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Abstract

The metatarsophalangeal (MTP) joint is not considered in most current walking assistive
devices even though it plays an important role during walking. The purpose of this study was
to develop a new MTP assistive device and investigate its effectiveness on the muscle activ-
ities of the lower extremities during walking while wearing the device. The MTP assistive
device is designed to support MTP flexion by transmitting force through a cable that runs
parallel with the plantar fascia. Eight participants were instructed to walk at a constant
speed on a treadmill while wearing the device. The muscle activities of their lower extremi-
ties and MTP joint kinematics were obtained during walking under both actuated and non-
actuated conditions. Paired ttests were performed to compare the differences in each
dependent variable between the two conditions. The muscle activity of the MTP flexor was
significantly reduced during walking under actuated conditions (p = 0.013), whereas no dif-
ferences were found in the muscle activities of other muscles or in the MTP joint angle
between actuated and non-actuated conditions (p > 0.05 for all comparisons). In conclusion,
the cable-driven MTP assistive device is able to properly assist the MTP flexor without inter-
fering with the action of other muscles in the lower extremities; as such, this MTP assistive
device, when integrated into existing exoskeleton designs, has the potential to offer
improved walking assistance by reducing the amount of muscle activity needed from the
MTP flexor.

Introduction

Various wearable walking assistive devices that improve a person’s ability to walk have been
proposed [1-3]. These devices are designed to reduce the effort needed to walk by providing
additional torque at the joints of the lower extremities such as at the hip, knee, and ankle joints
[4,5], however, the metatarsophalangeal (MTP) joint has rarely been considered in previous
assistive devices. The MTP joint has essential function in walking but the importance of this
joint during locomotion has been overlooked. The MTP joint supports over 30% of the body
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mass during the push off phase [6,7] and also contributes to controlling the angular momen-
tum of the whole body in the early stages of the double support phase [8]. As such, absence of
MTP joint function or weakness of the MTP joint muscle could cause some biomechanical
changes in gait. For example, the loss of MTP joint mobility decreases stride length and walk-
ing speed [9]. Inactivity or fatigue of the toe flexor muscles can lead to excessive bending
moments on the metatarsals, which, in turn, can lead to metatarsal overuse injuries [10,11].
Thus, one can expect that an effective wearable MTP device, which minimizes the loss of MTP
joint function and prevents MTP joint muscle fatigue, can provide effective assistance to loco-
motion while preventing metatarsal injuries.

Few studies have made efforts to develop an assistive device for the MTP joint [12,13].
Green et al. developed an exoskeleton that provides simultaneous passive-elastic assistive joint
moments at the ankle and MTP joint [13]. Although they showed that their assistive device
reduced the metabolic cost of human walking through a pilot study, they did not differentiate
how much MTP assistance contributed to this reduction in metabolic cost. Liu et al. designed
a foot orthosis with a focus on the MTP joint for patients with MTP joint impairments, how-
ever, they did not completely verify the effect of their device on MTP motion or MTP muscles
[12]. For these reasons, it is necessary to design a new MTP assistive device and verify whether
the device can reduce the burden on the MTP joint.

To design effective assistive devices, it is required to understand which interactions between
human and machine are desirable [3]. The device must effectively and safely transmit force to
assist the targeted joint. One way to achieve this is to utilize cable-driven mechanisms that
have shown they can reduce the overall mass of the device and increase user compliance [14].
In particular, since only the flexion moment is dominant at the MTP joint during walking
[15], a cable-driven mechanism seems suited to creating a simple and effective M TP assistive
device. Thus, this study aims to develop a new M TP assistive device and evaluate its effective-
ness on the muscle activities in the lower extremities during level walking. It was hypothesized
that MTP flexor muscle activity would decreases after MTP assistive device is actuated.

Materials and methods

Mechanical design

The MTP assistive device assists MTP flexion by transmitting force from a motor through a
steel cable to the user’s MTP joint (Fig 1(A)). The device consists of a toe plate, a metatarsal-
to-rearfoot plate, and a frame on which the motor is mounted. These two plates are connected
via hinges and the center of the joint is 20 mm from the bottom of these plates. One end of the
cable is fixed to the front of the toe plate, the other end of the cable passes through a longitudi-
nal slot under the two plates and is connected to a spring located directly behind the user’s
heel. Finally, the spring, which provides compliance by acting as a tendon, is connected to the
pulley of the motor. The plates have rubber soles with a ripple pattern to provide shock-
absorption and grip on slippery surfaces. Users could fix their feet to the device using neoprene
straps at three locations: toes, metatarsals, and heel.

Since the MTP flexion moment has a single peak during late stance phase of walking [15],
the assistive torque of the device was designed to mimic this using a single peak profile. Due to
the lack of research on MTP joint assistive devices, the required peak assistive torque was
determined based on a previous study for an ankle exoskeleton device [16]. Collins and col-
leagues reported that the net metabolic rate was significantly reduced when the peak device
torque was about 16% of the peak biological ankle moment. Bruening and Takahashi reported
that the peak MTP moment for a healthy adult during walking was about 0.06 Nm/kg [15].
Thus, the required peak assistive torque for our device was determined to be 0.0096 Nm/kg
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Fig 1. The structure diagram of the MTP assistive device. (A) Schematic diagram; (B) Prototype used in the experiments.

https://doi.org/10.1371/journal.pone.0263176.9001

(16% of the peak MTP moment), which was normalized to body weight. Based on this the
device is setup to provide a peak assistive torque of 0.864 Nm allowing it to support users up to
a maximum weight of 90 kg. Since the length of the moment arm r at the MTP joint of the
device is 20mm, the required peak cable force F,;,; is calculated as F, ;s = Tyssis/ t Where Ty
is the required peak assistive torque. A geared DC motor (24 V, 530 rpm, JGB37-3530) and a
spring with stiffness of 1.53 N/mm were used to generate the required peak cable force. A 3D-
printed prototype of the MTP assistive devices was manufactured using PLA and resin (Fig 1
(B)). Three different sizes of the device for foot lengths of 255 mm, 265 mm, and 275 mm were
prepared. The device allows a range of motion (ROM) from 0° to 60° of MTP extension and
the total mass of the device, excluding the controller and the battery, for a foot length of 275
mm is 0.985 kg.

Control

A motor driver (MD10C, Cytron Technologies, Kuala Lumpur, Malaysia) was utilized to con-
trol the direction and velocity of the motor. Using a mechanical test setup with a load cell, a
profile of the assistive force provided by the cable according to the motor input was obtained
(Fig 2). Since a spring was included in the mechanical test setup, physical characteristics of the
spring were reflected in the profile of the assistive force. This profile was used to help deter-
mine the actuation onset timing, that is, the time at which the motor starts pulling the cable. In
addition to considering the cable force profile to determine the onset timing, further informa-
tion from a musculoskeletal model simulation in the open-source software OpenSim was also
considered [17]. A path actuator was added under the foot in our basic OpenSim model (Fig
3) [18], this actuator receives a signal to control its movement that changes over time accord-
ing to which part of the gait the user is in. A cylindrical object with a diameter of 20mm was
inserted into the MTP joint so the path actuator smoothly wraps over the joint. Motion capture
and ground reaction force data were collected from a single male subject (age: 25 years, weight:
80 kg, height: 1.79 m, BMIL: 25.0 kg/m?) while he was walking at a self-selected speed, this data
was used as the input to generate muscle-driven simulations in the Computed Muscle Control
tool. Firstly, a simulation without an actuator was conducted, then simulations with an actua-
tor using five different onset times were carried out for each condition. The onset times used
were at 12%, 18%, 24%, 30%, and 36% of the gait cycle (GC) (Fig 4(A)). The results of the sim-
ulations showed that the flexor hallucis longus (FHL) activation was decreased the most com-
pared to the FHL activation without the actuator when the onset timing was set to 30% of GC
(Fig 4(B)). Therefore, the actuation onset timing was determined to be at 30% of the GC. The
assistive torque was controlled using PWM (pulse-width modulation), which defined the
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Fig 2. Profile of the cable force. A profile of the assistive cable force was used to determine the actuation onset timing.

https://doi.org/10.1371/journal.pone.0263176.g002

motor speed. The peak assistive torque for individuals was applied by adjusting the PWM
value (76% to 99% of duty cycle) on the control unit based on their body weights.

A pressure sensor (FSR 402, Interlink Electronics, Camarillo, CA, USA) was attached under
the heel to detect heel strikes. When a heel strike was detected, the actuator started to pull the
cable at 30% of the GC to provide assistive torque to the MTP joint. After the force provided
by the assistive cable reached its maximum value, the cable was released by rotating the motor
in the opposite direction at the same speed as it was pulled and returned to its initial position.
The device is then ready to detect the next heel strike as the next GC begins.

Fig 3. Foot segments of a musculoskeletal model. A path actuator and cylindrical object added to the foot segments of a musculoskeletal model.

https://doi.org/10.1371/journal.pone.0263176.9003
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Fig 4. Five onset times and results for musculoskeletal simulation. (A) The five different onset times were at 12%,
18%, 24%, 30%, and 36% of the gait cycle. (B) The results of the simulations showed that the flexor hallucis longus
activation was decreased the most compared to the flexor hallucis longus activation without the actuator when the
onset timing was set to 30% of gait cycle. The dashed vertical line indicates toe-off event timing.

https://doi.org/10.1371/journal.pone.0263176.9004

Experiments

Eight male subjects with no previous lower extremity injuries (age: 28.8+5.7 years, mass: 73.9
+11.8 kg, height: 1.72+0.06 m, BMI: 24.9+4.2 kg/m?) participated in the experiments after
signing an informed consent document approved by the Institutional Review Board. Partici-
pants wore the MTP assistive device on their bare right foot and walked at 3.6 km/h on a tread-
mill for all tests (Fig 1(C)). Prior to the actual tests, participants were given an approximately
15 min to walk to get used to the device. The average GC of each subject was also measured to
calculate the 30% of the GC. This calculated time was used as the constant onset timing in the
test session individually. The height of the right foot wearing the device was matched to the
height of the left foot wearing a sneaker. During the test session, the participants first warmed
up while not wearing the device [19]. After resting for about 5 minutes, participants walked for
2 minutes while wearing the device under non-actuated conditions (i.e. the device was pow-
ered off). The cable was loosened so that the tensile force of the spring would not occur when
participants walked. After another 5-min break, participants walked for 2 minutes while wear-
ing the device under actuated conditions (i.e., with the motor providing assistance to the MTP
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tests.

https://doi.org/10.1371/journal.pone.0263176.9005

joint). At this time, the cable was set to taut without the spring stretched. As soon as the speed
of the treadmill reached the target speed, the device was powered on.

A motion capture system with 10 infrared cameras (9 Eagle, 1 Raptor; Motion Analysis
Corp., Santa Rosa, CA, USA) was used to record the positions of six reflective markers placed
on the heel, lateral malleolus, medial malleolus, first metatarsal head, fifth metatarsal head, and
the big toe of the participants at a sampling rate of 400 Hz. A wireless EMG system (Cometa,
Milan, Italy) was used to record surface EMG signals from the FHL, extensor digitorum longus
(EDL), tibialis anterior (TA), gastrocnemius medialis (GM), gastrocnemius lateralis (GL), and
soleus (Sol) with a sampling rate of 1200 Hz (Fig 5). The electrodes were placed in accordance
with recommendations from previous studies [20-22].

Data processing

The motion capture data were filtered using a zero-lag fourth-order Butterworth filter with a cut-off
frequency of 10 Hz. To calculate the MTP joint angle, the coordinate system for the toe and meta-
tarsal-to-rearfoot segment were defined following the methods outlined in previous studies [23,24].
The raw EMG data were filtered with a band pass Butterworth filter at 20-460 Hz, fully rec-
tified and low-pass filtered with a cut-off frequency of 6 Hz [16]. The processed EMG data
were then normalized to the average peak value per stride observed during the tests under
non-actuated conditions for each muscle of each participant [25]. The mean EMG values for
each muscle were calculated over the last 10 strides for each participant [26]. Heel strikes were
determined by identifying the moment the heel marker begins moving backward [27]. The
toe-off was identified by when the vertical velocity of the toe marker went over 100 mm/s [28].
The stride length was calculated as the product of mean stride time and walking velocity [29].

Statistical analysis

Paired t-tests were performed to verify the effects of the MTP assistive device on MTP flexor
muscle activity, by comparing the mean and peak muscle activities between two conditions:
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actuated and non-actuated. The differences in stance time, swing time, stride length, MTP
ROM, and MTP extension/flexion angle between the two conditions were also checked by per-
forming another set of paired t-tests. The significance level for all tests was set to o = 0.05. All
statistical analyses were conducted using MATLAB version R2017b (MathWorks, Natick, MA,
USA).

Results

The normalized mean activity of the FHL during walking under actuated conditions show a
significant reduction of 6.1% relative to under non-actuated conditions (p = 0.013, Fig 6 and
Table 1), in contrast, no differences were found in other muscles between actuated and non-
actuated conditions (TA: p = 0.752; EDL: p = 0.284; GM: p = 0.367; GL: p = 0.710; Sol:

p =0.071, Fig 6 and Table 1). The muscle activities of six muscles over the one gait cycle
between actuated and non-actuated conditions were compared and illustrated in Fig 6. All
EMG values of these muscle activities are summarized in Table 1.

The MTP kinematics over the one gait cycle with the MTP assistive device between actuated
and non-actuated conditions were compared and illustrated in Fig 7. In general, the MTP
angle shows the single distinctive peak before toe-off during walking. In terms of the observed
kinematics, under non-actuated condition, the MTP ROM was 37.5 + 4.9° and the maximum
MTP extension angle was 40.3 + 3.6° at 60% of GC (Fig 7 and Table 2). Under actuated condi-
tion, the MTP ROM was 37.0 + 6.7° and the maximum MTP extension angle was 39.0 + 5.3°
at 59% of GC (Fig 7 and Table 2). There were no significant differences in MTP ROM, maxi-
mum MTP extension angle, and average MTP extension angle during the stance/swing phases
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Fig 6. Muscle activities of six muscles over the one gait cycle. Normalized mean EMG (left) and normalized EMG
over one gait cycle (right) under actuated and non-actuated conditions are shown for each muscle. Lines link data
points from same participant. Curves are averages taken over all participants; shaded regions indicate one standard

deviation. The vertical lines indicate the toe-off.

https://doi.org/10.1371/journal.pone.0263176.g006
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Table 1. Means, standard deviation (SD) and statistical results for normalized muscle activities during walking with the MTP assistive device under actuated and

non-actuated conditions.

Muscle

Flexor hallucis longus
Extensor digitorum longus
Tibialis anterior

Soleus

Gastrocnemius medialis

Gastrocnemius lateralis
*P <0.05.

https://doi.org/10.1371/journal.pone.0263176.t001

Non-actuated Actuated P value

mean SD mean SD

0.303 0.059 0.285 0.051 0.013*
0.380 0.065 0.403 0.079 0.284
0.314 0.044 0.320 0.023 0.752
0.309 0.054 0.294 0.054 0.071
0.197 0.039 0.189 0.037 0.367
0.234 0.073 0.232 0.069 0.71

between the two conditions (Table 2). The average stride length during walking under non-
actuated condition across all participants was 1.194 + 0.059 m, with a stance time of

0.855 + 0.033 s and a swing time of 0.339 + 0.031 s (Table 2). The average stride during walking
under actuated condition across all participants was 1.198 + 0.055 m, with a stance time of
0.858 + 0.028 s and a swing time of 0.340 + 0.029 s (Table 2). No significant differences were
found in stance time, swing time, and stride length between two conditions (Table 2).

Discussion

The purpose of this study was to propose the cable-driven powered MTP assistive device and
examine its effectiveness on the lower leg muscle activity during walking. In order to properly
assist MTP flexion, a steel cable was used to transmit assistive torque generated by an actuator
to the toe plate of the MTP assistive device, the cable rotates the toe plate in the direction of
flexion reducing the burden on the user. This cable-driven mechanism is relatively simple, and
the weight of the cable is insignificant relative to the weight of the device, however, this
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Fig 7. MTP angle over one gait cycle. Curves are averages taken over all participants; shaded regions indicate one
standard deviation. The vertical lines indicate the toe-off.
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Table 2. Means, standard deviation (SD) and statistical results for spatiotemporal and kinematics parameters during walking with the MTP assistive device under

actuated and non-actuated conditions.

Parameter

stance time (s)

swing time (s)

stride length (m)

MTP ROM (*)

Max. MTP extension angle (*)

Avg. MTP extension angle during stance phase (*)
Avg. MTP extension angle during swing phase (*)

https://doi.org/10.1371/journal.pone.0263176.t002

Non-actuated Actuated P value
mean SD mean SD
0.855 0.033 0.858 0.028 0.516
0.339 0.031 0.340 0.029 0.839
1.194 0.059 1.198 0.055 0.677
37.5 4.9 37.0 6.7 0.715
40.3 3.6 39.0 53 0.174
139 4.6 15.1 5.6 0.083
18.3 10.2 17.3 11.9 0.6527

approach is only able to provide a pulling force. Practically, the MTP extension moment can
barely be observed during walking, so a force to rotate the toe plate back in the opposite direc-
tion seems unnecessary in the MTP assistive device. This MTP assistive device equipped with
the cable-driven mechanism has the potential to be applied to existing exoskeletons in a modu-
lar manner.

The normalized mean FHL activity during walking decreased significantly under actuated
conditions compared to non-actuated conditions. This result supports the hypothesis that the
MTP assistive device would decrease MTP flexor muscle activity. The FHL originates from the
posterior surface of the fibula and inserts onto the plantar surface of the big toe [30], it pro-
duces a flexion moment at the MTP joint [31]. The measured reduction in FHL activity indi-
cates that our device can partially replace the FHL muscle contractions to give effective
assistance to the user by reducing the effort required for them to walk. This explanation indi-
cates that this device could also help the toes control the body’s forward motion during the ter-
minal stance phase [32]. To our knowledge, this is the first study to demonstrate a reduction in
FHL muscle activity during walking with a wearable MTP assistive device.

The results of this study showed there were no significant differences in EDL and ankle
muscle activity between actuated and non-actuated conditions. This suggests that our device
assists the toe flexor (i.e. FHL) without interfering with the action of the ankle flexor (i.e. TA),
ankle extensors (i.e. GM, GL, Sol) or toe extensor (i.e. EDL) during walking. When excessive
assistive torque is provided, unnecessary coactivation of the antagonist muscles could be
induced to counteract this torque [19]. As such, the results from this study imply that our
device is properly designed and effective in assisting MTP flexion during walking.

It is notable that there was no change in the average MTP extension angle during the swing
phase between actuated and non-actuated conditions. During the swing phase, MTP extension
of more than 10° occurs to provide toe clearance [33], adequate toe clearance is essential to
avoid tripping and falling [34]. To achieve this toe clearance, proper MTP extension with
ankle dorsiflexion and knee flexion is required [35]. In our MTP assistive device, the cable is
released enough and provides the range of motion to permit MTP extension before the swing
phase begins so the required toe clearance can be achieved.

The MTP ROM, stance time, swing time, and stride length during walking under actuated
conditions were not altered when compared to non-actuated conditions. This finding agrees
on the results of a previous study, which reported that the restriction of MTP motion affects
the spatiotemporal parameters [9]. As the MTP assistive device does not interfere with MTP
motion during the swing phase, the gait parameters may not be altered when the MTP assistive
device is used. Thus, the results of our study confirm that our device does not interfere with
MTP motion and is able to preserve natural walking when wearing the MTP assistive device.
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This study has some limitations. First, the assistive torque profile used in our device was
symmetric about the peak (Fig 2). In fact, the MTP moment has been observed to have an
asymmetric profile that increases gradually early in the stance phase and then rapidly decreases
after the peak [15]. It would be advantageous for the assistive torque from our device to follow
the pattern of the MTP moment as closely as possible. However, the MTP moment during the
early half of the stance phase is so small that even a small increase in assistive torque may nega-
tively affect muscle activity. Consequently, a symmetric assistive torque during second half of
the stance phase was chosen and proved sufficient to assist the MTP flexion moment during
walking. Second, the MTP joint axis of the device does not exactly align with the functional
MTP joint axis. The functional MTP joint axis is rotated by -8° on a right-handed vertical axis
at the second metatarsal head [36,37]. The MTP joint axis of the assistive device is aligned in
parallel to the mediolateral axis because the joint of the device was designed as a hinge joint.
For that reason, the 4th to 5th toes do not function properly while walking in the device. How-
ever, when compare the plantar pressure measured during the push-off phase, the force under
the big toe and 2nd toe account for 86% of the overall force [6]. Therefore, the restricted func-
tion of the 4th to 5th toes may not affect the results of the current study. In future, it is war-
ranted to recruit older participants or MTP impaired subjects to test in order to examine the
usefulness of our device among its target users. In particular, user satisfaction assessment and
user comfort assessment for people with reduced mobility will be needed to improve the
experimental protocol and the quality of the device. In addition, it would be worthwhile to ver-
ify the effectiveness of our device while walking in other environments, including uphill and
downhill walking, as well as transitions between walking and other activities (e.g., sitting and
standing).

Conclusions

This study demonstrated that the cable-driven MTP assistive device assists the MTP flexor
effectively without interfering with MTP motion or the action of other muscles in the lower
extremities during walking. The muscle activity of FHL, which is one of the major MTP flex-
ors, significantly decreased when using the device, at the same time the activities of other mus-
cles in the lower extremities were not affected. These results support for the effectiveness of
our device to assist the MTP joint during walking and its potential use to improve existing
multi-joint exoskeletons in a modular manner could further ease the burden of walking.

Supporting information

S1 File. Dataset.
(XLSX)

Author Contributions

Conceptualization: Jiyoun Kim, Donghwan Lee, Jiyoung Jeong, Choongsoo S. Shin.
Data curation: Jiyoun Kim, Donghwan Lee.

Formal analysis: Jiyoun Kim, Jiyoung Jeong.

Funding acquisition: Choongsoo S. Shin.

Investigation: Jiyoun Kim.

Methodology: Jiyoun Kim, Jiyoung Jeong, Choongsoo S. Shin.

Project administration: Jinkyu Lee, Jiyoung Jeong, Choongsoo S. Shin.

PLOS ONE | https://doi.org/10.1371/journal.pone.0263176  February 10, 2022 10/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0263176.s001
https://doi.org/10.1371/journal.pone.0263176

PLOS ONE

Design of a metatarsophalangeal assistive device

Resources: Jiyoun Kim, Donghwan Lee.

Software: Jiyoun Kim.

Supervision: Jinkyu Lee, Pankwon Kim, Choongsoo S. Shin.

Validation: Jiyoun Kim.

Visualization: Jiyoun Kim.

Writing - original draft: Jiyoun Kim.

Writing - review & editing: Jiyoun Kim, Jinkyu Lee, Donghwan Lee, Pankwon Kim, Choong-

s00 S. Shin.

References

1.

10.

11.

12

13.

14.

15.

16.

Lee HJ, Lee S, Chang WH, Seo K, Shim Y, Choi BO, et al. A Wearable Hip Assist Robot Can Improve
Gait Function and Cardiopulmonary Metabolic Efficiency in Elderly Adults. IEEE Trans Neural Syst
Rehabil Eng. 2017; 25: 1549-1557. https://doi.org/10.1109/TNSRE.2017.2664801 PMID: 28186902

Shamaei K, Cenciarini M, Adams AA, Gregorczyk KN, Schiffman JM, Dollar AM. Design and evaluation
of a quasi-passive knee exoskeleton for investigation of motor adaptation in lower extremity joints. IEEE
Trans Biomed Eng. 2014; 61: 1809-1821. https://doi.org/10.1109/TBME.2014.2307698 PMID:
24845291

Witte KA, Zhang J, Jackson RW, Collins SH. Design of two lightweight, high-bandwidth torque-con-
trolled ankle exoskeletons. 2015 IEEE Int Conf Robot Autom. 2015; 1223-1228. https://doi.org/10.
1109/ICRA.2015.7139347

Kalita B, Narayan J, Dwivedy SK. Development of Active Lower Limb Robotic-Based Orthosis and Exo-
skeleton Devices: A Systematic Review. Int J Soc Robot. 2020. https://doi.org/10.1007/s12369-020-
00662-9

Yan T, Cempini M, Oddo CM, Vitiello N. Review of assistive strategies in powered lower-limb orthoses
and exoskeletons. Rob Auton Syst. 2015; 64: 120—136. https://doi.org/10.1016/j.robot.2014.09.032

Hayafune N, Hayafune Y, Jacob HAC. Pressure and force distribution characteristics under the normal
foot during the push-off phase in gait. Foot. 1999; 9: 88-92. https://doi.org/10.1054/foot.1999.0518

Bruening DA, Cooney KM, Buczek FL, Richards JG. Measured and estimated ground reaction forces
for multi-segment foot models. J Biomech. 2010; 43: 3222—-3226. https://doi.org/10.1016/j.jbiomech.
2010.08.003 PMID: 20825944

Miyazaki S, Yamamoto S. Moment acting at the metatarsophalangeal joints during normal barefoot
level walking. Gait Posture. 1993; 1: 133—140. https://doi.org/10.1016/0966-6362(93)90054-5

Laroche D, Pozzo T, Ornetti P, Tavernier C, Maillefert JF. Effects of loss of metatarsophalangeal joint
mobility on gait in rheumatoid arthritis patients. Rheumatology. 2006; 45: 435—-440. https://doi.org/10.
1093/rheumatology/kei168 PMID: 16249238

Sharkey NA, Ferris L, Smith TS, Matthews DK. Strain and loading of the second metatarsal during heel-
lift. J Bone Jt Surg. 1995; 77: 1050—1057. https://doi.org/10.2106/00004623-199507000-00011 PMID:
7608227

Donahue SW, Sharkey NA. Strains in the metatarsals during the stance phase of gait: Implications for
stress fractures. J Bone Jt Surg—Ser A. 1999; 81: 1236—1244. https://doi.org/10.2106/00004623-
199909000-00005 PMID: 10505520

LiuY, Zang X, Zhang N, Wu M. Design and evaluation of a wearable powered foot orthosis with meta-
tarsophalangeal joint. Appl Bionics Biomech. 2018;2018. https://doi.org/10.1155/2018/9289505 PMID:
30327683

Green BA, Sawicki GS, Rubenson J. Energy cost of walking in a passive-elastic ankle-metatarsopha-
langeal exoskeleton. 41st Annu Meet Am Socieity Biomech. 2017; 2-3.

Alamdari A, Krovi V. Design and analysis of a cable-driven articulated rehabilitation system for gait train-
ing. J Mech Robot. 2016; 8: 1-12. https://doi.org/10.1115/1.4032274

Bruening DA, Takahashi KZ. Partitioning ground reaction forces for multi-segment foot joint kinetics.
Gait Posture. 2018; 62: 111-116. hitps://doi.org/10.1016/j.gaitpost.2018.03.001 PMID: 29544155

Collins SH, Bruce Wiggin M, Sawicki GS. Reducing the energy cost of human walking using an unpow-
ered exoskeleton. Nature. 2015; 522: 212—215. https://doi.org/10.1038/nature 14288 PMID: 25830889

PLOS ONE | https://doi.org/10.1371/journal.pone.0263176  February 10, 2022 11/12


https://doi.org/10.1109/TNSRE.2017.2664801
http://www.ncbi.nlm.nih.gov/pubmed/28186902
https://doi.org/10.1109/TBME.2014.2307698
http://www.ncbi.nlm.nih.gov/pubmed/24845291
https://doi.org/10.1109/ICRA.2015.7139347
https://doi.org/10.1109/ICRA.2015.7139347
https://doi.org/10.1007/s12369-020-00662-9
https://doi.org/10.1007/s12369-020-00662-9
https://doi.org/10.1016/j.robot.2014.09.032
https://doi.org/10.1054/foot.1999.0518
https://doi.org/10.1016/j.jbiomech.2010.08.003
https://doi.org/10.1016/j.jbiomech.2010.08.003
http://www.ncbi.nlm.nih.gov/pubmed/20825944
https://doi.org/10.1016/0966-6362%2893%2990054-5
https://doi.org/10.1093/rheumatology/kei168
https://doi.org/10.1093/rheumatology/kei168
http://www.ncbi.nlm.nih.gov/pubmed/16249238
https://doi.org/10.2106/00004623-199507000-00011
http://www.ncbi.nlm.nih.gov/pubmed/7608227
https://doi.org/10.2106/00004623-199909000-00005
https://doi.org/10.2106/00004623-199909000-00005
http://www.ncbi.nlm.nih.gov/pubmed/10505520
https://doi.org/10.1155/2018/9289505
http://www.ncbi.nlm.nih.gov/pubmed/30327683
https://doi.org/10.1115/1.4032274
https://doi.org/10.1016/j.gaitpost.2018.03.001
http://www.ncbi.nlm.nih.gov/pubmed/29544155
https://doi.org/10.1038/nature14288
http://www.ncbi.nlm.nih.gov/pubmed/25830889
https://doi.org/10.1371/journal.pone.0263176

PLOS ONE

Design of a metatarsophalangeal assistive device

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

Delp SL, Anderson FC, Arnold AS, Loan P, Habib A, John CT, et al. OpenSim: Open-Source Software
to Create and Analyze Dynamic Simulations of Movement. IEEE Trans Biomed Eng. 2007; 54: 1940—
1950. https://doi.org/10.1109/TBME.2007.901024 PMID: 18018689

Rajagopal A, Dembia CL, DeMers MS, Delp DD, Hicks JL, Delp SL. Full-Body Musculoskeletal Model
for Muscle-Driven Simulation of Human Gait. IEEE Trans Biomed Eng. 2016; 63: 2068—2079. https://
doi.org/10.1109/TBME.2016.2586891 PMID: 27392337

Wang W, Chen J, Ji Y, Jin W, Liu J, Zhang J. Evaluation of Lower Leg Muscle Activities during Human
Walking Assisted by an Ankle Exoskeleton. IEEE Trans Ind Informatics. 2020; 16: 7168-7176. https:/
doi.org/10.1109/T11.2020.2974232

Hermens HJ, Freriks B, Disselhorst-Klug C, Rau G. Development of recommendations for SEMG sen-
sors and sensor placement procedures. J Electromyogr Kinesiol. 2000; 10: 361-374. https://doi.org/10.
1016/s1050-6411(00)00027-4 PMID: 11018445

Reynard F, Dériaz O, Bergeau J. Foot varus in stroke patients: Muscular activity of extensor digitorum
longus during the swing phase of gait. Foot. 2009; 19: 69—74. https://doi.org/10.1016/j.foot.2008.11.012
PMID: 20307453

Sheffield FJ, Gersten JW, Mastellone AF. Electromyographic study of the muscles of the foot in normal
walking. Am J Phys Med. 1956; 35: 223-236. PMID: 13354738

McDonald KA, Stearne SM, Alderson JA, North |, Pires NJ, Rubenson J. The role of arch compression
and metatarsophalangeal joint dynamics in modulating plantar fascia strain in running. PLoS One.
2016; 11: 1-16. https://doi.org/10.1371/journal.pone.0152602 PMID: 27054319

Hong YNG, Shin CS. Gender differences of sagittal knee and ankle biomechanics during stair-to-
ground descent transition. Clin Biomech. 2015; 30: 1210-1217. https://doi.org/10.1016/j.clinbiomech.
2015.08.002 PMID: 26278020

Malcolm P, Galle S, Derave W, de Clercq D. Bi-articular knee-ankle-foot exoskeleton produces higher
metabolic cost reduction than weight-matched mono-articular exoskeleton. Front Neurosci. 2018; 12:
1-14. https://doi.org/10.3389/fnins.2018.00001 PMID: 29403346

Malcolm P, Fiers P, Segers V, Van Caekenberghe |, Lenoir M, De Clercq D. Experimental study on the
role of the ankle push off in the walk-to-run transition by means of a powered ankle-foot-exoskeleton.
Gait Posture. 2009; 30: 322—327. https://doi.org/10.1016/j.gaitpost.2009.06.002 PMID: 19576776

Zeni JA, Richards JG, Higginson JS. Two simple methods for determining gait events during treadmill
and overground walking using kinematic data. Gait Posture. 2008; 27: 710-714. https://doi.org/10.
1016/j.gaitpost.2007.07.007 PMID: 17723303

Alton F, Baldey L, Caplan S, Morrissey MC. A kinematic comparison of overground and treadmill walk-
ing. Clin Biomech. 1998; 13: 434—440. https://doi.org/10.1016/s0268-0033(98)00012-6 PMID:
11415818

Van De Putte M, Hagemeister N, St-Onge N, Parent G, De Guise JA. Habituation to treadmill walking.
Biomed Mater Eng. 2006; 16: 43-52. PMID: 16410643

Gray H, Lewis WH. Anatomy of the Human Body. 20th ed. Philadelphia: Lea & Febiger; 1918.

Hintermann B, Nigg BM, Sommer C. Foot Movement and Tendon Excursion: An In Vitro Study. Foot
Ankle Int. 1994; 15: 386—-395. https://doi.org/10.1177/107110079401500708 PMID: 7951975

Rolian C, Lieberman DE, Hamill J, Scott JW, Werbel W. Walking, running and the evolution of short
toes in humans. J Exp Biol. 2009; 212: 713-721. https://doi.org/10.1242/jeb.019885 PMID: 19218523

Kuni B, Wolf SI, Zeifang F, Thomsen M. Foot kinematics in walking on a level surface and on stairs in
patients with hallux rigidus before and after cheilectomy. J Foot Ankle Res. 2014; 7: 13. https://doi.org/
10.1186/1757-1146-7-13 PMID: 24524773

Johnson L, De Asha AR, Munjal R, Kulkarni J, Buckley JG. Toe clearance when walking in people with
unilateral transtibial amputation: Effects of passive hydraulic ankle. J Rehabil Res Dev. 2014; 51: 429—
438. https://doi.org/10.1682/JRRD.2013.05.0126 PMID: 25019665

Perry J, Burnfield J. Gait Analysis: Normal and Pathological Function. 2nd ed. Thorofare NJ: SLACK
Incorporated; 2010.

Delp SL, Loan JP, Hoy MG, Zajac FE, Topp EL, Rosen JM. An interactive graphics-based model of the
lower extremity to study orthopaedic surgical procedures. IEEE Trans Biomed Eng. 1990; 37: 757-767.
https://doi.org/10.1109/10.102791 PMID: 2210784

Raychoudhury S, Hu D, Ren L. Three-dimensional kinematics of the human metatarsophalangeal joint
during level walking. Front Bioeng Biotechnol. 2014; 2: 1-9. https://doi.org/10.3389/fbioe.2014.00001
PMID: 25152877

PLOS ONE | https://doi.org/10.1371/journal.pone.0263176  February 10, 2022 12/12


https://doi.org/10.1109/TBME.2007.901024
http://www.ncbi.nlm.nih.gov/pubmed/18018689
https://doi.org/10.1109/TBME.2016.2586891
https://doi.org/10.1109/TBME.2016.2586891
http://www.ncbi.nlm.nih.gov/pubmed/27392337
https://doi.org/10.1109/TII.2020.2974232
https://doi.org/10.1109/TII.2020.2974232
https://doi.org/10.1016/s1050-6411%2800%2900027-4
https://doi.org/10.1016/s1050-6411%2800%2900027-4
http://www.ncbi.nlm.nih.gov/pubmed/11018445
https://doi.org/10.1016/j.foot.2008.11.012
http://www.ncbi.nlm.nih.gov/pubmed/20307453
http://www.ncbi.nlm.nih.gov/pubmed/13354738
https://doi.org/10.1371/journal.pone.0152602
http://www.ncbi.nlm.nih.gov/pubmed/27054319
https://doi.org/10.1016/j.clinbiomech.2015.08.002
https://doi.org/10.1016/j.clinbiomech.2015.08.002
http://www.ncbi.nlm.nih.gov/pubmed/26278020
https://doi.org/10.3389/fnins.2018.00001
http://www.ncbi.nlm.nih.gov/pubmed/29403346
https://doi.org/10.1016/j.gaitpost.2009.06.002
http://www.ncbi.nlm.nih.gov/pubmed/19576776
https://doi.org/10.1016/j.gaitpost.2007.07.007
https://doi.org/10.1016/j.gaitpost.2007.07.007
http://www.ncbi.nlm.nih.gov/pubmed/17723303
https://doi.org/10.1016/s0268-0033%2898%2900012-6
http://www.ncbi.nlm.nih.gov/pubmed/11415818
http://www.ncbi.nlm.nih.gov/pubmed/16410643
https://doi.org/10.1177/107110079401500708
http://www.ncbi.nlm.nih.gov/pubmed/7951975
https://doi.org/10.1242/jeb.019885
http://www.ncbi.nlm.nih.gov/pubmed/19218523
https://doi.org/10.1186/1757-1146-7-13
https://doi.org/10.1186/1757-1146-7-13
http://www.ncbi.nlm.nih.gov/pubmed/24524773
https://doi.org/10.1682/JRRD.2013.05.0126
http://www.ncbi.nlm.nih.gov/pubmed/25019665
https://doi.org/10.1109/10.102791
http://www.ncbi.nlm.nih.gov/pubmed/2210784
https://doi.org/10.3389/fbioe.2014.00001
http://www.ncbi.nlm.nih.gov/pubmed/25152877
https://doi.org/10.1371/journal.pone.0263176

