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BRIEFS. This research found that a split toe and a single toe prosthesis did not have significant biomechanical differences while walking or turn-

ing

ABSTRACT. Each human toe exerts different forces onto the
ground during walking and the inner most toes undergo more load,
greater range-of-motion, and generate more power than the outer
most toes. Yet, it is not known how the number of toes affects
walking biomechanics. In this study, three subjects wore a pair of
adjustable ankle-toe prostheses, mounted beneath simulator boots.
Each subject experienced both a single and split toe during walk-
ing and turning. We examined motion capture, ground reaction
forces, and a figure-of-eight turning test concurrent with a survey
to analyze how the different toe conditions were perceived by each
subject. We assessed toe joint angle range-of-motion and center-
of-mass (COM) power and work for straight ahead walking, and
qualitative differences in turning. It was found that there were no
differences in toe joint angle or COM work during forward, tread-
mill walking. Additionally, we found that there were no differ-
ences in perceived balance while turning between a single or split
toe, which was unexpected as previous research has indicated that
different toes receive different forces, generate different amounts
of power, and flex differently.

INTRODUCTION.

Attempts to mimic the human foot have led to a variety of different
prostheses. These include the split foot prosthesis (carbon fiber pros-
thesis in which the medial (inner most) and lateral (outer most) sides
are separated from the toe to the ankle by a space) that claims to im-
prove medial/lateral stability [1]. However, these claims have not been
substantiated by empirical research. A split foot emulator that has var-
ied the amount of medial/lateral torque about an ankle showed that
balance could be increased by using a stabilizing torque about an an-
kle, or a change in inversion/eversion torque of the ankle applied to
counteract deviations in side-to-side (COM) acceleration during toe
off [2].

Human toes have been studied for a better understanding of its biome-
chanical functions during gait. The evolution of the human foot has
been suggested to better accommodate bipedal gait as the hallux (i.e.,
the big toe) transitioned form an opposable position to a non-opposa-
ble position. This transition of the hallux improved the walking econ-
omy by allowing for a more energy storage and return within the foot
[3]. Furthermore, simulation studies have shown that the walking with
a toe joint improves walking economy over walking without a toe joint
[4-6]. Other studies of the human foot have shown that each human
toe receives different ground reaction forces during gait [7] and that
the medial toes of the foot undergo more load, flex more, and generate
more power than the lateral toes [8].

Although toes have been suggested to contribute to walking perfor-
mance, it is difficult to systematically test different features of toes.
For instance, it is relatively simple to artificially increase the length of
toes — but not decreasing the length. To circumvent these difficulties,
previous studies have examined different toe parameters — including
toe shape, toe joint stiffness [9], and toe length [10] — through an

adjustable ankle-toe prosthesis. However, it is still unknown how the
number of toes affects walking biomechanics.

MATERIALS AND METHODS.

An adjustable ankle-toe prosthesis with a single toe and split toe was
evaluated in order to understand if the number of toes affect walking
biomechanics. The split toe was drafted using computer aided design,
then prototyped and manufactured using additive manufacturing.
Three subjects walked and performed a turning test in simulator boots
(VacoCast), air cast boots that disable the subject’s biological foot and
ankle, that are attached atop the prosthesis. During walking, toe joint
angle and COM power data were recorded. During the turning test,
perceived balance data were collected.

Prototyping and Fabrication

A single toe and split toe were designed to fit the existing adjustable
ankle-toe prosthesis [9] that allows for adjustment of different foot pa-
rameters (e.g., toe joint stiffness, toe shape, ankle stiffness). A preex-
isting toe of the adjustable ankle-toe prosthesis was replicated using a
computer aided design program (Fusion 360, Autodesk Inc., San Ra-
fael, CA). The toe was then updated so that a 0.25 cm gap was re-
moved from the entire centerline of the toe (86 mm) to create the split
toe. The split toe was additively manufactured using a solid fill (i.e.,
3D printed with no honeycomb structure on the inside). A single toe
was also additively manufactured to the same specifications to keep
similar material and weight of the tested toes (split toe: 35 g, single
toe: 37 g). Shoe crepe and Vibram were adhered to the toes via hook
and loop in order to provide a shoe-like surface to walk on. The canti-
lever toe spring was also updated to accommodate the split toe. This
spring was designed with a gap 0.13 cm wider than the gap of the split
toe to ensure that the split toes would be able to move independently
from each other (Figure 1). The toe spring was laser cut from 0.06 cm
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Figure 1. Schematic of the adjustable ankle-toe prosthesis (a) with the
top-views illustrating the design of the single toe (b) versus the split toe
(c). Adapted figure from [9].



thick 1095 steel (also known as blue-tempered steel) to accommodate
a stiffness similar to that previously tested [9].

Data Collection

Data were collected from three able-bodied subjects (2 male and 1 fe-
male) with average weight, height, and age of 71+ 15 kg, 1.8+ 0.05 m
tall, 25+ 2 years, respectively. The subjects wore the adjustable ankle-
toe prosthesis bilaterally below simulator boots in order to evaluate
the difference between a single toe and split toe. All subjects recruited
had prior experience walking on the adjustable ankle-toe prosthesis.
Each subject provided written informed consent to the protocol prior
to testing, which was approved by the Vanderbilt Institutional Review
Board. The subjects had a twenty minute over-ground walking accli-
mation period. Time was split evenly between the following condi-
tions: both split toe, neither split toe, only right split toe, and only left
split toe. Sixteen passive reflective markers were attached (two at the
top of each toe on the split toe, and to match on the single toe, one on
the medial and lateral of the toe joint, and one on either side of the
heel) to the prostheses. Markers were placed on the single toe to match
the split toe. Subjects then walked on an instrumented split belt tread-
mill (Bertec, Columbus, OH) at 1.0 m/s while recording ground reac-
tion forces and motion capture data (Vicon T40, Vicon, Oxford, UK)
at 1000 Hz and 200 Hz, respectively. A two-minute acclimation period
was given on the treadmill. Then two conditions, both feet with split
toes and hoth feet with single toes (two more conditions are tested
while turning, however due to time constraints they were not tested
while walking), were each recorded for 30 seconds twice. Data were
analyzed from the second 30 second trial.

A figure-of-eight test was used to characterize if subjects could feel
the difference when walking on a split toe versus a single toe. Four
conditions were tested each tested twice: both split toes, both single
toes, a split toe on the right and a single toe on the left, and a split toe
on the left and a single toe on the right. A Likert-scale survey [11],
which is a survey in which a subject is asked to rate to what extent
they agree with the given statement on a five-point scale, from
strongly agree to strongly disagree, was given to subjects after each
random condition was tested while turning. Subjects walked in a fig-
ure eight pattern two times for each condition [12], then were asked to
rate to what extent they agreed with the statement "I felt more balanced
making a turn to my left as compared to making a turn to my right" on
a five point Likert-scale. While the condition was being changed be-
tween each test, subjects were given an android tablet loaded with the
game “Fish Farts Kids” [13] to distract subjects from what condition
was being applied for the next trial. Video recordings were also taken
of the first subject while walking and turning.

Data Analysis

The data were processed using a custom MATLAB (MathWorks, Na-
tick, MA) script in combination with Visual 3D (C-Motion, German-
town, MD). Marker and force data were filtered with a Butterworth
3rd order, dual pass filter at 10 Hz and 15 Hz, respectively. All data
were stride parsed and averaged based on foot contact. Cross-over
steps (e.g., right foot on left belt) were eliminated prior to stride aver-
aging. Marker data were used to determine toe joint angles for both
the medial and lateral toes. Force data were used to compute COM
power (Figure S1) using the individual limbs method [14]. The work
during different phases of gait was determined from area under the
time-varying COM power curve [15]. The four phases of gait evalu-
ated were Collision, Rebound, Pre-load, and Push-off, as defined by
the COM power curve and were formally defined in Zelik et al. (2015).
Though all phases of gait were evaluated, we a focused on the Push-
off and Collision phases, because as the toes articulate during Push-
off, and Collision occurs simultaneously as Push-off on the opposite
limb.

351
T
30t
= 25t
c
o
F=
2 20
o
?
@ 15t
c
3]
o
10}
5k
0
Single Toe Medial Lateral

Split Toe

Figure 2. Average (N=3) range-of-motion for the lateral and medial toe
joints during the split toe trials and whole toe joint during the single toe
trials. No significant differences were found (p > 0.05). Bars represent
standard deviation.

Statistical tests were used to determine significant differences between
toe joint angles (Figure S2), work in each phase of gait (Figure S1),
and survey response (Table 1). An analysis of variance (ANOVA)
with a Holm-Sidak correction was used to determine if there were any
significant differences between the whole toe joints’ range-of-motion,
the medial toe joints’ range-of-motion and the lateral toe joints’ range-
of-motion angles when a.= 0.05. A paired t-test was used to determine
significant differences between the single toe and split toe trials for
each phase of gait. A Kruskal-Wallis test was used to determine if
there were any significant differences in survey response across con-
ditions when a = 0.05.

RESULTS.
Straight-Ahead Walking

Walking with a single toe or split toe made little difference in toe joint
range-of-motion (Figure 2) or in COM work (Figure 3). No significant
differences were found in the range-of-motion nor in the COM work
during different phases of gait (p > 0.05).

Turning

Overall, there was little perceived difference between having a single
toe and a split toe during turning (Table 1). Two out of the three sub-
jects reported no differences between conditions, while one subject
reported feeling differences more frequently on the right foot than the
left foot. However, there were no significant differences between re-
sponses (p > 0.05).

DISCUSSION.

This study evaluated how the number of toes affected walking biome-
chanics. This was the first study to isolate the function of a single toe
versus a split toe on a prosthesis. There were no noticeable differences
between the single toe and split toe while turning (Table 1), which was
unexpected as medial and lateral human toes do not undergo the same
load, flex the same amount, or generate the same amount of power as
each other [7, 8]. Though there was no perceived differences in these
conditions during turning, video recordings showed that each toe hit
the ground at different times and went through different ranges of mo-
tion. Further investigations with motion capture (as motion capture
was not recorded during these tasks) will be needed to corroborate this
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Figure 3. Center-of-Mass Power curve and average (N=3) work for each
phase of gait for the split toe and single toe trials. No significant differences
were found in a single toe versus split toe trial (p > 0.05). Bars represent
standard deviation

evidence. Furthermore, one subject felt differences that did not coin-
cide with the given conditions. The cause of these perceived changes
is unknown but could be due to a placebo effect. Collection of ground
reaction forces could provide further objective evidence to either con-
firm or refute the subjective findings here. Motion capture and ground
reaction force data were not collected here due to study time and space
constraints (i.e., would require force plates over a great area).

During forward walking, there were no differences between the single
toe and split toe in toe joint angle (Figure 2) or COM work (Figure 3).
These results were expected as previous studies have shown that the
shape of the toe, including only having a single toe on either the medial
or lateral side of the foot did not affect walking biomechanics [9].

There are several limitations to this study. The most pronounced lim-
itation of this study is that it was performed using simulator boots that
cause the subject’s gait to deviate from natural gait, however this is
common for testing prosthetic foot parameters [9, 16]. This study’s
sample size was also small as it was only three people. The power
analysis for this study showed that the sample size needed for a power
of 0.9 when alpha = 0.05 is over 500. A 500+ subject study is not
feasible in research similar to this due to the amount of time each in-
dividual data collection takes and the cost of having 500 subjects. Ide-
ally, a study like this would have ten to twenty subjects, as most stud-
ies in this field do [9, 16]. Additionally, the prosthesis used in this
study has a single axis ankle and a single axis toe joint, though multi-
axis ankle joints are available [17]. Both of these could have an effect
on how the subjects perceived differences in the toes, as having a sin-
gle axis ankle and toe joint is dissimilar to the biological foot that the
subjects regularly walk on.

In conclusion, there were no significant differences between the range
of the toe joint angle, or the Center-of-Mass work while walking or
perceived differences while turning with a single toe versus a split toe

Table 1. Percentage response for each condition. Implications for each
choice response on Likert-scale survey are listed. No significant differ-
ences were found (p > 0.05).

Left turn is more Right turn is more

No difference

balanced balanced
Left Split 0% 83% 17%
Toe
Right Split 17% 67% 17%
Toe
Neither 0 0 o
Split Toes 0% 83% 17%
Both Split 0% 83% 17%
Toes

explicitly quantified in this study. However, data of other biomechan-
ical functions is needed to confirm or deny if the number of toes affect
walking and turning. Ideally, this study would be repeated with addi-
tional subjects and more objective testing to better understanding the
function of toes while walking and turning.
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SUPPORTING INFORMATION.

Figure S1. Center-of-Mass Power over percent of single stride. Each phase
of gait coincides with each peak and valet in the Center-of-Mass Power.
The work of each phase of gait is the area under of above each curve.

Figure S2. The range-of-motion is derived from the toe joint angle over
the length of a single stride.
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