
11228 IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 7, NO. 4, OCTOBER 2022

Empirical Validation of an Auxetic Structured Foot
With the Powered Transfemoral Prosthesis

Woolim Hong , Namita Anil Kumar , Shawanee Patrick, Hui-Jin Um, Heon-Su Kim, Hak-Sung Kim ,
and Pilwon Hur

Abstract—The toe joint has been studied since it plays a critical
role in human ambulation, such as stability, energy storage and
propulsion. Despite its critical role, only a few studies have used and
tested toe-jointed feet in powered prosthetic walking. In previous
studies, we proposed 3D printable prosthetic feet with auxetic
structures that provide human-like toe joint properties, termed
a flat-toe (FT) foot and a curved-toe (CT) foot. The numerical
simulation revealed that these feet could mimic the function of
the biological toe joint, but they have not yet been validated in
an empirical manner. In this study, we conducted a walking exper-
iment with three subjects (i.e., two able-bodied and one amputee)
using a powered prosthesis and two custom-designed prosthetic
feet: the FT foot and CT foot. To evaluate the given feet, several
metrics (e.g., joint kinematics/kinetics, ground reaction forces, and
gait symmetry) were utilized. According to the results, the CT foot
exhibited greater toe flexion, resulting in an earlier heel-off, a later
toe-off, and a longer push-off duration when compared to the FT
foot. Furthermore, less ground reaction forces were measured from
both the prosthesis and intact sides, and a more symmetric gait was
achieved with the CT foot. Another interesting finding was that the
CT foot affected the user’s thigh kinematics, leading to an improved
gait phase estimation while walking. We concluded that the CT foot
allowed for a more natural roll-over, resulting in better consistency
and symmetry while walking with the powered prosthesis.

Index Terms—Auxetic structure, prosthetics and exoskeletons,
prosthetic foot design, toe joint.
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I. INTRODUCTION

THE toe joints are well known to play an important role in
aiding stability [1] and energy storage and propulsion [2],

[3] while walking. The toe joint stiffness also influences certain
phases (e.g., push-off) of walking, altering joint kinematics and
kinetics [4]–[6]. Furthermore, the curvature of the forefoot could
improve foot rolling, influencing the mechanics and energetics
of walking [7], [8]. Researchers at Vanderbilt University in-
vestigated the toe joint’s functional effects on human walking
by designing a passive toe joint mechanism using leaf springs
to enhance their prosthesis performance [4]–[6]. Initially, they
focused on the biomechanical effects of toe joint stiffness and toe
shape by simply varying the given conditions [4]. As a result, as
toe joint stiffness increased, so did push-off power [4]. The ma-
jority of participants (i.e., the healthy population), however, did
not prefer the highest push-off condition. They rather preferred
the condition of intermediate toe joint stiffness. This preference
was investigated further with an amputee population using a
custom-modified Balance Foot J (Ossur, Reykjavík, Iceland) [5].
Interestingly, the participants who had amputations on their
dominant legs preferred the higher push-off condition, while the
others preferred the intermediate level of push-off [5]. Moreover,
the researchers investigated other parameters, such as toe length,
foot arch (i.e., heel to toe joint) length, or toe joint axis, to quan-
tify their effects on human walking biomechanics [6]. Changes in
foot arch length had a greater impact on walking biomechanics
(e.g., ankle push-off work) than changes in toe length, while
changes in toe joint axis had little impact. By independently
varying the given conditions (e.g., toe stiffness, toe length), the
results of [4]–[6] provided several insights into the toe joint
effect. However, they had less interest in how toe joint stiffness
changes as the toe joint angle changes over the gait cycle. Some
other studies have been conducted to benefit from the toe joint by
mimicking its behavior for their prostheses [9]–[12]. Zhu et al.
proposed a powered toe joint for their transtibial prosthesis [9].
They were able to replicate the nonlinear stiffness trend of
the human toe joint, as shown in the angle-torque curve, by
actively controlling the toe joint. Having an actuator at the toe,
on the other hand, increased the weight of the system, possibly
resulting in higher energy expenditure, hip work, and stress on
the socket-residual limb connection [13]–[16]. Gabert et al. re-
cently introduced a powered ankle/toe prosthesis with a five-bar
mechanism for transtibial amputees [10]. In terms of weight,
dimension, and build height, their design was comparable to the
microprocessor-controlled prosthesis, and it was able to better
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mimic the function of the human foot in a dynamic simulation.
To be more exact, their foot used significantly less motor power
and electrical energy than the foot without the toe joint [10].

We also attempted to mimic human toe joint kinematics and
kinetics by applying the auxetic structures to a prosthetic foot de-
sign [11], [12]. The auxetic structure is known for its outstanding
mechanical properties due to its negative Poisson’s ratio, such as
high energy absorption, shear and impact resistance [17], [18].
Thus, we implemented this structure in the prosthetic foot design
to imitate a suitable deformation of the human toe joint in a
stable manner while walking [11], [12]. Toe joint properties (e.g.,
toe flexion and nonlinear toe joint stiffness) were successfully
mimicked with the auxetic structured foot in a simulation [11],
[12], but its biomechanical effect has not yet been empirically
validated when it is used with an actual prosthesis. Thus, the
main objective of this study is to empirically validate the pros-
thetic feet proposed in the prior studies [11], [12] by conducting
a walking experiment with two able-bodied subjects and one
transfemoral amputee subject using the powered prosthesis. The
contributions of this study are i) experimental validation of the
3D printed prosthetic feet that were created based on the auxetic
structures, ii) joint kinematics and kinetics comparison between
two prosthetic feet, and iii) gait symmetry comparison between
two prosthetic feet. The remainder of this letter is structured as
follows: Section II presents the preliminaries of this study. In this
section, we briefly explain the prosthetic feet that we proposed in
our previous works [11], [12]. Also, a custom-designed powered
prosthesis and its control framework are described. Sections III
and IV report the experimental protocols and results, respec-
tively. We further discuss the results and the limitations of this
study in Section V before concluding in Section VI.

II. PRELIMINARIES

A. Prosthetic Foot Design

We attempted to implement a flexible structure (i.e., aux-
etic) capable of mimicking human toe joint behavior while
walking [11], [12]. We demonstrated that the auxetic structures
could provide human toe joint properties (e.g., toe flexion and
nonlinear toe joint stiffness), but the results were based solely
on numerical simulation (i.e., finite element analysis) using
ABAQUS (v6.14, ABAQUS Inc.). In this study, we tested two
different prosthetic feet (see Fig. 1) that were created based on
the previous studies [11], [12] by conducting a walking experi-
ment. Both feet were made with onyx filament (i.e., short carbon
fiber reinforced nylon filament with a diameter of 1.7 mm) using
a desktop 3D printer (Mark Two, Markforged, Watertown, MA,
USA). This enables the printed feet to provide more flexibility
compared to acrylonitrile butadiene styrene (ABS) or polylactic
acid (PLA). Build orientations were the same for both feet, and
a printing layer height of 0.1 mm and a 100% fill density were
set while printing them.

The foot in Fig. 1(a), named a flat-toe (FT) foot, was presented
in [11]. This foot has re-entrant honeycomb structures with
small curvatures (i.e., bending zones) at its forefoot. The FT
foot achieved up to 15◦ toe flexion within the yield strength
of the onyx [11]. Toe stiffness followed the human trend [19],

Fig. 1. 3D printed prosthetic feet using onyx filament. (a) FT foot with re-
entrant honeycomb structure and bending zone. (b) CT foot with re-entrant
structure and bending zone.

Fig. 2. Human toe joint angle-torque curve from heel-off to toe-off [19].

which has non-linearity from heel-off to toe-off (Fig. 2). How-
ever, 15◦ of toe flexion was not enough considering the human
walking. To achieve a suitable bending structure of more than
20◦, we recently proposed another prosthetic foot, designed
using re-entrant structures (Fig. 1(b)) [12]. This curved-toe (CT)
foot also has a bending zone at the forefoot to enhance the
bending characteristics. This enables bending deformation to
occur stably without causing unnecessary deformation at the
curved part. All the dimensions of the structure and the foot
were obtained by solving the optimization problem based on
human data [20].

B. Powered Prosthetic System

1) Hardware: We used a custom-designed powered trans-
femoral prosthesis, AMPRO II, to investigate the effect of the
prosthetic foot on walking biomechanics (Fig. 3). The prosthesis
was operated by a microprocessor (BeagleBone Black, Texas
Instruments, Dallas, TX, USA) to control the actuated ankle
and knee joints. Force sensors (FlexiForce A502, Tekscan, South
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Fig. 3. AMPRO II: A custom-designed powered transfemoral prosthesis at
Texas A&M University. Two different feet were given and compared.

Fig. 4. (a) AB1 wears the prosthesis using the L-shape simulator. (b) TF1
wears the prosthesis with her own socket.

Boston, MA, USA) were placed under the heel and toe to detect
important gait events, such as heel-strike, heel-off, and toe-off.
The heel-strike was used as a cue for initiating the gait cycle and
all the control parameters. An inertial measurement unit (IMU;
MPU 9150, SparkFun Electronics, Niwot, CO, USA) was placed
on the user’s thigh to measure the thigh segment angle, which
was then used to estimate the user’s walking progression Fig. 4.
The kinematics and kinetics of the prosthesis-side ankle and
knee joint were collected using high-resolution optical encoders
(E5, US Digital, Vancouver, WA, USA) and motor drivers (Gold-
Solo Whistle, Elmo Motion Control, Petach-Tikva, Israel), re-
spectively. The prosthetic foot was easily interchangeable to
validate its effect on the gait performance of the prosthesis
(Fig. 3).

2) Phase Variable: Estimating the user’s walking state is
important for prosthesis control because the prosthesis requires
synchronized control with the user for stable walking. A phase
variable (PV) is one method for estimating the user’s walking
state for the prosthesis control. [21], [22]. This variable indicates
the user’s walking state regardless of time by parameterizing the
gait cycle based on kinematic changes in the user. To compute
the PV in this study, we used thigh kinematics measured by an
IMU attached to the thigh (Fig. 4). This is because the amputee’s
residual thigh moving in a periodic and consistent pattern during
the gait cycle [21], [22]. As described in Appendix I, the resulting

TABLE I
SUBJECT INFORMATION: ABLE-BODIED AND AMPUTEE SUBJECTS

PV (i.e., φ) was strictly monotonic and bounded in the range of
[0,1], corresponding to 0%–100% of the gait cycle.

3) Control Framework: AMPRO II was controlled based on
a hybrid control framework of impedance and proportional-
derivative (PD) controllers [22], [23]. During the stance phase,
the impedance controller provides a human-like joint torque for
each joint based on the user’s walking state as follows [23]:

τ = K(φ) · (θact − θeq) +D(φ) · θ̇act, (1)

K(φ) and D(φ) refer to the stiffness and damping parameters
that are functions of the PV for each joint, respectively. θeq
denotes the equilibrium angle at different gait phases: 1) heel-
strike to foot-drop, 2) foot-drop to heel-off, and 3) heel-off to
toe-off [23]. Finally, θact and θ̇act are the instantaneous position
and velocity of the joint as measured by the optical encoders.
The impedance controller is highly responsive to the user’s
kinematics, allowing the user to interact with the ground more
during the stance phase [24].

τ = Kp · (θact − θdes(φ)) +Kd · (θ̇act − θ̇des(φ)), (2)

where θdes(φ) and θ̇des(φ) denote the desired position and
velocity of each joint, while θact and θ̇act denote the position and
velocity for each joint. The proportional and derivative gains are
denoted by Kp and Kd, respectively. As shown above, the PD
controller was used to follow the desired joint trajectories during
the swing phase. To generate the desired trajectories, third-order
Bezier polynomials were used during the early swing phase for
a smooth transition from the stance phase, and another set of
third-order polynomials was used for foot clearance during the
rest of the swing phase [22]. All the impedance parameters (i.e.,
stiffness and damping coefficients) and the desired trajectories
were given based on PV (i.e., φ) to provide synchronized control
with the user.

III. EXPERIMENTAL PROTOCOLS

A. Experiment Design

An indoor walking experiment was conducted with two able-
bodied individuals (AB1 and AB2) and one unilateral trans-
femoral amputee (TF1), as summarized in Table I. The able-
bodied subjects utilized an L-shape simulator to simulate the
amputee walking with the prosthesis, and the amputee subject
utilized her own socket, as depicted in Fig. 4. TF1 has been using
an X3 Knee in conjunction with a Freedom Runway Foot (Otto-
bock, Duderstadt, Germany). All walking trials were carried out
on an instrumented treadmill (Tandem, AMTI, Watertown, MA,
USA) while a 44 camera-based motion capture system (Vantage
V5, Vicon, Hauppauge, NY, USA) collected the subjects’ ground
reaction forces (GRFs) and 3D motion data.
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Prior to collecting the experimental data, the subjects under-
went eight training sessions for two months for the subjects
to get used to the powered prosthesis and the prosthetic feet.
Each training session of 5–6 trials lasted for an hour. Sub-
jects walked for 1–2 minutes each trial, and 10–15 minutes of
break time was given between trials. For each trial, the pros-
thetic foot was randomly interchanged to avoid any bias from
the foot.

During the validation session, data collection was performed
for both feet (i.e., FT and CT feet) on the same day for each
subject. Each trial lasted 90 seconds for walking and 15 minutes
of break time were provided between each trial. To avoid fatigue
and any potential safety issues, subjects walked at their preferred
speed throughout all trials. With handrails on either side of the
treadmill, safety was ensured. All the experiment protocol has
been reviewed and approved by the Institutional Review Board
(IRB) at Texas A&M University (IRB2015-0607F).

B. Data Analysis

We collected and interpolated the subject’s motion capture
data using Vicon Nexus. The marker data and GRFs were
filtered with a third-order Butterworth low-pass filter based on a
10 Hz and 20 Hz cutoff frequencies, respectively. The associated
lower-body model was constructed in Visual3D (C-Motion, Ger-
mantown, MD, USA). We collected the spatiotemporal metrics
using the prosthesis sensors (e.g., encoders and force sensors),
marker data, and force plate data. The prosthesis joint kinematics
and kinetics were all calculated in the sagittal plane. The toe joint
angle was also estimated in the sagittal plane using three markers
on the prosthetic feet: heel, mid-foot, and toe. We estimated the
toe joint angle by calculating the angle between the foot vector
(i.e., heel to mid-foot) and the toe vector (i.e., mid-foot to toe).
The timings of heel-off and toe-off were detected using the force
sensors at the heel and toe.

To examine how much the foot condition affects symmetry
between the prosthesis and the opposite side, we performed gait
symmetry analysis. Gait symmetry is one of the outcomes in
measuring gait patterns or evaluating gait performance [25]–
[27]. Asymmetric gait is known to be inefficient in energy con-
sumption during walking [28], [29] and may lead to asymmetric
muscle activation on the low back [25], higher load on the intact
limb and joints, and a higher risk of secondary impairments [30].
To evaluate the gait symmetry, we calculated the symmetry index
(SI) based on both sides of the leg as follows [31]:

SI =
(XP −XI)

0.5 · (XP +XI)
· 100, (3)

where XP refers to prosthesis-side data and XI refers to intact-
side data. When the value of SI is equivalent to zero, it is referred
to as a symmetric gait. On the other hand, when the value
diverges from zero, referring to asymmetry. In this study, we
investigated the symmetry of GRFs and stride time between
bilateral legs. No statistical analyses were performed due to
small sample size (N = 3) in this study.

Fig. 5. Gait event detection in gait cycle (%): (a) Heel-off and (b) Toe-off.
Blue indicates the FT foot, while red indicates the CT foot. Error bar indicates
± one standard deviation (SD) of twenty gaits.

IV. RESULTS

A. Gait Event Detection

As shown in Fig. 5, the CT foot tended to have an earlier
heel-off compared to the FT foot. In the case of toe-off, the AB
subjects and TF1 showed different patterns. The AB subjects
did not seem to have much difference in toe-off, whereas TF1
tended to have a later toe-off with the CT foot.

B. Prosthesis-Side Joint Kinematics/Kinetics

Fig. 6 shows the prosthesis-side ankle/knee joint kinematics
and kinetics results of the amputee subject compared to healthy
human data [32]. Both feet showed healthy human-like joint
kinematics and kinetics trends while walking, but there was a
discrepancy in timing for ankle push-off (e.g., Figs. 6(a) and
(d)) and knee joint kinetics (e.g., Figs. 6(g) and (h)). This could
be related to the difference between the healthy gaits and the
amputee’s gait. As shown in Fig. 6(c), the FT foot showed 4.5%
greater ankle torque compared to the CT foot, resulting in greater
plantar-flexion (Fig. 6(a)). Both the FT foot and the CT foot
showed almost identical amounts of peak ankle joint power at
approximately 50% of the gait cycle in Fig. 6(d). In the case of
the knee joint, the CT foot showed 4% longer knee flexion during
the stance phase and 2◦ more maximum flexion during the swing
phase, as depicted in Figs. 6(e) and (f). There was no apparent
difference between the two feet in knee joint kinetics, except the
CT foot showed slightly longer knee flexion (Figs. 6(g) and (h)).

Fig. 7 shows the prosthesis-side ankle/knee joint kinematics
and kinetics results of the able-bodied subjects. Compared to
TF1, they both showed a later push-off, which is closer to human
data [32] (Figs. 7(a) and (d)). There was no clear distinction
between the two feet for AB1, but AB2 showed greater dorsi-
flexion, peak ankle torque, and peak ankle power with the CT
foot in Figs. 7(a)–(d). The FT foot showed more maximum knee
flexion and knee flexion at around 50% of the gait cycle than the
CT foot (Fig. 7(e)). There was no apparent difference between
the two feet in the other results of AB2 (see Figs. 7(f)–(h)).

Fig. 8 depicts TF1’s mean trajectory of toe joint angle from
20 gaits. As depicted, TF1 had 5.72 times more maximum toe
flexion with the CT foot than the FT foot (20.78◦ vs. 3.63◦). Also,
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Fig. 6. Prosthesis-side joint kinematics/kinetics of TF1: (Top) Ankle, (Bottom) Knee. Results presented as mean ± SD (shaded region) of 20 consecutive gaits.
Blue indicates the FT foot, while red indicates the CT foot. Black indicates the human data from nine healthy subjects [32].

Fig. 7. Prosthesis-side joint kinematics/kinetics of AB1 (Solid) and AB2 (Dashed): (Top) Ankle, (Bottom) Knee. Blue indicates the FT foot, while red indicates
the CT foot.

Fig. 8. TF1’s mean trajectory of toe joint angle during the stance phase from
20 gaits. Blue indicates the FT foot, while red indicates the CT foot.

the maximum toe flexion occurred at about 90% of the stance
phase with the CT foot, while it occurred at approximately 79%
of the stance phase with the FT foot. In the case of healthy
humans, they had the maximum toe flexion at about 50% of

the gait cycle, referring to approximately 83% of the stance
phase [9]. This implies that the CT foot showed relatively late
maximum toe flexion. This may be because the curvature of the
CT foot is higher than that of humans.

Fig. 9 shows the push-off duration and the normalized push-
off work during TF1’s walking. Push-off is the phase that actu-
ally propels the human forward by providing a huge amount
of positive work [33], [34]. As illustrated in Fig. 9(a), the
push-off duration refers to how long this push-off phase lasts,
and the normalized push-off work can be calculated by inte-
grating the ankle power curve during this duration. Note that
this phase lasted nearly 20% of the gait cycle in the case of
healthy humans [33], [34], and the CT foot showed a longer
push-off duration compared to the FT foot in Fig. 9(b) (FT foot:
10.59±0.7760 vs. CT foot: 13.68±0.8392 %). Interestingly, we
could not find a distinct difference between the CT and FT foot’s
push-off work. However, it was clearly shown in Fig. 9(c) that
the FT foot had about 2.7 times larger deviation in the push-off
work compared to the CT foot.
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Fig. 9. Prosthesis-side (a) push-off duration and (b) normalized push-off work
of TF1. Blue indicates the FT foot, while red indicates the CT foot. Bar indicates
the mean of 20 gaits, and error bar is given with ± SD.

Fig. 10. GRF results of TF1: (a) 1st peak of vGRF, (b) 2nd peak of vGRF.
Blue indicates the FT foot, while red indicates the CT foot. Bar indicates the
mean of 20 gaits, and error bar is given with ± SD.

C. Vertical Ground Reaction Force

Fig. 10 depicts the vertical ground reaction forces (vGRFs) of
both the prosthesis-side and the intact-side legs of the subject.
There are two peaks on the vGRF curve. The 1st peak of vGRF
refers to the weight acceptance when the body weight is fully
applied to the stance leg (Fig. 10(a)). The 2nd peak of vGRF
refers to when the push-off occurs (Fig. 10(b)). Compared to
the FT foot, the CT foot showed less vGRFs for both sides of
the leg. More specifically, the prosthesis-side and the intact-
side vGRF tend to decrease by 4.9% and 13.3%, respectively
(Fig. 10(a)). The 2nd peak of vGRF showed a similar trend
to the 1st peak of vGRF. With the CT foot, 2.1% and 6.7%
reduced vGRFs were measured from the prosthesis-side and the
intact-side, respectively.

D. Gait Symmetry

According to Fig. 10, the FT foot shows higher vGRFs from
both the prosthesis and intact side legs. However, the vGRF
differences between the prosthesis and intact sides were shown
higher when the FT foot was utilized. Fig. 11 shows the gait
symmetry using the symmetry index (SI) in (3). According to
Fig. 11, the CT foot resulted in smaller SI for both the 1st peak
vGRF and the 2nd peak vGRF compared to the FT foot. Fig. 11
also depicts the SI value using stride times. Note that the stride
time refers to the duration of the gait cycle on the prosthesis side.
There is no visible difference between the foot conditions, but
the standard deviation of the FT foot’s SI value is much greater
than that of the CT foot.

Fig. 11. Gait symmetry analysis: TF1. SIs of 1st peak of vGRF, 2nd peak
of vGRF, and stride time are presented. Blue indicates the FT foot, while red
indicates the CT foot. Error bar indicates ± SD of 20 gaits.

TABLE II
RESULT SUMMARY OF TF1 (MEAN ± SD OF 20 GAITS)

V. DISCUSSION

We found that the CT foot tended to have an earlier heel-off
and a later toe-off in Fig. 5. This could be interpreted that the
curvature of the CT foot allowing the subject to have a more
natural roll-over while walking, leading to a faster load transfer
during the stance phase. This finding is well in line with the
other studies [7], [8]; for instance, [8] reported that the center of
pressure (COP) of the foot with 10◦ toe curvature passed through
the toe joint center significantly earlier than the barefoot.

The push-off and SI results of TF1 are summarized in Table II.
As shown in Fig. 9(a), the FT foot provided greater push-off
power to the user than the CT foot. This trend can also be seen
in other studies; the locked toe (i.e., without toe) showed greater
average power during push-off than the flexible toe (i.e., with
toe) [5], [10]. Having greater push-off may seem beneficial to
the user; however, it may not be true. For instance, McDonald
et al. reported a possible link between users’ prosthetic foot
preferences and which side of the leg they had an amputation on
(i.e., dominant vs. non-dominant side) [5]. The amputee subjects
who had the prosthesis on their non-dominant leg preferred
the foot with less push-off power (e.g., the flexible toe), while
the other subjects preferred the foot with greater power at the
push-off (e.g., the locked toe). As shown in Fig. 9, the ankle
motor consumed less average power during push-off with the
CT foot but did the same amount of push-off work as the FT foot.
This might be correlated with the collision loss from the intact
leg (i.e., the leading leg). Collision loss is the negative work
performed by the leading leg, which is known to be associated
with step length: increased collision loss increases along with
the increased step length [7], [35]. TF1 made a shorter step
with the CT foot (0.4441±0.0142 m) as opposed to the FT foot
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TABLE III
MEAN ± SD OF USER’S GAIT PHASE ESTIMATION RESULT

(0.4990±0.0308 m). Thus, we may be able to claim that the
collision loss of the CT foot was less than that of the FT foot.
This can also be found in Fig. 10; the CT foot showed a lower 1st
peak vGRF than the FT foot, indicating that less impact occurred
when the CT foot was used. When the FT foot was used, a greater
collision loss in the intact side could have caused the following
stance phase to be slower, causing the asymmetric gait [36].
This claim was supported by Table II that the FT foot provided
a less symmetric gait to the user. Consistency of push-off work
would be another interesting point. As shown in Fig. 9(b), the
CT foot showed less than half amount of standard deviation in
the push-off work than the FT foot. This could imply that the
CT foot achieved more consistent push-off work than the FT
foot. This consistency could also help the subject achieve better
symmetry in the vGRFs while walking (Fig. 11).

According to Table III, interestingly, the CT foot also tended
to affect the user’s gait phase estimation (refer Section II.B.2).
The linearity (R2) refers to the coefficient of determination,
which tells the linearity of the resulting PV while walking.
The linearity error indicates the root-mean-square error (RMSE)
between PV and the linear function during the gait cycle. The
heel-strike deviation (i.e., heel-strike detection error) indicates
the temporal difference between the actual heel-strike of the
prosthesis and the estimated heel-strike of the user (i.e., when
PV initially reaches 1). In other words, a smaller heel-strike
detection error means that the gait phase estimator (i.e., PV)
achieved a better estimation of the heel-strike. As found in
Table III, error reductions in the linearity error and the heel-strike
detection could be found when the CT foot was utilized. This
may imply that the curvature of the foot affects the user’s thigh
kinematics, resulting in a better estimation of the user’s gait
phase.

There were some limitations in this study that can be ad-
dressed in the future to achieve a better gait using the toe-jointed
foot. While the subject was walking using the FT foot or CT foot,
she kept holding the handrails. Even though the subject went
through the training sessions over two months to get used to it,
she was less confident in walking using the prosthesis without
holding the handrails because it was her first experience with the
powered prosthesis. This may affect some of our results, such as
GRFs. The harness will be a remedy to guarantee better safety
while the subject is walking using the prosthesis in the future.
Also, due to the limited time of training, we only collected the
data at her preferred treadmill speed (i.e., 1.5 mph). Due to a
lack of human models with toe joints, the toe joint kinematics
was only presented in this study. Thus, more analysis regarding
toe joints will be planned with a proper human model with toe

joints. Also, we plan to measure the energy consumption of the
amputee subject while using the prosthesis. This will be another
beneficial metric to evaluate the prosthesis and its foot in the
amputee’s ambulation. This study was based on a single amputee
subject. A larger number of subjects is needed to investigate the
effects of the proposed feet in general. We, therefore, plan to
recruit more subjects for the follow-up study.

VI. CONCLUSION

In this study, we validated and compared two prosthetic
feet that we proposed in our previous studies [11], [12]. We
conducted a treadmill walking experiment with three subjects
(i.e., two able-bodied and one amputee) using a custom-designed
powered prosthesis. The foot condition (i.e., FT foot vs. CT
foot) was altered during the experiment to compare two feet.
As a result, the CT foot made a more natural roll-over possible
during the stance phase, resulting in an earlier heel-off than the
FT foot. This may be correlated to faster load transfer from
the natural roll-over. This let the amputee subject have longer
push-off duration with the CT foot, while the push-off work done
with both feet showed no visible difference. With the FT foot,
greater GRFs were found in both the prosthesis and intact sides
when the heel-strike occurred (i.e., 1st peak of vGRF) and when
the push-off occurred (i.e., 2nd peak of vGRF). On the other
hand, the CT foot achieved better symmetry in both 1st and 2nd
peak vGRFs than the FT foot. The curvature of the CT foot
also affected the amputee’s gait phase estimation, reducing the
linearity error and improving the heel-strike detection. Future
work will include the gait analysis, including toe joint kinetics
and energy consumption, of more amputee subjects.

APPENDIX A

The PV can be computed based on the following assump-
tions: i) A thigh segment’s angle profile θ(t) is a cosine-like
function, and ii) The integral of the thigh segment’s angle
(Θ(t) =

∫
θ(t) dt) is a sine-like function. An ellipse represents

the phase portrait of the thigh profile and its integral profile.
Thus, a PV was calculated using the arc-tangent function, as
below:

φ(Θ, θ) =
1

2π
atan2(k(Θ(t)− α), (θ(t)− β)), (4)

where the scale coefficient k, the amplitude shift of the thigh
integral α, and that of the thigh angle β, were defined by

k =
|θmax − θmin|
|Θmax −Θmin| ,

α =
|Θmax +Θmin|

2
, β =

|θmax + θmin|
2

. (5)

To make φ(Θ, θ) bounded within [0,1], the final φ(Θ, θ) was
computed as below:

φ(Θ, θ) =

{
φ(Θ, θ) Θ ≥ α

φ(Θ, θ) + 1 Θ < α
(6)
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The normalizing factors (k, α, and β) made the phase portrait
(θ(t) vs. Θ(t)) center around the origin, reducing the PV’s non-
linearity. The integral value was initialized at every heel-strike,
and the normalizing factors were updated every gait cycle to
maintain the orbital radius during the gait cycle [22].
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