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The Footropter: A Passive Prosthetic
Prescription Tool With Adjustable
Forefoot and Hindfoot Stiffness

Harrison L. Bartlett, Member, IEEE, Brittany M. Moores™, Brian E. Lawson, Member, IEEE,
and Max K. Shepherd™, Member, IEEE

Absiract— Commercially available prosthetic feet are
fabricated to have a fixed forefoot and hindfoot stiffness
that cannot be changed in a clinical setting. This does not
allow for patients to quickly compare multiple prosthetic
foot stiffnesses to choose the stiffness they like the most
while walking. In this paper, we present the Footropter,
a passive prosthetic foot prescription tool that allows Cer-
tified Prosthetists (CPs) to rapidly change both the forefoot
and hindfoot stiffnesses. The forefoot stiffness is changed
by repositioning a spring clamp along a length of unbonded
fiberglass layers and the hindfoot stiffness is changed
by repositioning a single heel spring support. We intro-
duce the design and working principles, characterize the
ranges of available forefoot and hindfoot stiffnesses, and
demonstrate the utility of the Footropter through two prefer-
ence and perception studies with two unilateral transtibial
prosthesis users. The Footropter, when paired with a pref-
erence optimization algorithm, can enable CPs to integrate
patients’ experiential input into the clinical prescription
process.

Index Terms— Assistive technology, prosthetic limbs,
variable-stiffness, prosthesis design.

. INTRODUCTION

VER 1 million people in the United States live with
O a lower limb amputation [1], with 150,000 lower limb
amputations occurring each year [2]. Individuals with new
amputations will receive a prescription for a custom lower limb
prosthesis, which includes components such as a socket and a
prosthetic foot. Those who already have a prosthesis receive
prescriptions every few years to replace their prosthetic foot

as a result of wear and tear [3].
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There are over 100 prosthetic feet available on the market,
but their mechanical principles are largely similar. The most
commonly prescribed prosthetic feet, making up 72% of the
those prescribed, are fundamentally spring-like [4]. The heel,
or hindfoot spring, helps to absorb shock during initial contact
with the ground; this spring is often accompanied with a
viscoelastic bumper which dissipates some of the absorbed
energy. The keel, or forefoot spring, stores elastic potential
energy in early stance, and returns this energy to the user in
late stance [5], [6], [7], [8].

The forefoot and hindfoot stiffnesses are two of the most
defining mechanical characteristics of a prosthetic foot. Match-
ing foot stiffness to each patient’s level of function, personal
goals, and natural biomechanics is crucial for restoring gait.
Inappropriate stiffness can lead to clear and measurable
biomechanical impairments or compensations. For instance,
an overly stiff hindfoot can lead to increased ground reaction
force loading rate and stance phase knee flexion in early
stance, while an overly stiff forefoot hinders forward pro-
gression of the tibia during midstance, leading to increased
knee extension and reduced prosthetic side push off work
in late stance [7], [9]. Though these biomechanical features
may at times be unavoidable and may not be simultaneously
achievable for given device settings, they are common for
clinicians to target during prescription. Long-term, an inap-
propriate stiffness for a single patient may be associated with
knee and back pain, and an overall decrease in quality of
life [6], [7], [8], [10].

Despite the importance of prosthesis mechanics in deter-
mining patient gait and overall health, the current clinical
process for matching a patient with a prosthesis is typically
limited in duration and lacking a consistent methodology.
Certified Prosthetists (CPs) choose prosthetic feet for their
patients based on a combination of information from patient
evaluations, clinical knowledge, manufacturer recommenda-
tions, foot costs and insurance reimbursements, and familiarity
with particular prosthetic feet [8], [11], [12], [13], [14]. The
process for selecting or comparing foot models is hindered
by manufacturers, who do not publish data, such as stiffness,
describing the mechanics of their prostheses. Partially due
to the inability to compare models, many CPs only con-
sistently prescribe a small handful of models that they are
familiar with [15]. Once a prosthetic foot model is chosen,
CPs use a manufacturer-provided chart to determine stiffness,
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or “category”, from two input variables: a patient’s weight,
and a coarse notion of activity level [5], [7], [10]. For one
of the most popular foot models, the Ossur Variflex, these
categories have approximate spacing of 14% for the forefoot
stiffness and 14% for the hindfoot stiffness, though manu-
facturing tolerances may make this spacing inconsistent even
within the same model [9], [16]. This spacing is 2-3 times
larger than the variability associated with patient preferences,
though differences between biomechanical performance may
not be clearly visible to an observing prosthetist [6], [15],
[17]. Typically, due to barriers in quantitatively comparing
feet, limited clinical time, and the burden of returning mul-
tiple feet to their manufacturers, only one prosthetic foot
is trialed by each patient, and this foot will be worn for
years.

In this decision-making process, there are few to no oppor-
tunities for patients to give experiential input into deciding
what prosthetic foot should be chosen. Patient preference is,
however, relied upon for other mechanical variables that are
currently adjustable—namely, alignment, or the six degrees
of freedom that describe the translation and orientation of
the foot relative to the socket. We argue the incorporation of
patient preference should similarly be available when deciding
the stiffness of the prosthetic foot [6], [17], [18]. To find a
patient’s preference for prosthetic foot stiffness, the patient
would compare multiple foot stiffnesses in clinic to determine
which foot characteristics they like the most. Recent research
has employed robotic tools to show that individuals with
unilateral transtibial amputations can repeatedly and accurately
state their preference for their prosthetic foot’s stiffness [6],
[15], [17], [19]. High repeatability does not necessarily suggest
that their preferences are beneficial for them long-term, or that
their preferences would not change beyond a single clinical
visit. Additional patient education may be required to confer
any benefits associated with patient preferences, and formal
usage of preference may not work as well with patients with
more limited mobility. In these cases, prosthetists may need
to perform trial and error and rely more on patient-reported
sensations (e.g., “I feel like I'm falling forward”) or their
visual observation of gait. Still, early results suggest that
utilizing patient preference to guide prosthetic foot selection,
in conjunction with prosthetist observations, may have distinct
advantages due to being an efficient and immediately perceiv-
able outcome metric, and a holistic determinant of optimal
device behavior [18].

However, despite recent research showing the clinical poten-
tial of user preference in determining prosthetic foot stiffness,
a key limitation remains: Certified Prosthetists do not have
the ability to rapidly change stiffness of a prosthetic foot in
a clinical setting. Additionally, because preferences rely on
sequential comparisons, it is critical that patients can quickly
and efficiently trial multiple stiffnesses or feet to be able to
fairly compare the sensations they feel [20], [21].

Currently, CPs do not have the resources to purchase
multiple prosthetic feet for their patients to trial and compare.
Even if this was a possibility, patients would likely not be able
to fairly compare the feet due to the time it takes to remove
a prosthetic foot and attach a new one. Comparing multiple

prosthetic feet may also be challenging due to each foot having
different build heights and alignments. Sagittal plane ankle
alignment in particular may have an interaction effect with
desired stiffness, as both variables affect tibial progression and
roll-over shape [22].

As a response to this problem, prosthetic foot emulators
have been created to allow for quickly changing prosthetic
foot stiffnesses. However, these emulators have seen limited
clinical adoption. For example, the Caplex emulator system
(Humotech, Pittsburgh, USA) [8], has tethers connecting a
prosthesis end effector to large actuators through Bowden
cables and is limited to treadmill use only. Other emulators
have been created specifically for experimental use [7], [22],
or with the focus of varying prosthetic foot stiffness for
different walking speeds, ramps, and stairs [7], [8], [23], [24],
[25]. The MyFlex uses a knob and variable linkage to modify
stiffness, but changing stiffness also changes alignment, and
the range of stiffness adjustment is approximately a factor
of 2 (within 10° of neutral) [26]. The VSPA Foot [23]
is a semi-active variable stiffness device, and has a ~10x
range of stiffness variation, but suffers from backlash and an
overly heavy and rigid foot structure. Rogers-Bradley et al
presented a semi-active variable stiffness prosthesis that uses
parallel leaf springs with solenoid-driven locking between
them [25]. It has spring-like properties that closely mimic
traditional feet (rather than a rotational ankle) but has only
discrete stiffness options that span ~36%. Though the ability
to rapidly change stiffness through small motor-driven systems
may help CPs and patients rapidly trial multiple stiffnesses,
their clinical potential is currently limited by their robustness,
difficulty to repair, weight, cost, and fidelity to mimic standard
energy storage and return foot behavior. Thus far, no active or
semi-active emulators have seen commercial success within
clinical settings.

To solve this problem, we have created a novel pros-
thetic foot emulator that can be easily used in a clinical
setting. The Footropter is a passive prosthetic foot that allows
the CPs or researcher to independently adjust the forefoot
and hindfoot stiffnesses with basic hand tools, and without
removing the prosthesis. This device was inspired by the
phoropter, a tool used in the eye care industry to determine
a patient’s eye prescription. The phoropter facilitates A-B
comparisons of vision prescriptions until the patient con-
verges on a prescription that allows for their preferred vision.
Similarly, the Footropter was created to allow a patient to
make comparisons of prosthetic foot stiffnesses to converge
on a preferred prosthetic foot stiffness. Here, we describe the
design, working principles, and benchtop characterization of
the Footropter. Finally, we demonstrate the ability to use the
Footropter for 2D preference optimization in two individuals
with unilateral transtibial amputations, simulating a potential
clinical encounter.

[1. DESIGN

The Footropter (Fig. 1) can vary both its forefoot and
hindfoot stiffness using two separate mechanisms. To serve
as a useful clinical tool for selecting prosthetic foot stiffness,
both the forefoot and hindfoot components must exhibit a
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(a) Footropter design. (b) Photograph of the fabricated Footropter. (c) Hindfoot stiffness is modified by changing the positioning of a simple

support under a cantilever beam. The hindfoot spring is composed of two parallel unbonded plates (one plate shown for clarity) (d) Forefoot stiffness
is modified by changing the location of a clamp. The plates behind the clamp are assumed to have a zero horizontal transverse shear constraint

due to static fraction from the clamp.

large dynamic range of stiffnesses that encompasses the range
of prosthetic forefoot and hindfoot stiffnesses observed in
commercial products (20-50 N/mm for forefoot and 30-70
N/mm for hindfoot) [9].

To enable low stiffness behavior, each of the forefoot and
hindfoot components is constructed from unbonded layers of
fiberglass. Fiberglass is selected as the compliant material
due to its high strain energy density as well as low mass
density, allowing for a lightweight structure that can sustain
large deflections without yielding. The unbonded layers of
fiberglass allow for low stiffness behavior to be achieved
without exceeding material stress limits. In a simple can-
tilevered beam, stress is concentrated at the outer surface
of the beam, leaving the material within the interior of the
beam unstressed. By stacking unbonded layers of compliant
material, stresses are more evenly distributed throughout the
material, enabling more compliant behavior as demonstrated
in Bartlett et al. [27].

The hindfoot is configured as a propped cantilevered beam
in which the beam support can be repositioned using a
screw-based prismatic joint (Fig. 1). By repositioning the
beam support, the stiffness of the hindfoot can be varied.
An anterior positioning of the beam support results in a
compliant hindfoot while a more posterior positioning of the
beam support results in a stiff hindfoot. Similar mechanisms
have been used in designs of other variable stiffness prosthetic
devices [10], [23], [28]. Propped cantilever beams are statically
indeterminate, but their stiffness can be approximated using
the superposition method [29]. The stiffness can be defined
according to the relative location of the adjustable simple

support as:
4
a3 — 602 +9a —4

K = Ko * (1)
where K is the stiffness of the cantilever beam without the
simple support, and « is the relative distance of the simple
support along the beam, with 0 defined as coincident with
the fixed support, and 1 defined as the end of the beam
(see Appendix for derivation). The Footropter is capable of
a range of ¢ = [0.1, 0.5], which theoretically results in
an approximate stiffness range of 3.5X. To fit a compliant
spring in the hindfoot (while maintaining a relatively short
beam length), we used two stacked fiberglass springs. These
springs are in parallel with a 3D printed nylon heel, reinforced
by continuous carbon fiber strands, and designed to fit in
a 26cm foot shell.

The forefoot stiffness variation mechanism uses a different
physical phenomenon in which the area moment of inertia of
the forefoot is manipulated to modulate the forefoot stiffness
(Fig. 1). Namely, a clamping mechanism enforces a zero hor-
izontal transverse shear constraint between stacked compliant
elements, changing the structure’s stiffness. The unbonded lay-
ers of composite material can be clamped together at various
locations. Posterior to the clamp, the layers act as a single,
fused, stiff beam. Anterior to the clamp, the unbonded layers
act like a much softer compliant element. By repositioning
the clamp, the overall stiffness of the beam can be changed
by modifying the proportion of the forefoot that is stiff vs.
compliant. This clamp-based mechanism was selected to vary
the forefoot stiffness and to minimize the mass and complexity
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of the stiffness varying mechanism located on the anterior of
the prosthesis.

The stiffness of a stack of unbonded cantilevered beams is
described by (2) in which » is the number of unbonded layers,
E is the flexural modulus of the material, L is the cantilever
length, ¢ is the beam thickness, and w is the beam width [27],
[29]. As shown in (2), the stiffness of the unbonded layered
beams is proportional to the number of stacked beams, n.

Ewnt?
413
In the bonded case, the effective thickness of the bonded
cantilevered beam is equal to the number of stacked beams,
n, multiplied by the thickness of each beam, 7, resulting in
the bonded beam stiffness shown in (3). As shown in (3), the
stiffness of the bonded beam structure is proportional to n>.

Kunbonded = xXn 2

3
B, o
The range of achievable forefoot stiffnesses can then be found
by taking the ratio of the fully bonded case to the fully
unbonded case (4). As shown in (4) the range of achievable
forefoot stiffnesses can be approximated by the square of the
number of layers (n?).

Kpondea =

Ax = Kbonded _ 1’12 (4)
Kunbonded

This ideal scaling factor of n? is only achievable under small
ranges of applied load and deflections, due to slipping between
the compliant elements as well as the series stiffness of the
toe portion of the prosthesis [30]. Consequently, the range
of achievable stiffnesses is expected to be lower than the n?
scaling factor. The forefoot stiffness variation mechanism is
similar in some ways to laminar jamming (also called layer
jamming) devices in which stacks of flexible material are
forced together to increase the stiffness of the structure [30],
[31], [32]. In fact, other works on laminar jamming have found
the same n? stiffness variation factor [32]. However, unlike
prior laminar jamming works in which the layered beams can
either be in a high or low stiffness state, the movable clamping
mechanism employed in this work allows for the stiffness of
the forefoot to be continuously variable between its highest
and lowest stiffness configurations.

Due to the above limitations that limit the range of
achievable stiffness variation, an addition design element
was introduced to extend the range of achievable forefoot
stiffnesses: a nylon plate located in the middle of stack of
forefoot plates. In the unbonded state, the fiberglass plates act
like parallel cantilevered beams, and their location relative to
one another has little effect on stiffness. In the bonded state,
however, the distance of the fiberglass plates from the bonded
beam neutral axis has a large effect on stiffness. Consequently,
by placing a nylon beam in the middle of the composite beams,
when the beam stack is clamped, the bonded beam is very
stiff (the fiberglass plates are far from the neutral axis). This
approach is used to increase the range of achievable forefoot
stiffnesses.

The prototype device was fabricated using custom-machined
aluminum and fiberglass components, as well as carbon-fiber

Fig. 2. Benchtop stiffness test setup. The forefoot is loaded at 20°,
and the hindfoot is loaded at 15°, both up to 533 N (forefoot) and 580 N
(hindfoot) at an approximate load rate of 200 N/s.

reinforced 3D printed nylon (Mark II; Markforged, Waltham,
MA, USA). Both the hindfoot and forefoot stiffness adjust-
ment mechanisms were designed to be operated with standard
Allen wrenches, which are commonly available in a clinical
setting. The forefoot clamp consists of two screws, one of
which is left-hand threaded such that the CP can simultane-
ously torque the two screws in opposite directions to tighten
the clamp, canceling the net torque that would otherwise be
applied to the foot and resisted by the patient. A scale is
applied to the top of the foot to denote clamp location. The
hindfoot stiffness is adjusted using an Allen key, and the
sliding support location is visible next to a scale taped to the
side of the foot.

I1l. BENCHTOP CHARACTERIZATION

The final fabricated device was characterized using an
Instron 5966 and 10 kN load cell (Fig. 2). The forefoot
and hindfoot components were mounted via custom-machined
adapters at 20 deg and 15 deg, respectively. The point of
contact was placed on a bearing plate, such that force applied
(and measured) was in line with direction of travel. The
Footropter device was loaded to 533 N (forefoot) and 580 N
(hindfoot), representing expected loads for our second subject,
at a loading rate of approximately 200 N/s, and the forefoot
and hindfoot stiffnesses were varied across their full ranges.
Stiffness was defined by dividing 500 N by its associated
deflection on the loading curve. Results of this benchtop
characterization are shown in Figure 3 in which the forefoot
and hindfoot stiffnesses are plotted against clamp location and
hindfoot fulcrum location, respectively. The forefoot stiffness
range is 20.4-73.2 N/mm (factor of 3.6X stiffness variation)
while the hindfoot stiffness range is 34.4-66.7 N/mm (fac-
tor of 1.9X stiffness variation). Importantly, these ranges of
achievable stiffnesses encompass the range of forefoot and
hindfoot stiffnesses observed in commercially available pros-
thetic feet [9]. Hysteresis for both the forefoot and hindfoot
was also quantified. Across stiffness conditions, the Footropter
had a mean of 72% and 78% energy return for the forefoot
and hindfoot, respectively.
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Fig. 3. Forefoot and hindfoot characterization results. (a) Forefoot force-displacement curves, (b) hindfoot force-displacement curves, (c) forefoot
stiffness at specific clamp locations with second order linear fit, (d) hindfoot stiffness at specifics slider location with linear fit. All results are shown
for the second version of the Footropter; version 1 was similarly characterized and had similar behavior.

As described in the subsequent section, we demonstrated the
potential use of this device with two experiments and with two
transtibial prosthesis users. Between these two experiments,
however, minor hardware modifications were made to the
device to facilitate ease of use. For the sake of completeness,
the design changes between the first and second prototypes are
listed here: 1) the toe portion of the prototype was shortened to
better fit within a cosmetic foot shell, 2) the forefoot fiberglass
beam width was decreased to counteract the stiffness change
associated with the shortening of the toe, and 3) the forefoot
clamp was redesigned to include two counterrotating bolts to
increase clamping force (bolts were chosen to counterrotated
such that tightening the bolts simultaneously did not exert
a torque on the user in the transverse plane). With the first
version, we found that for heavier participants, the clamp
would stick-slip; that is, it would slip slightly under the first
step and then remain in a slightly upward curved position for
the remainder of the steps taken. This did not impact stiffness
but did impact the effective dorsi/plantarflexion alignment.
Both versions of the Footropter were characterized in the same
way and the characterization results for the second version
are shown in Fig. 3. The stiffness values (Fig 3 ¢, d) were
calculated by dividing the force by the displacement of the
loading phase curve at S00N. Additionally, testing results from
the first subject are shown with the stiffness values appropriate
to the iteration of the FootRopter.

Due to the clamp slipping issue under heavy loads from an
older version, we also explored how clamping force affects
the load at which the forefoot clamp slips. The forefoot clamp
was set to the location of 6 cm and loaded to 735 N at an
approximate rate of 200 N/s. We used a torque wrench to

TABLE |
PARTICIPANT DETAILS
Participants Sex | Age | Weight Daily Use Foot
S1 M 65 195 lbs Fillauer AllPro
S2 F 69 145 lbs Ossur Talux

torque the forefoot clamp to 13.6 Nm, 20.4 Nm, 27.1 Nm,
34 Nm, and 40.7 Nm. Because one of the screws was reverse
threaded and our torque wrench worked only in the clockwise
(typical tightening) direction, we tightened it second and
attempted to match the tightening torque of the first screw.
We tested each clamp torque 3 times and quantified the
load at which the clamp slipped via visual inspection of the
force-deflection plots. The force at which the plates slipped
increased linearly with clamp screw torque (Fig. 4).

IV. EXPERIMENTAL METHODS

The Footropter was assessed in a pilot experiment with
two participants (Table I): both participants completed Exper-
iment 1 and one completed Experiment 2 (S1). Both
participants were unilateral transtibial prosthesis users with
a functional level of K3. Ethical approval to perform these
experiments was granted by the Northeastern University Insti-
tutional Review Board (Protocol #22-03-07), and written
informed consent was obtained from the participants prior to
the assessment. All experiments were conducted on separate
days at the Northeastern University Motion Capture Lab.

A. Experiment 1

The purpose of Experiment 1 was to assess the potential
of the Footropter for use in combination with a formal
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Fig. 4. Each torque tested is plotted at the force in which the forefoot
clamp slipped. As the torque increased, the force at which the clamp
slipped at increased.

Fig. 5.  Left: Certified Prosthetist adjusting the Footropter while the
subject is seated. Right: Example of a trial, in which the subject walks
overground with the Footropter and provides binary feedback on their
preferences.

2D preference optimization. To increase accessibility to the
foot and speed of the adjustments, we replaced the foot shell
and shoe with 4” 50-55 durometer soling material glued to
the plantar surface of the 3D printed nylon and carbon fiber
foot plates. For all trials, the participant wore a gait belt and a
researcher walked with the participant for safety. The partici-
pant’s daily use prosthetic foot was removed from their socket,
the Footropter was attached with standard componentry, bench
aligned, set to an intermediate stiffness, and then dynamically
aligned. A CP on the research team made all adjustments
to the prosthesis (Fig. 5). Participants familiarized themselves
with the Footropter through overground walking prior to the
experiment.

To validate the use of the Footropter as a tool to
efficiently determine patient preferences, we performed a
two-dimensional preference optimization with forefoot stift-
ness and hindfoot stiffness. We used Tucker et al. open-source
MATLAB toolbox, POLAR (Preference Optimization and
Learning Algorithms for Robotics) [33], [34]. Our prior
preference optimizations with prosthesis mechanics were all
one-dimensional (an overall stiffness or alignment variable),
and relied on participants to understand the directionality
of their preference (e.g., “I would prefer it to be stiffer”)
[18], [23]. Sequential one-dimensional optimizations would
fail to find a global optimum if the parameters interact
(e.g., if preferred forefoot stiffness depended on the hindfoot
stiffness). POLAR uses only pairwise comparisons without a
directionality (e.g., “I prefer this more than the last.”) and is

able to scale up to higher dimensions [33], though optimization
time scales exponentially with dimensionality [35].

The Footropter was set to a random starting forefoot and
hindfoot stiffness combination given by the POLAR algorithm.
Simulating a common clinical task during prosthesis fittings,
the participant walked 10 m to a marked location overground,
turned around, and walked back to the start. The participant
was occasionally reminded to consciously remember what this
felt like. The Footropter’s forefoot and hindfoot stiffnesses
were then changed to a new stiffness given by POLAR while
the participant sat. The participant walked on these new
settings and then made a forced choice of which stiffness
combination they preferred. This process continued, having
the participant make A-B comparisons, until the algorithm
converged on the participant’s preferred forefoot and hindfoot
stiffnesses.

The algorithm converged after 24 comparisons and 22 com-
parisons for S1 and S2, respectively. The optimization was
set up with several hyperparameters manually tuned during
pilot testing: notably, “length scale” (a notion of preference
landscape smoothness) was set to 2, which within our tested
range allowed only a few local maxima. ‘“Preference noise” (a
unitless parameter describing assumed preferences noisiness)
was set to 0.03. Finally, the optimization was run in regret
minimization mode, which seeks to maximize the total reward
through successful comparisons (as compared to maximizing
information gain, the other possible mode). This mode effi-
ciently explores regions around the user preference.

For S2, the time required for the CP on the research
team to make the Footropter adjustments was recorded by a
274 researcher.

B. Experiment 2

The purpose of Experiment 2 was to assess how changing
the Footropter forefoot stiffness and hindfoot stiffness could
elicit sensations hypothesized or anecdotally assumed to exist
when the forefoot or hindfoot stiffness is too stiff or soft,
as well as to better understand how stiffness interacts with
dorsi/plantarflexion alignment. This experiment took place at
a self-selected walking speed on the treadmill (determined
in conversation with the subject), with the Footropter inside
an off-the-shelf foot shell, and with the participant’s shoes.
The participant (S1) completed 27 walking trials, each one
in a complete block design for three levels of hindfoot
stiffness, forefoot stiffness, and dorsi/plantarflexion alignment.
The three settings for the hindfoot were: 54 N/mm, 68 N/mm,
and 85 N/mm; the three settings used for the forefoot were:
36 N/mm, 49 N/mm, and 73 N/mm; the three settings used
for dorsi/plantarflexion alignment were -4.2° (dorsiflexed),
40, and +4.2° (plantarflexed) from the dynamically aligned
neutral angle. The alignment changes were made by the set
screws in the pyramid adaptor, and counting half-rotations,
with 3 half rotations approximately equaling 4.2° [18]. The
participant selected terms from a screen that most accurately
described his sensations. These sensations were drawn from
a combination of reported sensations in the literature [36],
[37], pilot testing, and recommendations from CPs and are
listed in Fig. 7. The participant walked for approximately 30 s
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Experiment 2. Left: Subject walks on the treadmill while looking at a dictionary of possible sensations. Each combination of forefoot

stiffness (3 levels), hindfoot stiffness (3 levels), and alignment (3 levels) was tested once, and the subject was asked which phrase best described
their sensation. Right: Location of patient sensations relative to forefoot stiffness, hindfoot stiffness, and dorsi/plantarflexion alignment.

in each foot configuration while describing their sensations.
The participant was allowed to say one or more of the listed
sensations, describe their own sensations, or say nothing.

V. RESULTS

A. Experiment 1

The POLAR algorithm converged on a preferred forefoot
and hindfoot stiffness for both participants (Fig. 6), as deter-
mined post-hoc by the algorithm-identified optimal stiffness
not changing over the last 3 and 4 comparisons, respectively.

Figure 6 shows the preference landscapes for both partici-
pants, with a higher posterior mean being a higher preference.
Because only pairwise comparisons are used, preference does
not have a numerical equivalent, and the landscape can only
be interpreted as illustrating relative preferences for different
parameter combinations, where a combination of forefoot
and hindfoot stiffnesses with a high posterior mean can be
interpreted as being likely preferred over a combination with
a lower posterior mean.

S1 had more consistent preferences for forefoot stiffness
compared to hindfoot stiffness (Fig. 6). The preference land-
scape had a local maximum at the same forefoot stiffness but
a higher hindfoot stiffness than the global maximum. Their

overall hindfoot preference appeared to hit the lowest end of
the range for the Footropter’s hindfoot stiffness.

S2 was less consistent during their experiment, and this
is evident in their non-smooth preference landscape (Fig. 6).
They generally preferred stiffness to be as low as possible with
the forefoot and preferred an intermediate hindfoot stiffness.
S1 was limited in hindfoot stiffness range, preferring the
lowest possible setting, and S2 was limited in forefoot stiffness
range, also preferring the lowest possible setting.

During S2’s experiment, the time required to adjust the
forefoot was 43 £+ 7 s, and 22 £+ 10 s for the hindfoot, for
an average of 1 min and 6 s of total time required to change
both forefoot and hindfoot.

B. Experiment 2

The participant’s most commonly reported sensations were
“Feels like I'm falling forward,” which occurred primarily
with a dorsiflexed alignment, “Knee hyperextending” which
occurred primarily with the plantarflexed alignment, “Knee
collapsing,” which occurred at a combination of low hindfoot
stiffness and a dorsiflexed alignment, and “Dead spot,” which
tended to occur at low hindfoot stiffness (Fig. 7). In general,
the large changes in dorsi/plantarflexion alignment appeared
to dominate the overall experience when far from neutral.
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Other sensations from the listed sensations were reported,
though sparsely. During some trials, the participant explicitly
mentioned they felt the hindfoot was too soft (twice) or stiff
(once), or the forefoot was too soft (twice). In all five instances
the identified settings were at their extreme.

VI. DISCUSSION

The Footropter successfully accomplished a wide range of
forefoot stiffness and hindfoot stiffness levels. It was relatively
fast and easy for a CP to make these changes (Fig. 6). Partici-
pants were able to develop preferences for a specific hindfoot
stiffness and forefoot stiffness combination (Experiment 1) and
perceive sensations elicited by changes in foot stiffness and
dorsi/plantarflexion alignment (Experiment 2).

We anticipated that the wide range of forefoot stiffness
and hindfoot stiffness options would enable the same foot
to be used for a wide range of users; however, during our
preference optimization experiments, both users hit a limit to
the range. S1 preferred the lowest possible hindfoot stiffness,
and S2 preferred the lowest possible forefoot setting. It should
be noted, however, that the range of FootRopter forefoot
and hindfoot stiffness values is consistent with commercially
available feet [9]. As seen in Fig. 6, S1 preferred a higher
forefoot stiffness than hindfoot stiffness while S2 preferred the
opposite. All of the commercial feet characterized in Ruxin et
al. exhibit a higher hindfoot stiffness than forefoot stiffness [9].
Interestingly, S1 preferred relative forefoot and hindfoot stiff-
nesses that oppose what is present in commercial feet. Our
previous research combined forefoot and hindfoot stiffness,
testing these along a single combined overall-stiffness variable,
and found highly consistent preferences, but it is possible that
hindfoot preference is not as strong or reliable as forefoot.

Our previous research in preference optimization used
quasi-passive devices, which were able to adjust either their
stiffness or alignment with a small motor [6], [15], [18].
These adjustments were rapid enough to occur during swing
phase of gait, meaning the participant was not required to
stop during adjustments (though could stop and lift their
foot for the adjustments depending on the protocol.) The
Footropter required participants to sit (standing is possible
but difficult), and it took a little over a minute to adjust
both the forefoot and hindfoot stiffness. The higher amount
of downtime between settings likely contributed to the low
consistency for preference [20]; anecdotally, it did seem that
participants would occasionally become distracted and forget
the previous settings. Moreover, patient distraction may be a
general limitation to the informal utilization of preferences in
a clinical setting, and this may be particularly difficult with
passive devices that require longer adjustment times.

Generally, we assume that there are no local preference
maxima, and that the local maxima and saddle points evi-
dent in the individual preference landscapes are a result of
participant inconsistencies in their preferences. The POLAR
framework is generally capable of handling noise in the
pairwise comparisons if the hyperparameters are appropriately
set, and with more trials the landscapes would likely become
smoother. Increased inconsistency in preferences for hindfoot
stiffness (local maxima along this dimension) may indicate

that hindfoot stiffness is less important to users, or that
participants prioritized forefoot stiffness in comparisons where
one variable was improved and the other variable was made
worse. This finding may relate to the wide variation in hindfoot
stiffness levels (~2X) for similar forefoot stiffness levels
among different models of prosthetic feet [9].

In our second experiment, there were several consistent
phrases from the subject, but not all phrases we proposed in the
dictionary list were used. As expected, the subject identified
perceptible negative sensations in the knee with parameter
combinations that have been known to cause these issues;
namely, plantarflexion and high forefoot stiffness caused 3 of
the 4 “knee hyperextending” comments, and dorsiflexion
(regardless of stiffness) caused 3 of the 4 “knee collapsing”
comments. Similarly, dorsiflexion caused 7 of the 9 “falling
forward” comments. The comment “dead spot” was most
associated with a high forefoot stiffness, a low heel stiffness,
and dorsiflexed alignment; this may be explained by the
subject quickly gaining foot flat due to the low stiffness
and dorsiflexion but then encountering a heavy resistance
to rollover in midstance from the high forefoot stiffness.
Though not completely consistent, all three tested variables
were associated with sensations that are consistent with the
biomechanics literature.

The forefoot stiffness adjustment mechanisms had
limitations. Notably, the forefoot clamp required substantial
tightening torque to prevent slipping (Fig. 4). This issue was
largely improved with the design modification in which two
screws with opposite thread directions were used to increase
the clamping force, however, slipping issues still remain when
high forces are applied to the forefoot. As a potential improve-
ment in future iterations, the clamping mechanism could be
replaced with shear pins that prevent the relative sliding of
plates. Shear pins could be repositioned along the length of
the forefoot to vary forefoot stiffness. Because of the potential
to slip, we did not load to as high of a force as was done in
several characterizations of commercial feet, and, due to the
stiffening behavior, the stiffness of our device may actually
have higher than commercial feet with similar stiffness values.
Access to the Footropter stiffness adjustment mechanisms is
also impaired by the foot shell; because of this, and to improve
efficiency of the trials, Experiment 1 had the limitation that
the Footropter was not used within a foot shell and shoe.

Future work will investigate several factors that may have
contributed to inconsistent preferences in the subjects, par-
ticularly compared to our past work. In particular, questions
remain about how the downtime between settings may have
caused subjects to forget the sensations of walking with the
previous settings, and similarly how preferences may drift
over longer time scales. There may also be differences in
the overall perceptibility of forefoot vs hindfoot stiffness, and
future perception research could help determine whether both
variables should be optimized, or a single overall stiffness
parameter would be adequate. Furthermore, future work will
be required to translate this or similar devices in a clinical
setting. Manufacturers would need to publish the stiffness of
their prosthetic foot models or perform their own testing and
publish suggested feet for specific Footropter settings.
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VIlI. CONCLUSION

This paper presents the design and assessment of a novel
prosthetic foot emulator called the Footropter. The Footropter
is a passive prosthetic foot designed specifically for clinical use
and allows for adjustable forefoot and hindfoot stiffness levels
spanning the range of stiffnesses observed in commercial
prosthetic feet. The forefoot and hindfoot stiffness are easily
adjustable by repositioning a forefoot spring clamp and a heel
spring support, respectively, using Allen keys. The Footropter
was assessed on two unilateral transtibial prosthesis users
during two preference and perception studies. The participants
were able to perceive changes in forefoot and hindfoot stiffness
as well as perceive sensations elicited by changes in foot
stiffness and dorsi/plantarflexion alignment. The Footropter
demonstrates potential for the use of simple, passive, pros-
thetic foot emulators in clinical settings to integrate patients’
experiential input into the clinical prescription process.
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APPENDIX
A. Derivation of Hindfoot Stiffness Equation
The propped cantilever used in the hindfoot is statically
indeterminate to the first degree—that is, it has one extra
constraint. It can be solved via superposition by breaking the
problem into two simpler cases, first solving for the reaction
force at the prop, and then combining the deflections due
individually to the reaction force and endpoint load. [29]:
1) Consider the cantilever beam without the prop. The
deflection v at point a along a beam of length L due to
a load P at the endpoint is:

P_ Pa’ (3L — a)
“ 6E1
2) Consider only a reaction load R at the prop location a,

without an endpoint load. The deflection at a due to this
load is given by:

v (A1)

¢ 3EI
Because deflection at @ must be zero due to the prop, the
deflections given by (A1) and (A2) must be equal and opposite:
Pa®  Pa*> (3L —a)

3E1  6EI

(A2)

(A3)

K/Ko

0.1 0.2 0.3 0.4 0.5

a

Fig. 8. Stiffness (relative to stiffness without slider) as a function of
slider location.

(A3) can then be used to solve for the reaction force, R:
P Q3L —a)

2a
The endpoint deflections due individually to each of these two
forces may then be calculated and combined. First, the end
deflection due to the load is:

R= (A4)

pPL’
3E]
Second, the end deflection given by the reaction at the prop
is:

vl = (A5)

r  Ra*GL-a)

= A6
oL 6EI (46)
Substituting (A4) into (A6) and simplifying:
Pa (3L —a)(3L —
k_PaGL-a)BL—a) A7)

L 12E1
Combining the two deflections described by (AS) and (A7)
via superposition yields the following total deflection:
PL®> Pa(BL—-a)(3L—a)
3E] 12E1
Factoring out the constant load P and beam characteristics
E1, setting the length L = 1, and describing a instead as a
unitless value between 0 and 1 to represent it as a fraction
along the length of the spring, (A8) can be approximated as
follows:

v = (A8)

1 aB—-a)(B—a)
UL ~N—_—e,—
3 12
Since stiffness is inversely proportional to displacement
(K(a) ~ 1/vr), (A9) can be used to approximate the beam

stiffness:

(A9)

—-12
a3 — 6a’> +9a — 4
Finally, beam stiffness can be described as a function of the
lowest stiffness, Kg,which occurs when a = O:
—4
a3 —6a>+9a — 4
Within the range of a = [0.1, 0.5], which is the approximate
range of slider locations of the hindfoot slider, we get a
theoretical range of approximately 3.5X (Fig. 8), though actual
range is more limited, likely due to series compliance in the
rest of the structure.

K(a) ~ (A10)

K(a) = Ko

(Al1)
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