to the bite force of a lion (4,450 N) as
reported by National Geographic (“Crocodiles…Show.”) and pressures consistent with
the maximum pressure rating of military grade submarines at 500 m (700psi) as reported
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by the American Federation of Scientists. The impact force (and consequently pressure)
highlights the inability of the pointe shoe to protect metatarsals en pointe.
Not only is the pointe shoe unable to sufficiently protect a dancer’s foot, the
amount of time, money, and energy put into preparing the shoes for use is excessive.
Each well-fit pair of shoes costs $150-$200. For professionals, pointe shoes usually last
one stage performance before being deemed “dead”, in other words, being too soft to
provide support for the ankle. In worn-out shoes, the instance of plantarflexion and midfoot flexion is increased, which can be a contributing factor to the high instance of foot
and ankle pathologies in pointe dancers (Bickle, Celeste, et al.). In a population of pointe
dancers, the reported fatigue time for a pair of pointe shoes is 12 hours, by which a
dancer goes through approximately 10 pairs of shoes per month (Bickle, Celeste, et al.).
By this statistic, a pointe dancer would be spending anywhere from $750-$2,000 dollars
on pointe shoes every month. Pointe shoes are also a significant time commitment, as
dancers can spend hours having to modify an existing shoe into the absolute perfect shoe.
Cutting down shanks with scissors, scraping the suede bottom on gravel for traction, and
softening the toe box by slamming it in a door hinge are some examples of shoe
preparation. The time it takes to alter a shoe that should be already fit to size is
unnecessary. Despite these money, energy, and time-consuming attributes of the pointe
shoe, it is still used and highly regarded in ballet.
The technological and social advances of the institution of ballet have been
essential to the accessibility and range of the art form itself. There are many more areas
in which ballet’s advancements can be assessed, and each change is a source of
improvement in the dancer’s quality of life. As for the key component of the image and
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practice of ballet, the pointe shoe, there have been minimal if not any advancements for
improving the relationship between pointe shoe and dancer. Since the 14th century, pointe
shoe technology has remained the same – leaving dancers with deformity, injury, and an
increased risk for lifelong medical conditions.

Figure 1.1: X-ray of a dancer en pointe (left) and an x-ray of a dancer with diagnosed hallux valgus (right). We can
observe the similarity in the angle of the first MTP joint while the dancer is en pointe versus the first MTP joint angle
in the diagnosed foot. (Schneider, Harold J., Athena Y. King, Jeffrey L. Bronson, and Edward H. Miller.)

Concentrated pressure on the metatarsals places dancers at risk for fracture and
hypertrophy (Teitz, Carol C., et al.), and misalignment of the metatarsals in the toe box of
the shoe due to pressure forces the hallux and metatarsals into a verus/valgus (Tuckman,
Alan S., et al.) orientation. This continuous loading can result in permanent bone
deformities. Despite the excessive negative impact of the pointe shoe on dancer quality of
life, it somehow has remained untouched throughout 7 centuries of ballet development.
The benefits of improving the pointe shoe are paramount to changing the
relationship between shoe and dancer. Maintenance of skeletal alignment can result in
increased shoe longevity, reduced equipment cost, and reduced medical expenses for
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dancers. Working with a custom-fit component will mean less time wasted on breaking in
pointe shoes. Injury incidence over time can be less frequent as there will be a focus on
redistributing the pressures in pointe shoes that cause injury. The aim of the study is to
quantify pressure concentrations in the ballet pointe shoe at four key areas within the
toebox under an applied load simulating a dancer en pointe. Ideally, pressure should be
distributed evenly through the box of the pointe shoe. In this study, measurements were
obtained using a customized in-shoe pressure measurement system, allowing for
assessment of areas with the highest reported pressure concentration. The benefit of this
custom system creates an understanding of the relationship between the dancer’s foot and
the shoe itself, versus the relationship between the shoe and floor. By reducing pressure
in the toe box, skeletal misalignment due to pressure can also be reduced. This study
offers an understanding of the pressure and subsequent alignment factors that negatively
impact dancers on pointe and proposes potential methods for pressure attenuation at high
concentration areas.
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CHAPTER 2: LITERATURE REVIEW
2.1: Ballet & Pointe Shoe History

With its origins in the Italian Renaissance, classical ballet has earned its place as
one of the most prominent and long withstanding styles of dance. Classical ballet became
popular in the French court after the marriage of an Italian aristocrat to a French
nobleman, moving the epicenter of ballet to France. The production of Ballet comique de
la reine followed in 1581, welcoming the tradition of court ballets spearheaded by Louis
XIV. In France, ballet thrived under the establishment of two academies (Académie
Royale de Danse in 1661, Académie Royale de Musique in 1669) that later became the
Paris Opera Ballet in the 1780s. Before the transition to the pointe shoe, female dancers
wore heeled shoes. Mid-18th century dancer Marie Carmago wore the first pair of nonheeled ballet shoes. Post-French Revolution, heeled shoes were out, and flat-bottomed
shoes held in place by satin ribbons were the standard. The early foundations of the
pointe shoe, a concept first introduced by Filippo Taglioni, a prominent ballet master and
his daughter, dancer Marie Taglioni. Taglioni, said to embody key concepts of virtuosity
and Romanticism in classical ballet, appeared in La Sylphide in 1832 on shoes that made
her appear to float across the stage (“Marie Taglioni.”). She is cited as the first ballet
dancer to complete a full-length production en pointe. This early design iteration was
simple: a satin shoe reinforced around the forefoot with stitching and darning. The design
criteria at the time centered around the establishment of technique and the “ballet
aesthetic”. As classical ballet transitioned to a technically-focused artform, the use of the
“flying machine” (1795), an invention by Charles Didelot that provided wiring to help
dancers remain on the tips of their toes, became less common (“Marie Taglioni.”).
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Dancers relied on the novel pointe shoe and strong technique to hold themselves en
pointe, seeking to achieve the ethereal and floating quality Didelot’s “flying machine”
was known for. For example, the shoe was designed to promote her long leg lines and to
create the illusion of floating. Therefore, pointe shoe design criteria consisted of a tapered
toe to promote long and sleek leg lines. There is also a need for ample support to balance
on the tips of the toes, yet enough flexibility is needed in the shoe to show articulation
through the toes for technique purposes. This articulation can be visualized during the
battement tendu, French for “stretched beating”. The action of the battement tendu
requires the extension of the leg to the front, side, or back, either repeatedly or as a single
movement in which one leg is extended until the point of the foot barely touches the
ground (Batson, Glenna). A common error in performing the battement tendu is the
forcing of turnout beginning at the hips that lead to improper foot to floor interface. This
interface is characterized by “brushing” of the foot along the floor as the leg extends or
“gesturing” of the foot (Batson, Glenna), and is often used to characterize the correct
foot-floor interface as a component of proper battement tendu technique. The marriage
between key aesthetic points (small feet, long lines from hip to toe), performance criteria
(a floating, ethereal look), and design criteria produced the first iterations of the pointe
shoe.
2.2: Modern Pointe Practice
Pointe shoe design iterations retain the tapered aesthetic of the pointe shoe and
have adapted based upon dancer needs. Let’s redefine the goal of the pointe shoe from a
mechanical standpoint, “The pointe shoe is designed to distribute the weight of the dancer
across the entire forefoot” (Sataloff, Robert Thayer). This weight distribution is
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sometimes unequal, which becomes a source of high-pressure concentration and
subsequent injury. The unequal pressure distribution is described as a “gradual
concentration” on the hallux and second toe, and less pressure concentration on the lateral
toes. The mechanical action of the pointe shoe regards this pressure to be “transmitted
through the pointe shoe to the floor” (Sataloff, Robert Thayer) and much of this pressure
is the cause of bone and soft tissue misalignment and injury.
2.3: Anatomy/Muscular Action
The anatomy of the foot is comprised of twenty-six bones and thirty-four joints
that work with over 100 muscles, tendons, and ligaments to assist dancers in the loading
of weight while en pointe. The foot has seven tarsal bones, the talus, navicular, calcaneus,
cuneiform (medial, lateral, middle), and cuboid. Some tarsal bones are square in nature,
providing lateral stability and contribute to inversion and eversion of the foot. In dancers,
eversion is sometimes encouraged in the tendu (leg extended, toe pointed) position. It
creates a visually continuous leg line in arabesque positions. On the other hand, inversion
is also known as “sickling”, where the line of the leg is “broken” at the ankle. This is a
position that is not traditionally optimal for the ballet line. Anterior to the tarsals, there
are five metatarsal bones and fourteen phalanges that make up the forefoot. The
phalanges are divided into sections, proximal, middle, and distal. The anterior bones of
the foot act as levers that help the dancer push their weight onto the tips of their toes and
locomote while doing so. In conjunction with the correct muscle activation, the bones of
the foot act as levers so that the dancer may be en pointe in the first place. The relative
lengths of the metatarsals become an important consideration for the ballet dancer and
can be indicators of injury prevalence. In plantar stance, we can identify relative length of
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the toes. For example, measurement of the first metatarsal in relation to that of the second
metatarsal is what defines Morton’s foot, a pathology in which the dancer’s second
metatarsal is longer than the first (Tuckman, Alan S., et al.). The first three metatarsals
can also be of equal length, the first metatarsal can be longer than the second, or the first
two metatarsals can be of equal length and the third metatarsal is shorter than the first two
(Tuckman, Alan S., et al.). In each instance, the mechanical action of the metatarsals will
differ upon applied load. For example, a dancer with Morton’s foot is shown retracting
her second toe so that the first metatarsal contacts the bottom of the pointe shoe (Figure
2, Tuckman, Alan S., et al.).

Figure 2.2: Mold taken of a dancer en pointe with Morton's foot. En pointe, the dancer retracts her second toe and
attenuates pressure with the first toe. (Tuckman, Alan S., et al.)

The bones of the foot are extremely different from dancer to dancer, so the bones
in the foot must accommodate the extreme load placed on the forefoot during pointe.
Extreme talocrural plantar flexion is required for pointe work (Russell, Jeffrey). The total
range of motion of the ankle required under weight bearing load can be assessed using
measured dorsiflexion and plantar flexion. Total ankle range of motion is quantified by
goniometric measurement of the angle of dorsi- and plantar flexion while a dancer is en
pointe. Reported mean range of motion in the ankle (weight bearing) for dancers en
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pointe is between 109-116 degrees (Russell, Jeffrey A., et al., “Measurement of the
Extreme Ankle…Dancers.”). This is proven greater than the reported non-weight bearing
ankle range of motion of 90-98 degrees. We must note that the ROM that contributes to
the ballet aesthetic of a straight leg line is a combination of ankle, midfoot, forefoot, and
phalanges. We can quantify the ankle ROM from the goniometric measurement taken by
Russell, but for bones of the midfoot and forefoot, limited information is available.
The extrinsic and intrinsic muscles of the foot work together to support weight
and provide dorsi- and plantar flexion and as discussed earlier, inversion and eversion
allowing fine motor control for the ankle. The extrinsic muscles originate outside the
foot, hence “extrinsic”, and are grouped by anterior, posterior, and plantar. The anterior
compartment of the leg is responsible for dorsiflexion and inversion of the foot, and
contains the tibialis anterior, extensor digitorum longus, extensor hallucis longus and
fibularis tertius. Dorsiflexion and inversion are not common practice in ballet, as ballet
emphasizes plantar flexion or extension to achieve points and straight lines. The extensor
digitorum longus originates from the lateral condyle of the tibia, the anterior surface of
the fibula, and the interosseus membrane. It runs through the anterior tarsal tunnel and
inserts on the middle phalanges of toes two, three, four, and five. Extensor hallucis
longus originates on the anterior surface of the fibula and the interosseus membrane and
follows the same course through the anterior tarsal tunnel. It inserts on the distal phalanx
of the first toe. Due to the similarities in muscle course and origin and insertion points,
pathology of the extensor digitorum longus and extensor hallucis longus is rare. Both
muscles follow what is specified as a “straight course” and both muscles lack a bony
fulcrum, which makes the muscles less prone to aggravation (Hodgkins, Christopher W.,
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et al.). Some the muscles of the anterior compartment can still be activated during ballet
movements, despite the emphasis placed on plantarflexion as opposed to dorsiflexion.
During the releve en demi pointe, the dancer begins in first position with the heels
touching and rises onto the padded area underneath the metatarsal heads (also known as
the ball of the foot) while keeping the knee straight. To complete the movement, the
dancer will lower the feet to return to first position. The releve utilizes the same action,
except the dancer will come up to the tips of her toes after traveling through the balls of
the feet and return to first position. We note that for the releve, the primary mover is the
plantar flexor, but the knee extensor muscles must also activate to maintain the straight
knee during the movement. During fatigue conditions during releve en demi pointe, the
activation of the tibialis anterior was observed, reducing the effort in the knee extensor to
maintain a straight knee and reducing the effort of the plantar flexor (Lin, Chia-Wei, et
al.).
The posterior compartment of the foot provides plantarflexion, a key motion for
ballet dancers on or off pointe, since plantarflexion is the direct action of tendu, a
position in which the foot is “stretched out”. We will examine the muscles that make up
the posterior compartment of the leg that consequently make up the posterior
compartment of the foot. The superficial muscles consist of the gastrocnemius, plantaris,
and soleus. The gastrocnemius and soleus are the primary plantar flexors, and plantaris is
considered the “weaker” plantar flexor as it is significantly smaller in comparison to the
gastrocnemius and soleus (Russell, Jeffrey A, et al., 2008). Plantaris is also absent in 7%
of individuals (Russell, Jeffrey A, et al., 2008). During knee extension during releve en
demi pointe, the gastrocnemius is regarded as the prime mover (Lin, Chia-Wei, et al.) even
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though the soleus is also a plantar flexor. The soleus muscle simply has another role
during releve en demi pointe – to help maintain and stabilize the movement following
fatigue (Lin, Chia-Wei, et al.). The different functions of the gastrocnemius and soleus
muscles during this movement can also be attributed to their differences in form. The
soleus muscle has more slow-twitch oxidative fibers than the gastrocnemius. Slow-twitch
oxidative fibers do not produce as much lactate and are some of the first muscle fibers to
lose glycogen in muscle contraction, which can be cited as a reason for the increased
activity of the soleus muscle during the descent of releve en demi pointe (Lin, Chia-Wei,
et al.).
The deep muscles in the posterior leg and foot compartment consists of popliteus,
tibialis posterior, flexor digitorum longus, and flexor hallucis longus. The grand plie is
another common classical ballet movement that can be performed from any of the five
codified positions that utilizes the muscles of the deep posterior leg. The position is
defined as a “deep squat” with external leg rotation and an upright torso (Lin, Chia-Wei,
et al.). We note that in first, third, fourth, and fifth position, at the base of the squat, the
heels lift so that weight is over the ball of the foot. In second position, the foot remains on
the floor. The grande plie can be divided into three fundamental phases. First, the dancer
begins descent by initiation at the pelvis (lowering) to then enter a deep squat at the
lowest position of the pelvis and be able to sustain this squat (equilibrium). The grand
plie is completed once the dancer rises back to the original height of the pelvis in
standing position (rising). The movement combines extreme postural control and lower
extremity muscle strength. During grand plie execution, the tibialis posterior along with
the peroneus and the anterior tibialis controls anteroposterior foot balance. During a loss
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of balance in grand plie the tibialis posterior contracts, pulling the navicular inferiorly
and medially. This creates medial and posterior shear forces on the talonavicular and
subtalar joints which can create small displacements (subluxation) between the calcaneus,
talus, and navicular bones. (Lin, Chia-Wei, et al.). The deep flexors, flexor hallucis
longus (FHL) and flexor digitorum longus (FDL) are toe flexors that contribute to plantar
flexion as well (Russell, Jeffrey A, et al., 2008). and are at risk for overstress and injury
incidence. Muscles that cross the ankle and MTP joints (FHL and FDL) work 2.5 to 3
times harder than those crossing only the ankle joint in a dancer going from flat fee to en
pointe (Kadel, Nancy, et al.). FHL overstress also becomes an issue when dancers force
turnout (Macintyre, Jim, and Elizabeth Joy.). Turnout is the external rotation of the hip
and leg that is essential for most ballet movements and is often forced from the floor
upward rather than initiating turnout from the hips down. Forced turnout results in excess
pronation in the feet, increased tibial torsion, valgus knee stress, which leads to
predisposition of overuse injury (Macintyre, Jim, and Elizabeth Joy.). Excess pronation
makes it difficult for the dancer to resupinate the foot and come back en pointe,
overstressing and potentially damaging the FHL (Macintyre, Jim, and Elizabeth Joy.).
Muscles in the lateral compartment of the leg assist with eversion. Eversion is
extremely important for balancing en pointe, as the balance between eversion and
inversion define a dancer’s central axis of balance and is crucial in attaining the long
lines characteristic to ballet. In rehabilitation practices, eversion resistance exercises are
emphasized to strengthen the peroneal muscles of the foot. The lateral muscles involved
in eversion must be able to support the ankle to prevent lateral ankle fracture (Malone,
Terry R). Eversion resistance exercise is often performed in dorsiflexion, which simulates
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the releve position in which everting muscles can act as a dynamic backup for the lateral
ligamentous structure. There is limited information regarding the pathology and use of
intrinsic muscles in the classical ballet literature, but related literature outlines the
importance of the intrinsic muscles for foot function and health. EMG based studies show
that plantar intrinsic foot activity is consistent primarily during running (Mckeon, Patrick
O, et al.). The intrinsic muscles can be divided into dorsal and plantar aspects. The dorsal
aspect contains two muscles, extensor digitorum brevis and extensor hallucis brevis, that
are responsible for helping activate extrinsic muscles. There is evidence that upon
increased load during walking, the intrinsic muscles are called upon to help attenuate load
and augment flexor function of the medial longitudinal arch (Mckeon, Patrick O, et al.).
The plantar aspect contains ten muscles that help fine motor control, encompassing
control of each individual digit and stabilization of the arches. Deep to the plantar fascia
lie the abductor hallucis, flexor digitorum brevis, and abductor digiti minimi. The second
layer consists of the quadratus plantae and the lumbricals. The third layer consists of
flexor hallucis brevis, adductor hallucis, flexor digiti minimi brevis. The fourth layer
consists of the plantar and dorsal interossei. A dancer’s foot in plantar flexion creates the
aesthetically correct “point”, and any deviation of the foot medially during plantar flexion
produces what is known as a “sickled” foot. The intrinsic muscle that helps prevent
medial deviation during plantar flexion is flexor hallucis brevis, which works with
gastrocnemius, peroneus longus and brevis, tibialis, and flexor hallucis longus (Lee,
Hsing-Hsan, et al.). In normal gait activity, mid-stance and forward shifting of weight
while standing activates intrinsic muscles (Lee, Hsing-Hsan, et al.). For pointe dancers,
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this forward shift of weight is key in going from standing to en pointe for movements
such as releve.
It is also noted that a flattened or fallen arch has little intrinsic muscle activity
based on gait studies. The foot is comprised of the longitudinal (lateral and medial) and
anterior transverse arches. Mechanically, the spring action of the arch absorbs shock and
bears load from locomotion. Comprehensive arch stabilization is extremely important to
the pointe dancer, since articulation of the foot is best achieved through strong arches.
This observation is founded in the mechanical analogy that the arch acts as a spring.
Based on mechanical force analysis using an applied load on the calcaneus under a
sinusoidal (up and down) actuator operating at 2.2 Hz, the foot can store strain energy
and return it as elastic recoil (Ker, R. F., et al.). This contributes to the idea that the arch
acts as a spring for the dancer, storing and releasing energy. When a dancer must have
strong yet flexible arches, this is analogous to finding the right spring. It must provide
enough elasticity to recoil but enough strength to support the potential energy it holds.
From the repeated pressure placed on the floor, intrinsic muscles are strengthened, and
control of the foot is better achieved.
For this study, the anatomy of the forefoot will be the most pertinent. We will
focus on the metatarsal bones and phalanges (the toes) and their respective ligaments.
Based on documentation by Moller, we can define two axes for motion on the forefoot as
shown in Figure 3.
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Figure 2.3: A is the advanced axis, level B shows transverse and oblique axis, and C is the transverse axis of the ankle.
(Bojsen-Moller, Finn)

As the forefoot is separated from the midfoot by the metatarsophalangeal joints, we can
also define a transverse axis and oblique axis at the joints. A transverse axis is drawn
through the MTP joints of the first and second toe. An oblique axis is drawn through the
third, fourth, and fifth MTP joints of the toe. We use these axes to help define the motion
of a dancer getting into the pointe position. The axis for movement must pass through
either the transverse or oblique axis (Bojsen-Moller, Finn.). As the dancer removes her
heel from the ground, equal load shared between the five phalanges ceases, and load is
unequally distributed in the forefoot. Through the transverse axis, load is removed from
the fifth, fourth, and third phalanges, respectively. Through the oblique axis, the load on
the first toe will be removed. Push-off, in an ideal case, begins at heel, moves to the
lateral part of the ball of the foot, the medial part of the ball of the foot, and to the hallux.
Once the dancer is en pointe, load is redistributed onto the tips of the phalanges and
metatarsal bones. This redistribution will be the focus for this study, as several factors
impact the ability for the dancer to properly redistribute load evenly.
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2.4: Anatomy of the Pointe Shoe
The pointe shoe helps create the perfect ballet line. It is comprised of several
unique compartments, such as the box, vamp, and shank, that made up the basic support
structure of the shoe.

Figure 2.4: Pointe shoe labeled to specify the box, box platform, shank, vamp, throat, drawstring, ribbons, and elastic.

The inner compartments of the shoe are wrapped in a cotton backed cloth called corset
satin that provides low friction but sufficient grip on the floor. The dancer can adjust this
level of grip by using a common household grater to grate down the external satin lining
to expose the cotton backing, as the cotton provides a higher level of friction than satin.
This is supported by the literature, as the average measured coefficient of kinetic friction
for satin pointe shoes on hardwood floor is reported at 0.282 (Clifton, Glenna), and for
medium-weave cotton, a reported 0.65 (Picon, Andreza P). The manufacturing of a pointe
shoe follows the turnshoe process. They are created inside out on a common last, a
mechanical form that is supposed to resemble a human foot. For pointe shoes, the lasts
are not sided specifying a right or left foot, hence the term “common last”. The shoe is
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assembled layer by layer, and then turned right side out upon completion. We will
examine the anatomy of the pointe shoe and its role in developing injury in dancers.
The square area of the pointe shoe is the box that surrounds the phalanges of the
foot. It acts as a case for the toes while the dancer is up on pointe. The area that the
dancer stands upon is called the platform. The box is truly conical in nature, and is made
up of several layers of burlap, cardboard, or paper (depending on the manufacturer’s
preference). These layers are saturated with wet glue that provides stiffness to the toe box
after hardening. Limited information regarding the chemical composition of glue used is
available, as is varies with each shoe manufacturer and is often proprietary information.
Before use, dancers will often break in the box of the shoe by stepping on it or by
applying pressure to the box by hand. With pressure from the continuous loading of the
body weight and concentrated heat from the foot after already being broken in, the glue
used breaks down, and the toe box loses hardness and becomes unsupportive. When
shoes reach this point, defined as 108-144 training hours in Amasy & Aquino’s study, the
shoe is deemed “dead”. The difference in “dead” shoes and “new” shoes can impact a
dancer’s ability to perform efficiently. In this case, there is increased muscle activity
from the tibialis anterior and increased postural sway (Aquino, Jessica, et al.), which
illustrates the increased workload when a dancer uses an unsupportive shoe versus a
newer shoe. There is an increased risk for the platform to not support the full weight of
the dancer. Acute strain becomes more likely in the interphalangeal joint of the hallux for
dancers using a weakened toe box (Sataloff, Robert Thayer). Long lasting rigidity of the
toe box is essential for injury prevention, even though the toe box itself can lend to many
alignment issues, such as crossing over of the toes and hammertoe deformity.
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A key component of the toe box, the “vamp”, causes alignment issues if not sized
properly. It acts as a wall for the dorsal lateral arch of the foot, leaving the dorsal medial
arch untouched. The vamp is comprised of a thicker layer of corset satin. If the vamp is
too long, the medial arch could remain in anatomical position and not push slightly
forward as technically required. When the arch is pushed back to anatomical position, the
dancer is not able to use the posterior muscles of the foot and achieve proper pointe
technique. If the vamp is too short, the foot will overarch and could add stress. In Figure
5 we show manufacturer recommendations for choosing a vamp length.

Figure 2.5: Graphic from Russian Pointe, shoe manufacturers that offer customizable vamps. They make
recommendations based on dancer pathology. We note that the manufacturer does not give a defined metric for "short,
medium, and high" toe length. (“Shank Guide.”)

Figure 2.6: Russian Pointe Almaz model depicting a v-cut vamp (left), and u-cut vamp (right). The manufacturer
claims that differences in cut offer specific benefits depending on the dancer's anatomy. (“Shank Guide.”)

Known as the “spine” of the shoe, the shank is responsible for support of the
posterior foot en pointe. It is considered the inner sole of the shoe and is frequently nailed
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or adhered to the outer sole (Capezio, Salvatore). The shank is traditionally comprised of
leather or cardboard, but shoe manufacturers are gradually experimenting with different
materials to maintain optimal stiffness. For example, shoe manufacturers Capezio have
begun using fiber board or combined fiber board and leather for their shank. Fiber board
is a wood composite made from waste products ground into a pulp. This pulp is then
processed using methods such as hot press molding and then dried for use. Color
designation helps manufacturers identify the correct density, weight, and function of the
board used. Capezio highlights the use of red fiber board, but in shoes such as the Kylee,
orange fiber board is used at the tongue of the shoe. The exact fiber board specifications
for Capezio are proprietary but based on findings from fiber board insole manufacturer
TEXON, gauge size can range from 0.6mm-2mm and the material is supplied in boards
that can be cut to manufacturer specifications (“Materials User Guide.”). Often,
manufacturers use this information to grade shank stiffness, so dancers may be able to
choose their desired level of hardness based on applied force and the amount of
deformation the dancer prefers while en pointe. For example, dancers with more muscle
strength can fatigue the shank material, so a stronger shank would be required for the
dancer to maintain the optimal material deformation while dancing. Specific shank
stiffness varies from manufacturer to manufacturer; however, the shank is usually graded
from “hard” to “soft”, with a defined “standard” shank. Russian Pointe and Capezio are
two manufacturers with more detailed information regarding shank stiffness, but even
then, there is limited quantitative data to support either manufacturer’s claims. Russian
Pointe shanks are comprised of two layers, one full length, and another shorter layer
around the ball of the foot. The shank is graded “standard” or “flexible”, with no
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quantitative evidence to support claims like “more flexibility through demi-pointe” or
“maximum support for high impact movements”. Capezio stock shank stiffness varies
from #1, described as light support, to #7.5, described as maximum support (Capezio).
Capezio shanks may also be “skived” or shaved down to provide flexibility at the hell or
ball of the foot. Shank stiffness is one of the more accessible customizations for pointe
dancers, as fully customizable shoes are not a readily available option for the “everyday”
dancer. Typically, customizable shoes are available for only the most elite dancers.
Despite the increased variability when choosing shank stiffness, dancers still try to
“break” the shank of the shoe by bending the shoe at the midpoint, cut the shanks down
to half, quarter, or a third of their original length, or rip the shank out altogether.
Pointe shoe elements such as the box, vamp, and shank are starting points for
innovation; these components make up a ballet shoe that has not changed much since the
16th century. Limited customization is available, but despite this, dancers still take the
time to break in their shoes even after wearing shoes as close to their personal
specifications as possible. For this study, we will examine the interactions of these three
components and place a focus on the toe box. At the toe box, pressure is concentrated and
therefore an optimal location to re-evaluate pressure distribution to create safer
technology for dancers. This potentially could allow for increased adaptability of the toe
box to the dancer’s foot and a reduced need for excessive and potentially damaging
“breaking-in” techniques.
2.5: Accessory Technology
The experience the dancer has en pointe is shaped by the pointe shoe itself,
however the shoe is one of multiple factors than can alter a dancer’s experience en pointe.
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To better understand the impact of the pointe shoe, we will examine “accessory
technology”, defined as factors that contribute to the dancer’s experience en pointe. The
flooring, in-shoe inserts, orthotics, ribbons, and elastic fall into this category. Accessory
technology contributes to the safety and synergy of the dancer’s experience, as this
technology must work in harmony with the pointe shoe to ensure an optimal experience
en pointe.
Where the pointe shoe meets the ground helps develop the dancer’s experience en
pointe. The ballet floor has evolved over the years to consider safety and joint protection.
Traditional ballet floors are made of finished maple or oak hardwood pallets, but dancers
also performed on concrete and linoleum (Sataloff, Robert Thayer). The optimal flooring
utilizes hardwood, inspired by ideas from the early days of ballet. The update is the
method by which the floor is installed. Flooring is traditionally built anchored to a
“second floor” or “subfloor”, a piece below the hardwood platform. There can be
multiple layers below the hardwood layer that provide varying levels of cushion,
stiffness, and support.

Figure 2.7: StageStep Solutions' "Encore" floor system. The system uses plywood as the "second floor", but also
includes a cushion and support layer. (“Encore Hardwood Dance Floors.”)

The optimal floor is one anchored to the sides of the walls, creating a spring effect. This
type of flooring, called “sprung floors” absorbs the reactive forces between the foot and
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the floor. Flooring done using a “second floor” is too rigid and forces the body to absorb
the reactive forces that are otherwise absorbed in a sprung floor.

Figure 2.8: Harlequin's Liberty sprung flooring system. It is comprised of a "lattice" of elastomer blocks, a composite
board with pivot joints in place, and a maple veneer surface. The performance vinyl or "marley" is an optional add-on.
This flooring has an average shock absorption of 67%, an area deformation of 12.8%, vertical deformation of 4.1mm,
and a rolling load of >1500N.(“Heavy Duty Marley Dance Flooring | Harlequin Cascade.”)

The switch to sprung flooring is beneficial for the modern pointe dancer’s joints and
muscles, absorbing shock on the joints, thereby preserving the longevity of the dancer.
By ANSI E1.6 Standard, acceptable shock absorption will be between 45% and 60%
measured using a drop weight and force detection system. Harlequin’s Liberty sprung
floors boast an average shock absorption of 67%. Another innovation in flooring
technology, “marley”, a semi-permanent sheet vinyl, is engineered so that multiple layers
provide different levels of support and function for ballet.
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Figure 2.9: Harlequin flooring's Cascade brand (left) and Allegro brand (right). The different layers that comprise
each brand differ depending on studio needs and dancer preference. (“Heavy Duty Marley Dance Flooring | Harlequin
Cascade.”; “Marley Vinyl Rollout Dance Floor | Harlequin Allegro.”)

Marley is comprised of a UV resistant top layer, to avoid vinyl degradation. The top layer
is often slip-resistant, as this is where pointe shoes immediately contact the floor. The
next layer(s) can be made of woven mineral fibers that provides elasticity. The bottom
layer can also be made of foamed vinyl, which provides softness for the dancer en pointe.
There is limited research about the impact of flooring on dancer biomechanics, however
one study was conducted examining the stiffness of the lower extremity while the dancer
performed a simple jump. Non-sprung (high-stiffness floor) and sprung (low-stiffness
floor) floors were tested and lower extremity stiffness was much greater on the sprung
floor (Haight, Derek J., et al.). This suggests that the shift toward sprung flooring is
beneficial for dancers, as the floor absorbs more of the impact, there is less of need for
the dancer’s lower extremity to do so. The creation and implementation of layered marley
floors preserves the wellness of the dancer and affected joints, as well as provides a safer,
more optimal surface for pointe.
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Ribbons in pointe are considered aesthetic fixtures of the pointe shoe. Traditional
ribbons are fashioned from 100% satin and are about 7/8 inch to 1 inch wide. It can be
single or double faced, meaning either one or both sides of the ribbon have a glossy
surface. The length of the ribbon is up to the dancer, on average ribbons are about 22
inches from the medial arch to the free end of the ribbon.

Figure 2.10: This graphic (right) from Bloch, a pointe shoe manufacturer, shows the optimal location to sew ribbons
onto the pointe shoe. This placement is universal for most pointe shoes, as we can see in the graphic from manufacturer
Russian Pointe(left) that the placement of the ribbons is the same. (“Sewing Ribbon onto Ballet Shoes.”; “Sewing
Pointe Shoe Ribbons.”)

Ribbon width, length, and type are based highly on dancer preference, but the goal of
sewing ribbons to the shoe is to provide conformity of the shoe to the foot. Manufacturers
have made attempts to not only accomplish this goal, but also create more beneficial
ribbons that claim to help with an array of dancer ailments. For example, Capezio has
developed the Flexers brand of ribbon (a satin-elastic blend) that claims to alleviate
pressure that causes tendonitis (Capezio). The manufacturer does not specify what kind
of tendonitis, but we can infer from ribbon placement Achilles tendonitis is referenced.
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Figure 2.11: The recommended method by manufacturer Gaynor Minden of tying pointe shoe ribbons. It begins by
placing the foot flat on the floor and wrapping the inside ribbon across dorsal aspect of the arch and around the ankle
(left). The process is repeated with the outer ribbon in the next image (middle). Gaynor Minden cautions dancers to
then tie the ribbon between the ankle bone and Achilles tendon, never directly on the tendon (right). Dancers will knot
the ribbons together and tuck the ribbons in to prevent lose ribbons. (“Sewing Ribbons.”)

Manufacturers suggest that they can decrease pressure on the Achilles tendon when the
shoe is tied to the foot, so that tendon irritation does not occur. This phenomenon is rare
but can have detrimental impacts on a dancer’s performance. In one professional
company the Achilles tendon saw the highest injury incidence over a performance season
(Klemp, P., and I. D. Learmonth). Out of the 14 injuries, 8 were severe and required
surgical intervention (Klemp, P., and I. D. Learmonth). Elastic wrap-arounds are also an
innovation on the old version of the pointe shoe. The “elastics” as they are referred to by
dancers were developed to keep the heel of the shoe securely on the dancer’s foot. These
elastics are 25-28 inches long for a pair of shoes and sewn either with a single strap
across the dorsal aspect of the arch or with a double strap crossed over the top of the
dorsal arch. Ribbons and elastics are both important accessory technologies, as dancers
benefit from a properly fit shoe.
Shifting our focus to the toe box of the pointe shoe, toe pads are a key
development in preserving the longevity of the pointe shoe. Toe pads are soft inserts that
are worn directly covering the toes and the length of the vamp. The original toe pad was
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designed by Capezio, affectionately titled the “Ouch Pouch”. The ouch pouch is made
from two layers of fabric and a gel layer in between, protecting bunions and padding the
ball of the foot, and toes. Before the ouch pouch, dancers would line their feet with
lamb’s wool, as lamb’s wool relieves pressure in the foot (Sataloff, Robert Thayer).

Figure 2.12: Pillows for Pointe's variations on lamb's wool for pointe practice. On the left is an example of loose wool
that must be aligned in the shoe by the dancer. On the right, we see an insert fashioned out of lamb's wool.

Lamb’s wool presents an array of issues – dancers must pull wool from a spool and align
the wool in the shoe themselves, wool collects sweat and must be changed regularly, and
flattens after one use due to pressure. From these shortcomings, the “ouch pouch” was
born.

Figure 2.13: The Bunheads brand "Ouch Pouch" (left) has become a staple for the pointe dancer. The "Ouch Pouch" is
placed on the foot or over the tights (right) before the pointe shoe is secured to the foot.
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These inserts changed the way dancers align support to the feet, as these inserts come
pre-cut based on shoe size, providing the same support along the entire toe box profile;
preventing the uneven distribution of lamb’s wool around the toe box. The shift from
lamb’s wool to “ouch pouches” marks a significant change in dancer technology with the
main purpose of keeping dancers safe.
Recent developments in shoe technology have provided dancers with the option to
use localized inserts to prevent corn/callus formation. Corns are patches of hardened,
dead skin with a small patch of “living skin” in the middle. They appear frequently across
the proximal interphalangeal joints, between the toes, and at the 5th metatarsal head
(Sammarco, G. James). Calluses are completely hardened patches of skin formed from
continuous friction. The development of localized inserts has been made to address these
conditions. U-shaped inserts are about 5mm thick and the base of the u is placed distal to
the corns (Sataloff, Robert Thayer).

Figure 2.14: Briggs-Stein’s non-adhesive u-shaped corn pads made from latex rubber.

These pads are often made of rubber to prevent further friction and maintain proper
placement. Another type of localized inserts is Gaynor Minden’s “Dancer Dots”, small
circular dots made from deionized water and polyethylene oxide.
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Figure 2.15: Gaynor Minden's Dancers' Dots. The manufacturer claims these hydrogel dots can reduce pressure and
irritation and protect against blisters.

In examining the advances of accessory technology to the pointe shoe that is
redesigned with dancer safety in mind, the advancements made to the pointe shoe itself
are scarce. If technology around the pointe shoe can change, why can’t the shoe itself
change?
2.6: Current Practice for Dancers on Pointe
The number of hours en pointe depends greatly on the dancer. For example,
professional dancers can be expected to train up to five or six hours a day and rehearse
three to four hours after that. The dancer can follow this schedule up to six days a week,
accruing 60 hours of dance time per week. For female professional dancers, most of this
training is spent en pointe. For a recreational dancer, these hours en pointe can vary
depending on the level and readiness of the dancer.
The expected career length for any professional dancer is extremely short. With
these grueling hours, the body cannot withstand a lifetime career. Dancers are usually
scouted by professional companies at age fifteen to eighteen, moving from
apprenticeship, to trainee, to soloist, and finally professional member. This takes
approximately four years, and a dancer can become a professional at age 18-21.
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Depending on body type, training, medical support, and lifestyle, a dancer’s career lasts
anywhere from 5-15 years. Dancers frequently retire at ages 28-31 due to injury, turnover
rate (the rate at which the company is hiring/replacing upper level dancers), or lifestyle
changes.
The expenses dancers and dance companies accrue due to pointe shoes alone is
exorbitant. A pair of pointe shoes averages $50-$120. Based on data from the New York
City Ballet, professional company members can go through a singular pair of shoes per
performance, plus two to three pairs while training (“NYCB ‘Pointe Shoes.’”). NYCB
provides company members with new $67.50 pairs of shoes every day. The company will
spend a half of a million dollars on shoes annually alone. For professional dancers, this
bill is covered by the company they are signed with. For recreational dancers, this bill
comes out of pocket. It is for this reason many dancers will do their best to make the shoe
last for as long as possible - risking injury by dancing on an unsupportive shoe for as long
as possible.
2.7: Pressure Related Injuries
While on pointe, pressure concentrations in the shoe can be detrimental to the
longevity and podiatric health of the dancer. Stress in the toe box of the pointe shoe can
lead to specific injury in joints, such as hallux rigidus or arthritis. In a study by Dr. Carol
Teitz, the relative pressures on first and second toes and the first metatarsal-phalangeal
joint (MTP joint) were measured to assess specific areas of concentrated pressure (Teitz,
Carol C., et al.). Calculated percent pressure change on the MTP joint during eversion
and percent pressure change on the second toe using a foam cap for bunion protection
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concluded that the first ray always bore the most pressure, and that releve (standing
straight up on the toes) done in eversion increased MTP joint pressures. The average
pressure on the MTP joint during releve is 0.49 MPa, and when done in eversion the
average pressure increases to 0.62 MPa. An unsafe total pressure, as per Dr. Teitz’s
study, constitutes an average absolute pressure on the toe box of 220 psi. The area of
contact between the shoe and the floor is about 4cm^2 (Sataloff, Robert Thayer). Over 4
cm squared, the concentration of 220 psi can be detrimental to the dancer en pointe.
An extremely common and irritating pressure-related injury, bunions, are caused
by pressure deformation in the pointe shoe. Mechanically, the forces in the box of the
pointe shoe hold the metatarsal heads of the foot together, forcing the hallux into valgus
(Sataloff, Robert Thayer).

Figure 2.16: X-ray of subject with hallux valgus in the first MTP joint. Subject also exhibits a "bunionette" over the
fifth MTP joint. (Padhraig F. O'Loughlin)

This means that the pressure on the big toe is too great, and the toe must change
conformation to withstand this pressure placed in it. The lateral toes (toes 3-5) adduct,
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and weight is distributed over the second and third toe. The medial aspect of the
interphalangeal joint of the second toe experiences a great deal of pain from the change in
conformation of the big toe. Dancers also experience dynamic positional hallux valgus,
which is described as valgus that changes with foot position and load impacting the MTP
and ITP joints (Tuckman, Alan S., et al.). For the observed dancers in normal plantar
stance, there is not a clinically significant hallux valgus, but under the pressure of pointe,
there is identifiable hallux valgus of approximately 20 degrees. These deforming forces
also cause hammertoe, in which excessive pressure forcibly “shortens” the toes by
extending the MTP joints and shortening the ITP joints. Specifically, the proximal
interphalangeal joint is in flexion and the distal interphalangeal joint is in hyperextension
(Tuckman, Alan S., et al.). Pressure concentrations cause detrimental deformity to the
joints of the foot in the toe box, outlining a need for better management of pressure in the
pointe shoe.
Hallux rigidus is another pressure-dependent injury common in dancers en pointe.
It is considered an osteoarthritic condition of the first MTP joint and hastens the onset of
arthritis. Hallux rigidus prevents flexion and extension of the big toe. In dancers, early
onset of this degenerative disease can be attributed to increased loads crossing the
halluceal metatarsophalangeal joint (Sataloff, Robert Thayer). While dancers are on
pointe, they are subject to these abnormal loads at a much higher rate than the average
human being. This is supported by Dr. Teitz’s study, in which we note that the first ray
bears the most pressure the dancer experiences en pointe. Even standing on demi-pointe
increases the load over the halluceal MTP joint. In extreme cases, osteophyte formation
(bony protrusions at the site of degradation) contribute to loss of range of motion. In
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understanding hallux rigidus, we note that pressure is the immediate cause of the change
in bone tissue. This excessive pressure leads to the loss of a full range of motion, and for
a dancer, this can be career-ending.
2.8: Alignment Related Injury
Misalignment is a contributing factor to the high incidence of injury found in
dancers en pointe. Frequently, alignment injuries stem from high pressure concentrations
forcing the toes into positions that deviate significantly from anatomical position. In the
pointe shoe, the metatarsal heads are forced together, already skewing the linear
alignment of the toes. In a study by Dr. Alan S. Tuckman, three common positions of the
forefoot were determined using a mold process while dancers were en pointe. Tuckman
found that frequently, the three medial toes do not cross, the third toe crosses behind the
second, and the hallux crosses partially in front of the second toe. This contributes to
abnormal angulation of forces in the first MTP and ITP joints, increasing load on the
medial collateral ligaments. This deviation from normal alignment also produced
deformity in the toenails. Obtaining the correct alignment can be done surgically, with
recovery time anywhere from 3-6 months. These surgeries entail shortening or stiffening
of the toes, which can result in permanent loss of motion and increased pain.
The Lisfranc fracture is a common alignment-related injury in pointe dancers. The
Lisfranc refers to the ligament between the medial cuneiform and second metatarsal.
When torn, this ligament displaces the bones of the foot. Depending on the size of the
tear, misalignment can be severe (from subtle misalignment to complete displacement).
In dancers, there are certain “hot spots” that are prone to misalignment, such as the base
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of the metatarsal and adjacent tarsal bones. Pointe dancers are at risk at these hot spots
and at the Lisfranc joint, the joint at the proximal end of the second metatarsal. As the
dancer goes on pointe, the head of the second metatarsal at the proximal end locks into
place, creating rigidity in the socket. This rigidity can cause fracture and ultimately
misalignment.
2.9: Pressure & Alignment Injuries
In examining common injuries caused by pressure and alignment, it is essential to
note that nothing has been done to dynamically alter the course of injury mechanisms
with respect to the pointe shoe. We noted that accessory technology has changed to
accommodate safer pointe practices, but the shoe itself has not. Dancers undergo physical
therapy, stretch, and ice frequently to prevent long term impacts of these injuries but the
instrument of injury, the pointe shoe, has not changed. Dancers resort to in-shoe inserts
and surgery to save their feet from the archaic design of the pointe shoe.
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CHAPTER 3: METHODOLOGY
3.1: Development of Foot Model
The foot model for this protocol was developed using CREAFORM 3D scanning
technology and a dancer’s foot (Creaform Inc). The dancer used in this model has danced
for 18 years, specifically performing en pointe for 12 years. The foot is scanned in a
relaxed position, as pre-loading conditions of the foot replicate the natural alignment of
the foot. The subject was positioned with one foot hanging off the edge of a table to
provide ample space for the scanner to move around the foot. The subject’s foot was
rubbed with rubbing alcohol to remove natural oils and to sanitize the foot for aiding and
improving adhesion of positioning targets. Positioning targets were then applied to the
subject’s foot in a pattern that would allow the scanner to see markers from multiple
orientations. The scanner was then positioned at the foot and scanning began by holding
down the trigger and allowing the scanner to pick up on the positioning targets. The
scanner was linked to VXElements modeling software that allowed real time rendering of
the scanned foot.
From the scan, the mesh was created in VXModel and then edited to smooth out
the surface of the part by adding triangles to make the mesh more complex and pick up
on details of the scan. The mesh was also edited to fill in holes from areas where the
scanner may have failed to record the subject’s foot. The mesh was then cut to about midarch, as testing only applies to the forefoot of the dancer in the shoe. The mesh was made
watertight, so that the exported .stl file will be solid and have infill that can be altered in
Cura. After areas on the scan that may have picked up the table or were simply mistakes
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were removed, the file was ready to be saved as a .stl. The .stl file is then loaded as a
model file in Cura. The foot model was scaled to a size 7 and 7.5, as the original foot
model is a street shoe size of 7. The scale factor used was 0.58 of the original scale, with
the dimensions locked. After scaling the model, it was rotated so that the cut plane at the
mid arch was on the printing bed. This ensured that the print had a minimal amount of
support structures, which would damage the integrity of the print and therefore the foot
positive.

Figure 3.17: Cura rendering (left) and Slic3r rendering (right) both scaled to a size seven. The Cura rendering is
printed in PLA, and the Slic3r rendering is printed in TPU.

The model file was saved as a .gcode on an SD card for printing. This same
process is followed in Slic3r, a rendering program utilized for printing a TPU
(thermoplastic polyurethane) foot form in the Prusa i3 MK3s 3D printer. Both .gcodes are
loaded into their respective printer and the print process begins.
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Figure 3.18: Taz 5 with a 0.5mm nozzle prints the PLA foot scaled to a size seven. Note the brim at the base of the print
for support. This was removed later and the surface sanded.

3.2: Custom Force Sensor System
To accomplish our sensor set-up, we will introduce the I2C protocol, short for
“Inter-Integrated Circuit”. The I2C protocol was developed by Philips Semiconductors to
allow multiple components on the same board to communicate effectively. It allows for
multiple masters to communicate with multiple slaves and vice versa. For our application,
it was favorable to use an I2C protocol as we can have a single master controlling
multiple slaves. We can log data from multiple slave units (in this case, our slave units
are pressure sensors) to a single memory card. UART protocol, a related protocol, does
not support multi-master or multi-slave set up. I2C protocol also has an ACK bit that
acknowledges successful data transfer. Similar protocols, such as SPI, do not have this.
Between the master and slave, there are two established bidirectional memory
lines, the serial data line (SDA) and the serial clock line (SCL). Both need to be pulled up
with a resistor to +Vcc. The SDA line is for the master and slave to send and receive data,
and the SCL line carries the clock signal. The master unit is responsible for initializing a
data transfer on the bus and initializes the clock signal to permit that transfer. I2C
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protocol specifies an 8-bit transfer, where each slave device is assigned a unique 7-bit
identifier to send information along the bus. The outstanding bit specifies reading from or
writing to the device. If the bit is set to 1, the master device will read from the slave
device.
Arbitration
Arbitration helps differentiate between two master signals should there be two
master signals sent at the same time. This is common practice for multi-master signals, as
the master acts on the SDA line while the SCL signal is high. The master will check if the
generated signal matches the signal on the SDA bus. If the generated signal doesn’t
match, the master will lose arbitration and the I2C protocol will continue with the
winning master.
I2C Protocol
I2C was initiated by the master device’s generation of the start condition, which is
sent to each slave device. The master switches the SDA line from high voltage to low
voltage before switching the SCL line from high to low. The master sent each slave the 7bit communication address along with a read/write condition. The slave that matches the
7-bit address will pull the SDA line low for one bit, and the slave that does not match will
leave the SDA line high. The master will then send or receive the data frame, and to
conclude the data transfer, the receiving device will send an ACK or acknowledge bit to
the sender. The acknowledgement bit prompts the master to send the stop condition to the
slave by switching the SCL line high before switching the SDA line high.
System Specifications
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The I2C protocol was adapted for use in this set-up to gather pressure data from
multiple pressure sensors. The Arduino R3 was used as the master device, and three
Arduino Nano units plus one Arduino R3 were our four slave microcontrollers.

Figure 3.19: I2C Configuration hardware utilized. The master controller (Arduino Uno, top) communicates with a
laptop for data collection and communicates with slaves #3-6, labeled in diagram. Each slave’s unique address is
specified in the drawing. This is the address the master uses to recognize each unique slave device.

Our developed code in Appendices E and F was uploaded to the master and slave
devices, respectively. Both scripts call the Arduino Wire.h library that is configured for
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I2C communication. The master code master_reader is configured to read data from each
slave. We were careful to give each component a unique address so that the
master_reader file can cycle through each slave and data transfer may occur. These
unique addresses are also identified on the corresponding board, microcontroller, and
sensor. We specified four unique FlexiForce pressure sensors with this set up. The circuit
was set up so that the SDA and SCL lines are pulled up using resistors of 10k to +Vcc.
Pull up resistors are specified by I2C protocol. The master unit runs four wires, +5V,
GND (ground), A4 (SDA) and A5 (SCL) to the slave units. A4 and A5 on the Arduino
Uno are specified as two-wire interface (TWI) communication pins that support I2C
interface. A4 and A5 run to each slave unit and supply the sensor data to the master,
which reads out the data on the serial monitor in the Arduino IDE.
A4 and A5 are wired in a “bus” network as recommended by I2C protocol and
proven in practice. The circuit was tested with a “star-bus” network by which star
networks are connected by a single bus line. In this test, the master controller ran clock
lines to slave #3 and #6. From slave #6, clock lines ran to slaves #4 and #5. This
connection allowed readout on the monitor, but connection is not as reliable and
adaptable as a bus network. In the bus network the master controller runs clock lines to
slave #3, who then runs its clock lines to slave #6, to #4 and finally #5. This network
creates a more reliable readout with limited noise and makes it incredibly easy to add,
subtract, or swap any component of the system.
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Achieving Optimal Sensitivity
The sensor circuit itself utilizes voltage division that was calibrated to achieve
optimal sensitivity for this study. After identifying a representative range of weight based
on the literature, we map this range to our divider, and resistance is adjusted for each
sensor to achieve the correct range based on a reference weight. The range we’ve
identified is 85-101kg, which is 833.56N-1000N. The circuit is originally set up using
three 1Mega ohm resistors per sensor based on the datasheet of the sensor (Appendix B).
The maximum measured

value, the value given by our Arduino IDE, is 1023. We

compare this value to our reference weight of 18N to calculate

to get the correct ratio

for the given range. We use the voltage division equation to calculate
and consequently, we get our optimized

Board 4
Board 5
Board 6
Board 3
Average
Values

Calculated
Calculated
for 18
N force
(V)
(V)
3.853
6.94E-02
3.75
6.75E-02
4.22
7.60E-02
4.68
8.42E-02
4.13E+00

7.43E-02

relative to

value.

based on

with Reference load

Expected
value

(Ohms)
2.92E+06
2.36E+06
2.56E+06
2.69E+06

Calculated
(Ohms)
5.35E+04
4.32E+04
4.69E+04
4.93E+04

1.80E+01
1.80E+01
1.80E+01
1.80E+01

2.63E+06

4.82E+04

1.80E+01

Table 3.1: Calculated value of resistance per sensor. The table inputs voltage from the sensor to ground ( ), the
resistance of the sensor under our reference weight of 18 N ( ), and the calculated value and calculates the sensor
resistance value. The expected
value is for comparison.
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To calibrate, we will take measurements the voltage from the sensor to ground
(

) and the resistance measurement of the sensor with the reference weight applied (

Based on a calculated

, these measurements give our

).

for each sensor.

Figure 3.20: This schematic shows where values , , and
are found in the I2C set-up.
using a Multimeter. V0 is calculated based on an empirical Ra and measured

and
are measured
and .

After the resistance is adjusted in the circuit, the reference weight is applied to the
sensor and the

value is recorded, a representation of the resistance relative to the

applied force. We expected a

value of 18 for each sensor. During the data collection

process, we will calculate the corrected force value using the average measured
calibration value. After this, calibration was complete, measurement began. Data is
collected as unitless

values over six cycles for each sensor and recorded. This data

was corrected using our calibrated values and converted into pressure readouts.
3.3: Pre-Processing of Samples
Before beginning, each sample was given a unique identifier and measured at
different points. Identifiers classify the shoe by brand and model attributes.
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Figure 3.21: The Freed brands of shoes tested. On the left, FHC7.5 specifies the brand Freed (F), shank hardness
(hard, H), cut (standard, C), and size (7.5). On the right, the identifier shows a sample with a medium hard shank (M),
standard cut (C), and size 7.5.

Figure 3.22: Capezio brand shoes with respective identifiers. They represent the brand, Capezio (C), the style (fourdigit number), width (W or WW), and size. The shoe on the left is the Capezio Developpe shoe with a #3 leather board
shank and normal width (W). The pair in the middle is the Capezio Airess Tapered Toe model, with a #5.5 red board
flexiform shank, in extra wide (WW). The rightmost pair is the Capezio Airess broad toe model with a #6.5 red board
shank at a double wide width (WW).

Measurements were taken of each shoe for comparison and were averaged over
each pair of shoes. Measurements were taken with tape measure and long nosed digital
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calipers. These measurements are available in Appendix G. We note that the Freed brand
on average have a smaller inner width of the toebox versus the Capezio brand. The area
the dancer must stand en pointe, the platform, has an average area of 1.77
Capezio brand while Freeds have an average area of 2.06

in the

. On average, the Freeds are

larger than the Capezio brand shoes although both are sold as a size 7.
3.4: Sensor Testing Procedure
Each sensor was designated a location on the foot form and adhered to the form
using tape.

Figure 3.23: Shows the placement and adhesion of each sensor on the foot. Sensors are also marked directly on the
foot to prevent incorrect placement. Sensor #3 is on the medial aspect of the first ray, #4 is at the distal end of the
hallux, #5 is at the distal end of the second ray, and #6 is on the lateral aspect of the foot.
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Sensor four measures the force on the distal end of the hallux, sensor five
measures the distal end of the second toe, sensor six measures the lateral side of the foot,
at the proximal end of the fifth toe, and sensor three measures the medial side of the foot.
Once the sensors were applied to the foot form, the form was placed into the shoe until
the distal ends of the toes come into contact with the platform of the toe box.

Figure 3.24: Images showing the placement of the foot form with sensors into the shoe. The shoe depicted is the Freed
Studio II (FMC7.5).

For optimal distribution of force over the area of the forefoot, compression plates
were used to apply a known force onto the top of the forefoot. The foot and shoe are
placed into the machine and the ADMET is lowered until it makes contact with the foot
form. We are not concerned with the upper half of the shoe as our focus is the toe box, so
the shank and upper canvas material is bent back to avoid the upper plate and allow for
full contact with the foot form. The upper plate was lowered to contact the foot form. We
apply a 1N preload to hold the form in place. The 1N preload also serves as a “zero” for
the test, as upon preload, some areas of the foot already were under measurable pressure.
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Test trials are categorized by foot form material and shoe brand. For the TPU
tests, the foot form is loaded along the y-axis in 100N increments using the MTEST
Quattro system and ADMET. The PLA tests were loaded in 10N increments until
reaching 100N, and then increased by 100N. We have adjusted the applied load based on
material as the compressive strength of PLA, 17.92MPa, is less than that of TPU, 25MPa,
(“PLA and ABS Strength Data ASTM…D790.”; Fahim, Irene S., et al.). The

value

is measured using the Arduino code at a baud rate of 9600bps. The cycle time between
measurements is 4Hz. We average the

value over six measurements and report the

average, which is converted to a pressure readout using the calculated correction value.
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CHAPTER 4: ANALYSIS & RESULTS
4.1: Overview
The goal of the compression tests was to identify areas of excessive pressure
concentration in different regions of the foot. These areas of pressure concentration
reveal areas where dancer anatomy is compromised. We tested four regions of the foot
based on identified areas of increased injury in the literature. Data is collected as unitless
values over six cycles for each sensor and recorded. This data was corrected using
our calibrated values and converted into pressure readouts. We analyzed the results of the
compression tests by material of the foot form tested and the shoe brand.
4.2: Conversion Factor
The data collected from each force test is dependent on the average measured
values during calibration, our reference force of 18N, and the measured

values

during the test. Our calculation for force output in Newtons is below.

Equation 4.1: Corrected pressure calculation used to convert
values to pressure values. Measured and acquired
data was performed over six trials for each sensor.

Data was post-processed in Excel after measurements were recorded and the
average

value for each sensor was corrected and reported.
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4.3: PLA Test for Capezio Pointe Shoes
The tests for our PLA foot form utilized three different types of Capezio pointe
shoes. Table 4.2 shows converted pressure values averaged over six trials for each sensor
as well as a graphical representation of the applied force versus the experienced force for
each sensor.
APPLIED FORCE

Hallux

2nd Ray

Lateral

Medial

(N)

(N/mm^2)

(N/mm^2)

(N/mm^2)

(N/mm^2)

10

0

0

0

0

30

4.30

0

0

0

50

14.63

0

0

0

100

29.55

0

0

0

Table 4.2: Pressure output during PLA test of Capezio Airess brand (double wide, size 7) during loading. Applied force
range was 10-100N, in 10N increments. We report values for 10N, 30N, 50N, and 100N. No forces were experienced in
the 2nd ray, medial, or lateral aspect of the foot.

A number 6.5 Capezio Airess brand double wide shoe with a red board shank was
tested and shows little activity on any sensor except for the hallux. Graphical results
below (Figure 4.25) show that as load increases, the force on the hallux increases to
29.55N/mm^2 at an applied load of 100N when the test was terminated to avoid foot last
failure.
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Figure 4.25: Capezio Airess brand (double wide, size 7) shoe tested using a PLA foot form. We note the direct
correlation between increased applied force on the shoe and the increased force in the first ray.

For the Capezio Airess brand shoe (double wide, size 7), the results are
represented below. The sensor output values were averaged over six trials per applied
force.
APPLIED FORCE

Hallux

2nd Ray

Lateral

Medial

(N)

(N/mm^2)

(N/mm^2)

(N/mm^2)

(N/mm^2)

10

0

0

35.20

0

30

0

0

36.31

0

50

0

0

33.30

0

100

0

0

70.24

0

Table 4.3: Capezio Airess brand 1331 (double wide, size 7) shoe is tested using a PLA foot form. Applied force range
was 10-100N, in 10N increments. We report values for 10N, 30N, 50N, and 100N. Force concentrates in this case over
the second toe and lateral aspect of the shoe.
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The data represented shows an average force output for the second toe and lateral
aspect of the shoe, but no concentrated force on the medial aspect or hallux. The
maximum concentration of pressure is on the lateral aspect of the toe box is
70.24N/mm^2 at 100N of applied force. Minimal pressure was recorded for the second
ray and only between the 30 to 50N range.

Figure 4.26: Capezio Airess brand (double wide, size 7) graphical representation of PLA compression test. We note
the rapid increase of force in the lateral aspect of the foot.

Our results for the Capezio Developpe brand show force concentrations that differ
greatly from the Airess brand. Table 4.4 shows the results of the compression test using
the PLA foot form for the Capezio Developpe 1136 normal width model at a size 7. The
sensor output values are averaged over six trials per applied force.
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APPLIED FORCE (N)

Hallux
(N/mm^2)

2nd Ray
(N/mm^2)

Lateral
(N/mm^2)

Medial
(N/mm^2)

10

0

0

33.30

0

30

0

0

134.61

0

50

0

8.47

118.91

0

100

0

11.49

128.74

0

Table 4.4: Output for Capezio Developpe brand (normal width, size 7) during loading. Applied force range was 10100N, in 10N increments. We report values for 10N, 30N, 50N, and 100N. We note that all sensors report measurable
output, with the average pressure on the lateral aspect the largest (94.60N).

Sample C1136 was tested until PLA failure, which occurred at 300N. This data
has been omitted from the table as it is inconsistent. There is a noticeable pressure
concentration on all mapped sites of the foot, with the highest concentration on the
medial aspect of the forefoot at 150.27N/mm^2.

Figure 4.27: Capezio Developpe brand (normal width, size 7) during PLA compression testing. We note the spike of
pressure concentration in the hallux and medial aspect at 150N of applied force.
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There is activity at 100N of applied force across the foot, and a jump in pressure
concentration as 150N of force is applied. The lateral aspect experienced a decrease in
pressure concentration at 150N. As the hallux and medial aspect decrease in pressure
concentration at 200N of applied force, the lateral aspect pressure concentration
increases. We note that there was a drop-off of pressure around 150N of applied force.
We hypothesize that this is the location of PLA foot form failure, and these
measurements cannot be directly compared to other trials. This initiated the inclusion of
the TPU foot form as an improved method for compression testing.
4.4: PLA Test for Freed Pointe Shoes
A compression test was conducted for the Freed Studio II size 7.5 pointe shoe
using a PLA foot form. The Freed Studio II standard shank results are presented below.
Sensor readouts are based on an average of six trials and are averaged over all applied
forces.
APPLIED FORCE (N)

Hallux
(N/mm^2)

2nd Ray
(N/mm^2)

Lateral
(N/mm^2)

Medial
(N/mm^2)

10

1.43

0

33.45

0

30

1.72

0

32.98

0

50

22.09

0

1.27

0

100

25.96

0

0

0

Table 4.5: Pressure readout for Freed Studio II (standard shank, size 7.5) shown above. Applied force range was 10100N, in 10N increments. We report values for 10N, 30N, 50N, and 100N. Each sensor value is averaged over six
trials.
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A graphical representation of the data presented in Figure 4. Pressure in the lateral
aspect of the foot was highest at preload and declined dramatically after reaching a 30N
load then disappeared at about 100N. In contrast pressure on the hallux remained low
until the 30N load then increased to almost 35 N/mm^2 at loads of 200 N. There is no
readout from the 2nd ray or medial aspect of the foot.

Figure 4.28: Pressure readout versus applied force (N) for the Freed Studio II (standard shank, size 7.5) shoe during
PLA compression tests.

We note that pressure readouts from the PLA foot last do not create a complete
pressure profile. This phenomenon occurs in both the Freed and Capezio brands.
Therefore, we are compelled to improve our foot form. We will examine results with a
TPU foot last and examine the result. TPU has a higher compressive strength than PLA
and could withstand applied load greater than 100N.
4.5: TPU Test for Freed Pointe Shoes
The results of the compression test for the Freed Studio II medium shank shoe are
presented below. We can see a table of corrected pressure values (N/mm^2) and the
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corresponding graphical analysis of the applied force versus experienced pressure. The
sensor output values are averaged over six trials per applied force.
APPLIED

Hallux

2nd Ray

Lateral

Medial

FORCE (N)

(N/mm^2)

(N/mm^2)

(N/mm^2)

(N/mm^2)

100

0

0

70.71

0

300

16.35

0.38

74.20

19.13

500

30.12

2.64

73.73

15.77

700

41.03

3.39

53.59

10.99

900

37.15

3.95

25.84

2.30

Table 4.6: Force output for Freed Studio II (standard shank, size 7.5) during loading. Applied force range was 50900N, in 100N increments. We report values for 100N, 300N, 500N, 700N, and 900N. We note that sensor 6 reported a
force of 5.71E+01 at preload. Sensor #6 reports the highest average force of 63.58N.

Figure 4.29: TPU Compression test results for Freed Studio II size 7.5, standard shank. Activity on the lateral aspect
of the foot and hallux is illustrated.
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The graphical analysis plots the applied load versus the average calibrated
pressure over six trials experienced for each sensor. For the medium shank Studio II
shoes, the lateral aspect of the foot experiences the most pressure on average
(63.58N/mm^2) and the most force at most instances. After 800N, the pressure
experienced on the hallux surpasses the pressure experienced on the lateral aspect. The
medial aspect of the foot experiences an average pressure of 11.02N/mm^2, and peaks in
the 200N-400N range of applied force. There is minimal pressure experienced on the 2nd
ray.
There is a large concentration of pressure on the lateral aspect of the foot, hallux,
and medial aspect of the foot for the Freed Studio II hard shank.
APPLIED

Hallux

2nd Ray

Lateral

Medial

FORCE (N)

(N/mm^2)

(N/mm^2)

(N/mm^2)

(N/mm^2)

100

0

0

21.40

0

300

0

0

29.33

5.67

500

20.51

0.19

9.51

3.54

700

23.1

0

0

0

900

0

0

0

0

Table 4.7: Force output during TPU test of Freed Studio II (hard shank, size 7.5) during loading. No pressures were
experienced during preload. Applied force range was 50-1000N, in 100N increments. We report values for 100N,
300N, 500N, 700N, and 900N. We report zero values at 800N+ as this is where our TPU sample experienced
significant buckling.
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Figure 4.30: Sample FHC7.5 during TPU test. Maximum force concentration occurs at the lateral aspect of the foot.

The maximum values recorded were for the lateral aspect of the foot at
29.33N/mm^2 at an applied force of 200N and for the hallux at 23.09N/mm^2 at an
applied force of 700N. We note that at an applied force of 800N, the TPU foot
experienced significant buckling that caused an inconsistent test. Those results were
adjusted to 0 for graphical purposes. The compressive strength of pure TPU has been
noted to be 25MPa (Fahim, Irene S., et al.) in contrast to the compressive strength of
PLA, 17.9MPa (“PLA…D256, D695, D638, D790 .”).
4.6: TPU Compression Test for Capezio Brand
A TPU compression test is conducted for the Capezio Airess and Developpe with
variable toeboxes. We will observe our double wide samples. First, the Capezio 1133
Airess brand with a double wide toe box is tested. The table below presents our pressure
readout averaged over six trials for each sensor per applied force.
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APPLIED FORCE

Hallux

2nd Ray

Lateral

Medial

(N)

(N/mm^2)

(N/mm^2)

(N/mm^2)

(N/mm^2)

100

71.44

0

0

0

300

98.98

48.39

0

0

500

116.91

68.16

1.74

0

700

111.89

68.16

22.20

0

900

100.99

71.92

30.28

0

Table 4.8: TPU Compression test for the Capezio Airess 1133 brand (double wide, size 7). Applied force range was 501000N, in 100N increments. We report values for 100N, 300N, 500N, 700N, and 900N. We achieve pressure
concentration at the hallux, 2nd ray, and lateral aspect of the shoe.

The graphical result is presented below. We notice that the hallux experiences the
greatest overall pressure concentration, followed by the 2nd ray, and then the lateral
aspect of the foot.
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Figure 4.31: Capezio 1133 Airess brand (double wide, size 7) pressure concentration versus applied load.

Pressure concentration for Capezio 1133 Airess brand shows increased
concentrations at 500N of force, with the distal end of the hallux recording the highest
pressure concentration at 116.9132 N/mm^2 recorded at 500N of applied force.
Similarly, in the Capezio 1131 Airess brand (double wide, size 7), the hallux outputs the
highest pressure concentration overall. The table below presents our pressure readout
averaged over six trials for each sensor per applied force for the Capezio 1131 Airess
brand.
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APPLIED FORCE

Hallux

2nd Ray

Lateral

Medial

(N)

(N/mm^2)

(N/mm^2)

(N/mm^2)

(N/mm^2)

100

17.93

0

0

0

300

63.55

21.84

0

0

500

81.77

24.29

11.57

0

700

88.65

31.07

40.91

2.48

900

83.49

32.76

8.09

0

Table 4.9: TPU Compression test for the Capezio Airess 1131 brand (double wide, size 7). Applied force range was 501000N, in 100N increments. We report values for 100N, 300N, 500N, 700N, and 900N. We achieve pressure
concentration at the hallux, 2nd ray, and lateral aspect of the shoe.

Figure 4.32: Capezio 1131 Airess brand (double wide, size 7) pressure concentration versus applied load.

The graphical representation of our TPU test for both double wide toeboxes show
a high pressure concentration in the hallux and 2nd ray. We also note that these trials test
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up to 1000N of applied load. This is much more than the PLA foot last could withstand
and provides us with data that better simulates the load en pointe.
The data for the Capezio Developpe brand is presented below. The Developpe has
a normal width toebox (82.55mm) versus that of the Airess brand (88.9mm). The table
below presents our pressure readout averaged over six trials for each sensor per applied
force for the Capezio 1136 Developpe brand.
APPLIED FORCE

Hallux

2nd Ray

Lateral

Medial

(N)

(N/mm^2)

(N/mm^2)

(N/mm^2)

(N/mm^2)

100

50.06

1.51

0

0

300

123.08

14.31

0

0

500

126.95

13.93

25.52

0

700

118.92

25.98

25.21

14.71

900

0

0

0

0

Table 4.10: TPU Compression test for the Capezio Developpe 1136 brand (normal width, size 7). Applied force range
was 50-1000N, in 100N increments. We report values for 100N, 300N, 500N, 700N, and 900N. We achieve a more
comprehensive pressure profile.

Despite having the largest recorded hallux pressure at 600N of applied force
(128.1024 N/mm^2), the average pressure has a similar value to that of the Capezio 1131
Airess brand (see Appendix H). The average pressure for the Capezio 1136 Developpe is
also not the highest average pressure for the hallux.
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Figure 4.33: Capezio 1136 Developpe brand (normal width, size 7) pressure concentration versus applied load.

For the scope of this study, we are interested in areas where concentrated pressure
is the highest. It is at these extreme pressure concentrations that dancers experience the
myriad of pathologies discussed previously. Below, we represent the maximum value of
pressure concentration recorded over all trials and the maximum average pressure
concentration recorded.
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Hallux

2nd Ray

Lateral

Medial

128.10

68.91

136.51

150.26

Maximum

128.10 at

71.92 at 900N

75.15 at 400N

19.14 at 200-

average pressure

600N

Maximum
recorded pressure
(N/mm^2)

400N

for TPU trials
(N/mm^2)
Table 4.11: The maximum reported values for each sensor and the maximum pressure during TPU trials. The
maximum recorded pressure is based on an average value over six trials. The maximum recorded pressure is over all
brands and materials tested.

The largest recorded pressure concentration is 150.27 N/mm^2 over the medial
aspect of the shoe, recorded in the Capezio 1136 Developpe model (normal width, size 7)
during a PLA compression test.
4.7: TPU Test by Brand
A comparison of each brand for each region of the forefoot tested during TPU
compression tests is presented below. Each table reports the average pressure
concentration under an applied load, including the standard deviation in parenthesis for
each measurement, as the reported value is an average over six trials. We report this
comparison for TPU compression tests, as PLA tests did not provide a complete pressure
profile and were not comprehensive.
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APPLIED

Freed Studio

Freed Studio

Capezio

Capezio

Capezio

FORCE (N)

II Standard

II Hard

Developpe

Airess 1133

Airess 1131

Shank

Shank

1136

Double

Double

(N/mm^2)

Normal

Width

Width

Width

(N/mm^2)

(N/mm^2)

(N/mm^2)

(N/mm^2)
100

0 (0)

0 (0)

50.06 (1.33)

71.44 (0.89)

17.93 (1.33)

300

16.35 (0)

0 (0)

123.08 (0)

98.98 (0.89)

63.55 (1.17)

500

30.12 (0)

20.51 (0.41)

126.95

116.91

81.77 (0)

(0.55)

(0.75)

118.92

111.89 (0)

88.65 (0)

100.99

83.49 (0.63)

700

41.03 (0.52)

23.10 (0.41)

(0.41)
900

37.15 (0.75)

0 (0)

0 (0)

(2.66)
Table 4.12: Hallux pressures during TPU compression tests. We report the average pressure over six trials and include
the standard deviation within those six trials. The test was conducted over applied loads of 100-1000N in 100N
increments. We report values for 100N, 300N, 500N, 700N, and 900N.

The Capezio 1136 normal wide brand has the highest recorded pressures in the
hallux at the 500N applied load of 126.95 (0.55) N/mm^2. The greatest range of pressure
was also observed over the Capezio 1136 normal wide brand with a range of 126.95
N/mm^2.
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APPLIED

Freed Studio

Freed Studio

Capezio

Capezio

Capezio

FORCE (N)

II Standard

II Hard

Developpe

Airess 1133

Airess 1131

Shank

Shank

1136

Double

Double

(N/mm^2)

Normal

Width

Width

Width

(N/mm^2)

(N/mm^2)

(N/mm^2)

(N/mm^2)
100

0 (0)

0 (0)

1.51 (0.52)

0 (0)

0 (0)

300

0.38 (0.52)

0 (0)

14.31 (0.52)

48.39 (0.41)

21.84 (0.52)

500

2.64 (0.52)

0.19 (0.41)

13.93 (0.82)

68.16 (0.52)

24.29 (0.55)

700

3.39 (0)

0 (0)

25.98 (0.89)

68.16 (0.52)

31.07 (0.52)

900

3.95 (1.64)

0 (0)

0 (0)

71.92 (0.82)

32.76 (0)

Table 4.13: 2nd ray pressures during TPU compression tests. We report the average pressure over six trials and include
the standard deviation within those six trials. The test was conducted over applied loads of 100-1000N in 100N
increments. We report values for 100N, 300N, 500N, 700N, and 900N.

In the second ray, the Capezio 1133 double wide brand produces the highest
pressure concentration of 71.92 (0.82) N/mm^2 observed at 900N. The range of values in
the 2nd ray is less than the range of values in the hallux, with the largest range in the 2nd
ray observed in the Capezio Airess 1133 brand of 71.92 N/mm^2. The largest range in
the hallux was reported as 126.95 N/mm^2 for the Capezio Developpe 1136 brand.
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APPLIED

Freed Studio

Freed Studio

Capezio

Capezio

Capezio

FORCE (N)

II Standard

II Hard

Developpe

Airess 1133

Airess 1131

Shank

Shank

1136

Double

Double

(N/mm^2)

Normal

Width

Width

Width

(N/mm^2)

(N/mm^2)

(N/mm^2)

(N/mm^2)
100

70.71 (0.82)

21.40 (0.84)

0 (0)

0 (0)

0 (0)

300

74.20 (0.89)

29.33 (0.42)

0 (0)

0 (0)

0 (0)

500

73.73 (0.55)

9.51 (0.63)

25.52 (1.17)

1.74 (0.75)

11.57 (0.75)

700

53.59 (1.37)

0 (0)

25.21 (2.88)

22.20 (0.52)

40.91(0)

900

25.84 (2.56)

0 (0)

0 (0)

30.28 (0.42)

8.09 (0.84)

Table 4.14: Lateral pressures during TPU compression tests. We report the average pressure over six trials and
include the standard deviation within those six trials. The test was conducted over applied loads of 100-1000N in 100N
increments. We report values for 100N, 300N, 500N, 700N, and 900N.

The highest lateral pressure concentration is recorded in the Freed Studio II
standard shank at 74.20(0.89) N/mm^2. The Freed Studio II standard shank also
exhibited the highest range of values, with a range of 48.36 N/mm^2.
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APPLIED

Freed Studio

Freed Studio

Capezio

Capezio

Capezio

FORCE (N)

II Standard

II Hard

Developpe

Airess 1133

Airess 1131

Shank

Shank

1136

Double

Double

(N/mm^2)

Normal

Width

Width

Width

(N/mm^2)

(N/mm^2)

(N/mm^2)

(N/mm^2)
100

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

300

19.14 (1.26)

5.67 (0.52)

0 (0)

0 (0)

0 (0)

500

15.77 (0.41)

3.54 (1.21)

0 (0)

0 (0)

0 (0)

700

10.99 (2.07)

0 (0)

14.71 (1.83)

0 (0)

2.48 (1.03)

900

2.30 (0.41)

0 (0)

0 (0)

0 (0)

0 (0)

Table 4.15: Medial pressures during TPU compression tests. We report the average pressure over six trials and
include the standard deviation within those six trials. The test was conducted over applied loads of 100-1000N in 100N
increments. We report values for 100N, 300N, 500N, 700N, and 900N.

At the medial aspect, the Freed Studio II standard shank recorded the highest
pressure concentrations at 19.04 (1.26) N/mm^2 at 300N. The Freed Studio II standard
shank also recorded the highest range of values, 19.14 N/mm^2. Of note, the Capezio
1133 double wide brand recorded no medial pressure concentrations.
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CHAPTER 5: CONCLUSION AND DISCUSSION
5.1: Regions of Highest Force Concentration
The major aim of this study was to quantify areas of pressure concentration in the
forefoot under the extreme load of pointe. Four regions are evaluated for extreme
pressure concentration by a customized sensor system. These four regions were identified
based on some of the most common pathologies experienced by dancers, such as hallux
valgus, bunions, stress fractures, and hammertoe deformity. Sensors were placed on the
distal ends of the hallux and 2nd ray, as well as the medial and lateral aspects. These
sensors act as variable resistors, increasing resistance as a force is applied to the circular
end of the lead. This study focused on the toebox, the distal end of the pointe shoe that
encloses the forefoot and is responsible for providing support while the dancer is up en
pointe. For this reason, we utilized a foot form that includes the forefoot only. Forefoot
models were 3D scans of a dancer’s forefoot 3D printed in PLA and in TPU. These foot
forms were compressed, and each sensor provided a pressure readout at the identified
sensor location listed below in Table 4.11.
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Hallux

2nd Ray

Lateral

Medial

128.10

68.91

136.51

150.26

Maximum

128.10 at

71.92 at 900N

75.15 at 400N

19.14 at 200-

recorded pressure

600N

Maximum
recorded pressure
(N/mm^2)

400N

for TPU trials
(N/mm^2)
Table 4.11: The maximum reported values for each sensor. The maximum recorded pressure is averaged over six trials
at an applied load. We report the maximum values over all tests and all brands, and the maximum values for TPU
trials.

During TPU trials, the hallux experienced the highest concentrated pressure at
128.10 N/mm^2 at an applied load of 600N for the Capezio Developpe 1136 brand (see
Appendix H). In the 2nd ray, the largest recorded pressure concentration was
71.92N/mm^2 for the Capezio Airess 1133 brand at 900N of applied force. The largest
pressure concentration in the lateral aspect was 75.15N/mm^2 at an applied load of 400N
in the Freed Studio II standard shank brand (see Appendix H). In the medial aspect, the
largest recorded pressure concentration is 19.14N/mm^2 for the Freed Studio II standard
shank brand at a range of 200-400N (see Appendix H). Over all TPU trials, the lateral
edge and hallux experienced higher pressure than the medial and 2nd ray. For the Capezio
Airess 1133 brand, the hallux had the highest range of values (126.95 N/mm^2).
Freed and Capezio shoe brands were tested with both TPU and PLA foot lasts.
The most notable difference in the Freed and Capezio brands were the presence of a
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“broad” and “tapered” toebox. Capezio offers a more customizable toebox, which
appears to contribute to where pressure concentrates upon loading. For both “double
wide” models, pressure concentrates over the lateral aspect of the foot and the hallux only
with the PLA last. The normal width model experiences higher pressure concentration on
the lateral, medial, and hallux regions with the PLA last. In comparison, we see that the
pressure concentrations for Freeds in the hallux and 2nd ray are relatively smaller than
those concentrations in the Capezio brand. The Capezio toebox is about 2mm narrower
(from the top of the toebox to the platform) than the Freed brand based on our
measurements in Appendix G. The narrowing of the toebox in Capezio could lend to the
relatively higher pressure concentrations recorded in the hallux and 2nd ray. For our Freed
brand with variable shanks (standard versus hard), we did not see any singular trend that
could lend to deciding which shank could be more beneficial in decreasing pressure
concentration. Variable shanks do not have a significant impact on the type and intensity
of concentrated pressure.

Figure 5.34: Comparison of toebox in the Capezio normal width (left) and the Capezio "double wide" width (right).
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The highest measured concentration during PLA testing occurred at the medial
region during a test of the Capezio Developpe model (normal width). A 150.27N/mm^2
pressure was recorded at an applied force of 150N. It is important to note that before
recording this pressure concentration, the medial aspect of the shoe did not experience
any pressure during PLA testing in the Capezio “double wide” models. This is likely due
to the slightly rounded and larger toebox that begins at the proximal end of the toebox.
The increased space in the toebox limited contact with the medial and lateral sides of the
toebox, decreasing the likelihood for force to concentrate in those regions. Individuals
with or who are at risk for bunions would benefit from this increased space, as a bunion
at the medial and lateral aspects of the foot would only increase force concentrations. By
adding these millimeters of space, the foot in the toe box would be less constrained
leading to a reduction in pressure. We note this as the “normal width” shoe experiences
the highest concentration of force, but the “double wide” shoes do not experience any
force concentrations on the medial aspect of the foot. A larger width toe box can be
beneficial for reducing pressure concentrations at the lateral and medial aspect of the
foot. We observe the lack of medial and lateral pressure readouts we obtained during this
study when using a larger width toe box. Widening the toe box could alleviate some of
the lateral and medial pressure concentrations observed, preventing pressure on
pathology such as bunions, blisters, or calluses.
The range of applied force in TPU trials begins at 100N and ends at 1000N. For
PLA trials, the applied force ranged from 10N-100N. The applied force range was based
on data from the literature specifying the weight of the dancers in kilograms. The weight
range observed for dancers in the literature was approximately 45-60kg, therefore the
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range of interest is between 441-588N of applied force. The TPU trials recorded
measurements in the 400-600N range during trials, while PLA could not withstand this
applied force. Additionally, we can see a more complete pressure profile during TPU
compression tests versus PLA compression tests. This is due to the consistent breakage at
the print line of the PLA foot last at applied force greater than 100N. It is due to this
consistent breakage and incomplete pressure profile we consider the TPU foot last as an
improved model for this study and analyze TPU trial values. In the foot last used, the
dancer had a shorter second toe relative to the first toe. Future studies will demand the
inclusion of variations in forefoot anatomy, such as a longer second toe relative to the
hallux and toes of equal width to be included in trials.
5.2: Use of I2C Sensor System
The development of a custom sensor system is key to the success of this study.
Using I2C protocol, we can acquire data from multiple localized sensors. In other
pressure and force measurement systems, there are several limitations that this sensor
system addresses and seeks to fix. The biggest limitation with current pressure mapping
systems is the inability to be placed in compromising spaces where lead lines could be
impacted. Most sensors cannot have lead lines compressed or folded in any way as they
rely on parallel connections to measure pressure/force. This presents a challenge for
measuring force in a confined area such as the toebox of the shoe, as the leads can be
compressed along the posterior edge of the inner toe box or at any points coming from
the lead to the external system. The use of FlexiForce sensors allowed for the bending
and compression of leads with optimized data acquisition. The FlexiForce sensors have
long lead that can be bent or twisted, eliminating the need for a customized insert or
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specialized wiring. In addition, most mapping systems are wired in parallel, putting the
system at risk for full failure during a test. Should one lead be malfunctioning, the rest of
the map will not work. The benefit of the I2C set up is that data is transferred using two
bidirectional lines. Should one sensor not be performing, the rest of the configuration will
be able to output data values as long as they are powered on and connected to the clock
and data lines of the circuit. Another benefit of using FlexiForce sensors is the ability to
create a customized map that is easily localized. Each sensor can be placed exactly where
the user intends to read force and be assigned a location based on that placement.
Creating customized maps on similar systems can sometimes take months to optimize
and refine, but with the I2C circuit and FlexiForce sensors, this work can be done within
minutes.
The I2C sensor system utilized in this study can be applied in multiple pressure
concentration studies. This system could be adapted for measurement of floor-to-shoe
pressure contact, pressure concentrations at the plantar surface, and pressure
measurement in other anatomical regions. This rapid method of quantifying pressure
concentrations could also inform improvements to not only the pointe shoe, but also in
orthotics, prosthetics, and athletic footwear.
5.3: Study Limitations
Some limitations of this study included the use of a 3D printed, uniform foot form
for each test. Utilizing the same 3D scan for both TPU and PLA foot forms eliminated
the introduction of different foot pathologies and deformities that could hinder the ability
to identify force concentration trends. Using a homogenous material such as TPU and
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PLA also decreased the variability of the foot due to abnormal anatomy. In future studies,
obtaining multiple cadaveric feet would be of interest to investigate the behaviour of the
foot with unique pathology and bone structure. It would also allow for observations about
fracture threshold to be made, as there is limited information about when microfractures
of the metatarsals occur in dancers available. We could also build a likeness of the human
foot using a skeletal system in PLA covered in a silicone or hardened gel to decrease
variability from sample to sample, but cadaveric or human studies are preferred.
Inclusion of the arch in this study would be a considerable next step. Direct
compression on the forefoot is useful to quantify localized pressure, but the lever action
of the arch would incorporate the use of the shank to fully push the toes en pointe. During
compression testing, it was difficult to achieve the precise mechanical qualities of rising
en pointe, especially the action of the medial and lateral arches in helping the forefoot to
rise fully on the platform of the shoe. This affirms the need for tests using human dancer
en pointe. The action of getting en pointe takes considerable training to perfect as well
and can best be achieved by a trained dancer.
5.4: Exploration of a Novel Shoe Insert
Based on our findings, we can conclude that there are areas of the forefoot where
pressure concentrations can be detrimental, especially as load applied increases. Current
technology such as toe caps (fabric or gel covering the distal end of the toe) has been
shown to increase pressure in the hallux (Teitz et al). This technology may help dancers
feel as though they are protecting the joints of the foot but in reality, adding more
material, and therefore pressure, to the toe box is not preferred.
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Some preliminary considerations for the shoe modification included expansion of
the toebox to create more space and less tapering of the foot as the toes reach the inner
platform. This motivated the exploration of the Capezio “double wide” widths during this
study. We note that the double wide width in comparison to the normal width did
minimize forces in the medial and 2nd ray, but we are still able to identify significant
concentrations in the lateral aspect of the foot and the hallux. Across all trials, the hallux
and lateral edge showed the most responsiveness to applied force. In the design of a novel
insert, these regions are of utmost importance. Based on the location of the hallux relative
to the lateral edge of the foot, balancing these opposing ends will likely help alleviate
high force concentrations. We consider a two-part modification, one part that acts on the
lateral edge of the foot, and another part that acts on the medial edge to the hallux.
A slightly larger toe box would be beneficial as proven by the evaluation of
“double wide” toe box widths in force attenuation. For our modification, we will consider
a “wing” on the medial and lateral side of the shoe designed to expand the inner walls of
the platform by millimeters. The measured difference in width for the Capezio double
wide shoe versus the standard width shoe is a mere 6.35 millimeters. We can hypothesize
that this expansion will lead to the reduction of force concentration at the lateral edge of
the foot.
The hallux has been an area of concern in the literature and is verified in this
study as such. The hallux experienced a maximum pressure of 128.102N/mm^2 at an
applied force of 600N while testing the Capezio Developpe shoe with a normal width
using a TPU foot last. Across the trials, the hallux consistently experiences some
concentrated force, even at loads as small as 30N. The hallux also reports the highest
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average pressure concentration (95.63N/mm^2) during a TPU foot last compression test
using the double wide Capezio Airess brand. Considerations for re-design of the toebox,
if not the entire shoe, must incorporate a modification to alleviate pressure concentration
in the hallux. Since additional material in the shoe has been proven to increase pressure
on the hallux, we will look at the concept of expansion of the platform of the shoe.

Figure 5.35: Freed platform on a size 7.5 shoe (left), Capezio platform on a size 7 shoe (right).

We note that the Freed brand on average have a smaller inner width of the toebox versus
the Capezio brand. The area the dancer must stand en pointe, the platform, has an average
area of 1.77m

in the Capezio brand while Freeds have an average area of 2.06m

.

On average, the Freeds are larger than the Capezio brand shoes although both are sold as
a size 7. From observation and measurement, the average platform width is 34.9925mm
for Capezio and 38.1mm for Freeds. However, we note the tapering of the toe box
towards the distal end of the shoe. The proposed modification would move the contact
point of the toes from the most distal point of the shoe to approximately 1-2mm proximal
to the platform. This would create a slightly larger area for the dancer to stand on and
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attenuate the pressure over the foot. This modification would preserve the ballet aesthetic
of the long lines of the foot and tapering of the toebox, however, the potential for
increasing the shoe length at the distal end of the shoe by merely a centimeter would
increase the length of the dancer’s line with minimal impact on dancer performance and
maintain the pressure-reducing wider toebox.
5.5: Future Implications
The current lack of information quantifying the interface between the dancer and
the pointe shoe is an extreme issue. In a previously conducted metanalysis by the
researcher, 6.4% of the included dance science literature discusses quantitative
biomechanical analysis. The metanalysis included 232 articles selected based on
inclusion criteria. There is an extreme lack of quantitative dance science literature
available, and this study looks to fill the gap. Our research quantifies in-shoe pressure
concentrations, qualifies existing claims that pressure concentrates primarily at the
hallux, and identifies the lateral aspect of the foot as an area of high pressure
concentration.
As dancers suffer daily at the hands of a 14th century invention, very little has
been done or assessed to improve the dancer’s quality of practice. This study provides the
framework for assessment of high-pressure concentrations in the pointe shoe, and informs
a new region of consideration. There is current work that shows the hallux is an area
where pressure concentrations can be detrimental to dancer’s health, but there is limited
research that identifies the lateral aspect of the shoe as a major pressure concentration
area. This study has shown that the lateral aspect of the foot can have pressure
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concentrations equivalent to or greater than the experienced pressure on the hallux. This
consideration can inform future studies and areas of consideration with the goal of
improving dancer health.
There are several considerations for future studies based off the methods and
findings of this current study. In examining a shoe re-design, other anatomy of the pointe
shoe can be assessed. For example, differences in platform (darning, suede tip, satinonly) could contribute to dancer success. A shear test could be conducted, applying load
over the shoe at different angles to assessing the efficacy of modifications made to the
platform of the shoe. Investigation of different area of the body and their impact on inshoe pressures could be assessed using our sensor system, such as inclusion of the ankle
or hip as the initiators of pointe movement. Impact studies are also of interest as the
angle, velocity, and impact distance introduce multiple variables that, after examination,
could contribute to safer pointe practices. The impact of this study will contribute to
closing the gap in dance science literature, help improve dancer health, and inform future
research as the pointe shoe makes its way into the 21st century.
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APPENDIX A: ANATOMY OF THE FOOT
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APPENDIX B: SENSOR DATASHEET
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APPENDIX C: SENSOR CIRCUIT DIAGRAM
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APPENDIX D: VOLTAGE DIVIDER
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APPENDIX E: ARDUINO MASTER READER CODE
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APPENDIX F: ARDUINO SLAVE SENDER CODE
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APPENDIX G: SHOE SAMPLE MEASUREMENTS

SAMPLE

LENGTH (INSOLE TO

WIDTH (MEDIAL TO

WEIGHT

ID

TIP OF TOEBOX)

LATERAL TOP OF TOEBOX)

(g)

F_MC7.5

228.6

88.9

137.8

F_HC7.5

222.25

95.25

147.95

AVERAGE 225.425

92.075

142.875

SAMPLE

TOEBOX LENGTH

TOEBOX

ID

(OUTER)

WIDTH (OUTER) (INNER)

F_MC7.5

152.4

76.2

22.75

F_HC7.5

139.7

76.2

23.74

76.2

23.245

AVERAGE 146.05

TOEBOX WIDTH

SAMPLE

PLATFORM PLATFORM PLATFORM SHANK

VAMP

VAMP

ID

LENGTH

WIDTH

WIDTH

(OUTER)

(OUTER)

(INNER)

F_MC7.5

53.975

38.1

x

190.754

80.645

95.25

F_HC7.5

53.975

38.1

x

192.532

80.645

88.9

AVERAGE 53.975

38.1

x

191.643

80.645

92.075

LENGTH LENGTH WIDTH

Table 1: Pertinent measurements of Freed brand shoes taken. The inner platform width is omitted due to caliper
limitations. All measurements are in mm unless otherwise indicated.
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SAMPLE

LENGTH (INSOLE TO

WIDTH (MEDIAL TO

WEIGH

ID

TIP OF TOEBOX)

LATERAL TOP OF TOEBOX)

T (g)

C_1131WW

180.975

69.85

113

196.85

76.2

112.8

C_1136W7

190.5

82.55

114

AVERAGE

189.4416667

76.2

113.2666

7
C_1133WW
7

667

SAMPLE

TOEBOX LENGTH

TOEBOX WIDTH

TOEBOX WIDTH

ID

(OUTER)

(OUTER)

(INNER)

C_1131W

95.25

88.9

37.9

95.25

88.9

35

120.65

82.55

35.68

86.78333333

36.19333333

W7
C_1133W
W7
C_1136W7

AVERAGE 103.7166667

87

PLATFORM PLATFORM PLATFORM

SHANK

VAMP

VAMP

LENGTH

WIDTH

WIDTH

LENGTH

LENGTH WIDTH

(OUTER)

(OUTER)

(INNER)

50.8

34.925

11.23

152.4

69.85

79.375

50.8

34.925

6.55

155.575

69.85

76.2

50.8

34.925

4.06

161.925

69.85

76.2

50.8

34.925

7.28

156.6333333 69.85

77.2583333

Table 2: Pertinent measurements of Capezio brand shoes taken. The inner platform width is omitted due to caliper
limitations. All measurements are in mm unless otherwise indicated.
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APPENDIX H: PRESSURE CONCENTRATION DATA
APPLIED FORCE

Hallux

2nd Ray

Lateral

Medial

(N)

(N/mm^2)

(N/mm^2)

(N/mm^2)

(N/mm^2)

1 (Preload)

0

0

0

0

10

0

0

0

0

20

0

0

0

0

30

4.30

0

0

0

40

7.74

0

0

0

50

14.63

0

0

0

100

29.55

0

0

0

AVERAGE

8.03

0

0

0

Table 3: Pressure output during PLA test of Capezio Airess brand (double wide, size 7) during loading. No forces were
experienced in the 2nd ray, medial, or lateral aspect of the foot.
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APPLIED

Hallux

2nd Ray

Lateral

Medial

FORCE (N)

(N/mm^2)

(N/mm^2)

(N/mm^2)

(N/mm^2)

Preload: 1N

0

0

33.30

0

10

0

0

35.20

0

20

0

0

38.85

0

30

0

0

36.31

0

40

0

2.82

32.34

0

50

0

0

33.30

0

100

0

0

70.24

0

AVERAGE

0

0.40

39.93

0

Table 4: Capezio Airess brand 1331 (double wide, size 7) shoe is tested using a PLA foot form. Force concentrates in
this case over the second toe and lateral aspect of the shoe.
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APPLIED
FORCE (N)

Hallux
(N/mm^2)

2nd Ray
(N/mm^2)

Lateral
(N/mm^2)

Medial
(N/mm^2)

Preload: 1N

0

0

0

0

10

0

0

33.30

0

20

0

0

136.51

0

30

0

0

134.61

0

40

0

3.39

114.16

0

50

0

8.47

118.91

0

100

0

11.49

128.74

0

150

116.77

0

79.28

150.27

200

85.50

0

105.91

116.07

AVERAGE

22.47

2.59

94.60

29.59

Table 3: Output for Capezio Developpe brand (normal width, size 7) during loading. We note that all sensors report
measurable output, with the average pressure on the lateral aspect the largest (94.60N).
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APPLIED
FORCE (N)

Hallux
(N/mm^2)

2nd Ray
(N/mm^2)

Lateral
(N/mm^2)

Medial
(N/mm^2)

Preload: 1N

0

0

38.21

0

10

1.43

0

33.45

0

20

1.29

0

34.25

0

30

1.72

0

32.98

0

40

20.08

0

1.59

0

50

22.09

0

1.27

0

100

25.96

0

0

0

150

31.56

0

0

0

200

34.43

0

0

0

AVERAGE

15.40

0

15.75

0

Table 4: Pressure readout for Freed Studio II (standard shank, size 7.5) shown above. Each sensor value is averaged
over six trials, and an overall average and standard deviation are also presented.
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APPLIED

Hallux

2nd Ray

Lateral

Medial

FORCE (N)

(N/mm^2)

(N/mm^2)

(N/mm^2)

(N/mm^2)

50

0

0

74.84

0

100

0

0

70.71

0

200

0.14

1.51

74.84

19.14

300

16.35

0.38

74.20

19.14

400

16.35

0.38

75.15

19.14

500

30.12

2.64

73.73

15.77

600

35.43

3.20

70.87

14.89

700

41.02

3.39

53.59

10.99

800

44.18

1.13

42.02

8.86

900

37.15

3.95

25.84

2.30

AVERAGE

22.08

1.66

63.58

11.02

Table 5: Force output for Freed Studio II (standard shank, size 7.5) during loading. We note that sensor 6 reported a
force of 5.71E+01 at preload. Sensor #6 reports the highest average force of 63.58N.
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APPLIED

Hallux

2nd Ray

Lateral

Medial

FORCE (N)

(N/mm^2)

(N/mm^2)

(N/mm^2)

(N/mm^2)

50

0

0

0

0

100

0

0

21.40

0

200

0.86

0

31.23

11.99

300

0

0

29.33

5.67

400

15.35

0

12.37

3.012

500

20.51

0.19

9.51

3.54

600

21.37

0

3.96

0

700

23.10

0

0

0

800

0

0

0

0

900

0

0

0

0

AVERAGE

8.12

0.019

10.781

2.42

Table 1: Force output during TPU test of Freed Studio II (hard shank, size 7.5) during loading. No pressures were
experienced during preload. We report zero values at 800N+ as this is where our TPU sample experienced significant
buckling.
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APPLIED

Hallux

2nd Ray

Lateral

Medial

FORCE (N)

(N/mm^2)

(N/mm^2)

(N/mm^2)

(N/mm^2)

50

42.46

0

0

0

100

71.44

0

0

0

200

90.37

16.00

0

0

300

98.98

48.39

0

0

400

109.17

57.99

0

0

500

116.91

68.16

1.74

0

600

113.32

66.46

6.82

0

700

111.89

68.16

22.20

0

800

102.10

65.52

11.42

0

900

100.99

71.92

30.28

0

AVERAGE

93.39

68.91

42.33

0

Table 6: TPU Compression test for the Capezio Airess 1133 brand (double wide, size 7). We achieve pressure
concentration at the hallux, 2nd ray, and lateral aspect of the shoe.
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APPLIED

Hallux

2nd Ray

Lateral

Medial

FORCE (N)

(N/mm^2)

(N/mm^2)

(N/mm^2)

(N/mm^2)

50

6.89

0

0

0

100

17.93

0

0

0

200

44.32

1.13

0

0

300

63.55

21.84

0

0

400

59.25

10.17

2.22

0

500

81.77

24.29

11.57

0

600

81.77

25.98

22.04

0

700

88.65

31.07

40.91

2.48

800

90.37

35.77

23.47

0

900

83.49

32.76

8.09

0

AVERAGE

78.18

29.18

0.19

0.23

Table 7:TPU Compression test for the Capezio Airess 1131 brand (double wide, size 7). We achieve pressure
concentration at the hallux, 2nd ray, and lateral aspect of the shoe
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APPLIED

Hallux

2nd Ray

Lateral

Medial

FORCE (N)

(N/mm^2)

(N/mm^2)

(N/mm^2)

(N/mm^2)

50

17.93

0

0

0

100

50.06

1.51

0

0

200

108.59

0

0

0

300

123.08

14.31

0

0

400

116.05

19.96

0

0

500

126.95

13.93

25.53

0

600

128.10

26.17

31.23

0

700

118.92

25.98

25.21

14.71

800

0

0

0

0

900

0

0

0

0

AVERAGE

78.97

10.19

8.20

1.47

Table 8: TPU Compression test for the Capezio Developpe 1136 brand (normal width, size 7). We achieve a more
comprehensive pressure profile.
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APPENDIX I: ADMET SET-UP

Figure 2: Screenshot of the MTESTQuattro screen during experimental set-up. Here, we are testing sample FMC7.5.
Our nominal area is the area of the surface the compression plate will contact.

Figure 3: Here, we set our preload to 1N before beginning the test. This will act as a "zero" during the test.
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Figure 4: The "Servo Control" panel is where we establish what happens during the test. We use the control panel to
set our rate of load application (10N/sec) and the limit sets the total applied load. This test will adjust the load 10N/s
until the applied load is 50N.

Figure 5: Photo of ADMET test set-up.
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