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Abstract
A number of robotic ankle-foot orthoses with practical application for stroke patients have been
developed in recent years. However, targets are mainly patients in the chronic phase. In this paper, we
present development of a high-dorsi�exion assistive system aiming to support passive dorsi�exion
movement in the swing phase for subacute patients in the early phase of gait rehabilitation. By applying
a McKibben-type arti�cial muscle, output of high dorsi�exion torque with a low-weighted prototype was
realized. This is expected to minimize loading burden on subacute stroke patients. An experiment on six
healthy participants was conducted, and different extents of compensatory movements were applied
when their dorsi�exion movements were restricted. The results of processed surface electromyography
data signi�cantly decreased when dorsi�exion movement was assisted with our system. Meanwhile, the
results of spatial parameters also showed signi�cant improvement of compensatory movement
inclination with su�cient assistance. These indicate the potential of realizing assistance of passive ankle
movements for patients with very low dorsi�exion abilities, which shows the potential for our future
planning of practical pilot studies.

Introduction
A crucial issue of exploding requirements of gait rehabilitation has been focused on in recent decades
due to a rapid rise in stroke attack number [1, 2]. Hemiplegia is one of the most common sequelae for
stroke survivors, and it leads to equinus foot on the paralyzed side [3, 4]. Patients with equinus foot
perform toe-down posture in the swing phase in gait, which increases the risk of stumbling.
Compensatory movements such as pelvic obliquity and excess hip �exion might be utilized by patients to
ensure su�cient minimum toe clearance (MTC) [5-7]. This results in incorrect gait learning during
rehabilitation.

In recent years, robotic ankle-foot orthosis (RAFO) has been developed to assist ankle movements during
gait rehabilitation, including dorsi�exion in the swing phase [8]. One example is the soft exosuit, which
provides ankle assistance in walking with a cable-driven mechanism [9]. The other examples are RAFO
devices, which have already been employed in clinical facilities, such as RE-Gait and Cocoroe [10, 11].
These studies provided the potential to improve the ankle gait of stroke survivors with robotic
technologies. However, targets of current RAFO studies were mostly limited to patients in the late chronic
stage of recovery. To prevent the risk of stumbling due to decreased MTC and incorrect gait learning
resulting from compensatory movements, we claim that active ankle assistance in early gait
rehabilitation is indispensable.

To assist early gait rehabilitation, a light-weighted device that provides high torque for passive ankle
dorsi�exion movement is required. Due to the weights of electric motors and hardware prototypes, the
abovementioned related RAFOs were either above 1 kg for waist or lower-limb parts [8-11]. Extra load,
especially on a stroke hemiplegic patient’s paralyzed lower limb, might affect their gait pattern during
rehabilitation [12]. The characteristic of high torque-to-weight ratio has made McKibben-type arti�cial
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muscle a recent preference for developing rehabilitation robotics [13]. One example of a pneumatically
powered orthosis developed by Ferris et al. assists ankle dorsi�exion and plantar�exion [14]. Another
example of a bioinspired soft RAFO developed by Park et al. was even developed without a rigid
prototype [15]. Although 4 arti�cial muscles were applied for assisting ankle movements, the weight of
the entire prototype, excluding the air source, was only 950 g, and the dorsi�exion output torque could be
as large as 110 Nm.

Despite such an advantage, reports of clinical applications with RAFOs powered by pneumatic arti�cial
muscles are still very limited. Because of the high nonlinearity, current studies of arti�cial muscles are still
focused on improving position control accuracy with antagonistic structures and complicated control
algorithms [13, 16-18]. For assisting dorsi�exion movement in the swing phase, however, the main goal is
to support a high dorsi�exion angle to ensure su�cient MTC [19]. We believe that a simple event-triggered
control assisting dorsi�exion in the swing phase is adequate for early gait rehabilitation.

In this research, we aim to develop a high-dorsi�exion assistive system revised from the previous
prototype [20, 21]. It is low-weighted and provides high dorsi�exion assistive torque with a simple event-
triggered control method targeting stroke patients in the early stage of gait rehabilitation. A McKibben-
type arti�cial muscle was applied to lift up the forefoot upon swing phase. An intervention test was
conducted on 6 healthy participants with a dorsi�exion restriction orthosis that enables simulation of
compensation movements. Dorsi�exion angle in the swing phase, surface electromyography (sEMG),
MTC, and evaluation indices related to compensation movements were measured and analyzed to verify
the effect of our high-dorsi�exion assistive robotic orthosis. The results indicated our system’s capability
of providing su�cient assistance for passive dorsi�exion movement during gait rehabilitation and
improving compensation movements.

Methods
The present research aims to develop a high-dorsi�exion assistive robotic system and to verify the
potential of the system to be applied in assisting gait rehabilitation with intervention experiments on
healthy participants with dorsi�exion movement restriction.

Requirements of the High-dorsi�exion Assistive Robotic System

The main requirements for the system were set as follows:

1. The weight of the lower-limb part should not be higher than 0.45 kg, and the weight of the waist part
should not be higher than 1 kg.

2. The maximum output torque for ankle dorsi�exion assistance should be at least 25 Nm.

3. The setup time on a user should be shorter than 3 minutes.

For our previous prototype, the weight of the lower-limb part was 0.56 kg and that of the waist part was
close to 2 kg [20]. A pilot study on 6 stroke patients was conducted, and the potential for improving
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dorsi�exion movement was indicated. However, identical to other studies, the participants were chronic
phase patients. Although no negative effects resulting from the weight of lower-limb part were reported
from our previous study, the weight requirement was set even lower as 1% of an adult’s weight. Assuming
an adult could be as light as 45 kg, the maximum weight of the lower-limb part was set as 0.45 kg.
Meanwhile, most related RAFO devices and our previous prototype deployed the control unit at the waist
band or pocket to avoid excess load on the lower-limbs. Conversely, the weights at waist parts are all at
least 1.0 kg, which might also be a burden for subacute patients. Therefore, a requirement of a maximum
1.0-kg waist part is crucial.

A previous study reported that an external output torque of approximately 13.5 Nm was required to assist
dorsi�exion movement from a drop foot posture [22]. Considering factors of individual differences and
our application for subacute patients for full dorsi�exion assistance during gait rehabilitation, the output
torque of the system was set close to double, at 25 Nm.

Last, the setup time on the user was shorter, and the physical and mental burden on patients was lower,
especially for those in the subacute phase. Thus, an extremely short setup time of 3 minutes was set,
including putting the system on the users, calibration of the sensor unit, and assistance dorsi�exion angle
of the system.

System Design

The system assists dorsi�exion movement upon the swing phase with contraction of a McKibben-type
arti�cial muscle aligned between the knee and forefoot. The whole system is shown in Fig. 1. The weight
of the lower-limb part is 0.35 kg, and that of the waist part is approximately 1.0 kg, which barely ful�lls
the weight requirement set in the previous session.

Insert Figure 1

A. Lower-limb Part

The lower-limb part consists of a pressure sensor (FSR-402, Interlink Electronics, USA), an arti�cial
muscle (DMSP-10, Festo Inc., Germany), and a tension spring. The pressure sensor was attached at the
inner part of the forefoot. The pressure sensor was deployed at the inner side of the forefoot, which is
applied to measure the pressure of the �rst metatarsal point. Details of the control method with pressure
data were explained in Session C. The arti�cial muscle was �xed on a knee pad, and the tension spring is
aligned with the arti�cial muscle between the knee and forefoot. The spring was applied to support heel
rocker function during the loading response phase of gait, and the details were reported in research on the
previous prototype [21].

A simpli�ed shank model, depicted in Fig. 2, is applied to check whether the assisted dorsi�exion torque
matches the main requirement set in the previous section. Displacement of the tension spring during the
swing phase is small enough to be neglected. The equation of assisted dorsi�exion torque is
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According to research on the physical parameter measurements of stroke patients aged 50 to 99 years
old in Japan [23], was set as 0.4 m. was set as 0.15 m from the measurement of the length between the
ankle joint to the forefoot attachment point. was set as due to a plantar�exion angle at the pre-swing
phase of gait, assuming is close to at neutral posture [19]. The maximum pulling force of the selected
arti�cial muscle is 630 N. Therefore, the maximum assisted torque can be approximately 75.12 Nm,
which is much larger than the requirement set in the previous section.

Insert Figure 2

A small piece of 2-mm-thick cow leather was glued on the shoe, and three right angle brackets were
attached on the leather from the middle to the outer side of the forefoot. The cow leather prevents
deformation caused from pulling of arti�cial muscle, and the three placements of brackets provide
choices for simultaneous extroversion assistance caused from different extents of introversion posture
[2, 3]. It is extremely simple and quick to put the lower-limb part on the user’s body. First, the arti�cial
muscle is attached to the knee pad with magic tape. Second, the spring is hooked on the bracket. Last,
the cable between the arti�cial muscle and the spring is adjusted for a su�cient dorsi�exion assistance
angle. The angle was set between and the range of motion for the user of the dorsi�exion posture
referenced from a healthy people’s dorsi�exion angle [19]. The total time for setting the lower-limb part on
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a healthy person would not be longer than 2 minutes. It is worth noting that dorsi�exion movement is
assisted with full contraction of the arti�cial muscle, and the assisted dorsi�exion angle was set under
arti�cial muscle’s full contraction condition. Therefore, this physical constraint of contraction length
makes our system much safer than motor-actuated robotic devices. Meanwhile, excluding the right angle
brackets, none the components of lower-limb parts are rigid, and the arti�cial muscle assists dorsi�exion
movement by directly pulling the forefoot. This design not only realizes an extremely low-weighted
prototype but also prevents possible joint mismatch and discomfort issues for exoskeleton-type devices
[24].

B. Waist Part

The waist part consists of a microcontroller with an embedded wireless module (nRF51822, Nordic
Semiconductor, Norway), two solenoid valves for carbon dioxide gas injection and release to the arti�cial
muscle (BV214A, Mac Valves Inc., USA), a rechargeable battery compatible with medical applications
(RRC1120, RRC power solutions GmbH, Germany), and a portable gas cylinder containing 74 g of carbon
dioxide gas. The microcontroller unit with the battery was attached on the waist band with magic tape,
and the valves and gas cylinder were placed in separate back pockets. Gas is transmitted through 6-mm-
diameter tubes.

The battery is able to provide power to the system consecutively for approximately 3.5 hours, which is
apparently su�cient even for a chronic stage patient. The carbon dioxide gas cylinder is enough for at
least 50 full contractions of the arti�cial muscle through practical tests; that is, at least 50 dorsi�exion
movements could be assisted through the air source of one portable cylinder. The step length of a
subacute stroke patient is approximately 0.3 m [25]. With our previous experience, even some chronic
patients require rest after one 10-m level ground walking. It contains approximately 13 swing phase
dorsi�exion movements, which means the air source from one gas cylinder should su�cient. The cylinder
can be replaced with a new one when the patient rests.

The setting of the waist part on users is also simple. Securing the part to the waist with magic tape,
activating control unit, and connecting the tube to the arti�cial muscle should take less than 30 seconds.
Therefore, the total setup time on a user for the whole system was less than 2.5 minutes by adding the
setup times of the lower-limb part and the waist part. This meets the requirement for setup time. However,
the current result was acquired from healthy people. The actual setup time on subacute stroke patients
will be monitored in a future pilot study.

C. System Con�guration and Control Method

Fig. 3 shows the con�guration of our high-dorsi�exion assistive system. The microcontroller received
pressure sensor data through wireless communication and determined the opening and closing of the
solenoid valves for air injection and release. The air source was provided by the carbon dioxide gas
cylinder to the arti�cial muscle through solenoid valves.
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Insert Figure 3

Fig. 4(a) depicts the control �ow of our system. The arti�cial muscle contracts when no foot pressure is
detected, which means dorsi�exion support is activated when the gait phase transits from the stance to
the swing phase. It has to be noted that only one pressure sensor was placed on the inner forefoot side of
the insole, so the arti�cial muscle does not extend until the mid-stance phase when foot �at occurs. Heel
rocker function, the resistive dorsi�exion mechanism in the loading response phase of gait, is assisted by
the tension spring, as shown in Fig. 4(b) [21]. This mechanism prevents the requirements for suitable
assistance timing and speed for heel rocker function and enables a simple control method by merely
monitoring the pressure sensor. Although numerous complicated control strategies have been developed
for assisting gait rehabilitation, it is agreed that a simple control method is suitable for practical clinical
application [13].

Insert Figure 4

Experimental Design

The purpose of this experiment is to verify the actual intervention effects on users’ physiological and
kinematic characteristics with the developed high-dorsi�exion assistive system. Ethical approval of this
experiment was granted by the Ethics Committee of Waseda University.

A. Participants with Dorsi�exion Restriction

Six healthy and young people without gait disabilities participated in the experiment. Simple information
of the participants is shown in Table 1. It is important to conduct trials before clinical applications,
especially for subacute patients who require more safety concerns. To make participants gait
characteristics close to those of stroke hemiplegic patients, they were requested to wear a dorsi�exion
movement-restricted ankle-foot orthosis, as illustrated in Fig. 5. This orthosis applies a tension spring
above the back of the calf with a coe�cient of 10.39 N/mm. The spring was set at nominal length when
the orthosis was at an angle of least of plantar�exion posture. Thus, a person who wears this orthosis
should exert more dorsi�exion torque than usual and the decreases in MTC and compensatory movement
should re�ect those of stroke patients.

Table 1. Characteristics of the experiment participants
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  Sex Age Height (cm) Weight (kg)

A Male 30 172 73

B Male 26 175 75

C Male 24 174 62

D Male 25 172 67

E Male 23 180 66

F Male 25 170 80

Insert Figure 5

B. Experimental Settings

Interventions were conducted on the right legs for all participants. They were requested to walk 5 m six
times under all the following three conditions with their own preferred speed:

a) Normal walk (NOR): The participants wore the orthosis, but without restriction of dorsi�exion
movement.

b) Dorsi�exion restriction (DFR): The participants wore the orthosis, and the spring was applied for
dorsi�exion movement restriction.

c) Assistance (AST): The participants wore the orthosis with dorsi�exion movement restriction, and the
high-dorsi�exion assistive system was applied to support dorsi�exion in the swing phase.

The sEMG data of the tibialis anterior muscle were collected with the TrignoTM Wireless System (Delsys
Inc., USA) with a sampling rate of 2000 Hz. Meanwhile, the gait kinematic data were recorded by the
motion capture system (MAC3D, NAC Inc., Japan) with a sampling rate of 100 Hz. The marker set of this
experiment is shown and explained in Fig. 6. Foot pressure data were also collected by force plates
(Advanced Manufacturing Technology Inc., USA) to determine the stance and swing phases of gait.

Insert Figure 6

C. Evaluations

The physiological characteristics were evaluated with the collected sEMG data and were analyzed by the
software EMGworks (Delsys Inc., USA). The data were �ltered through an in�nite impulse response
bandpass �lter with cut-off frequencies equal to 100 Hz to 400 Hz. The �ltered data were then processed
with mean absolute value calculation, and the index was accessed by integrating the processed data
during ankle dorsi�exion movement in the swing phase. This index evaluates the extent of self-activating
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dorsi�exion movement under each condition. For realization of full dorsi�exion assistance for passive
gait training, a small sEMG signal during our system’s assistance was expected.

For kinematic characteristics, three aspects of evaluation indices were determined. The �rst aspect was
the direct effect on ankle kinematics. As Fig. 7(a) shows, the ankle angle was calculated with the markers
RVMH, RANK, and RKNE. Dorsi�exion angle was de�ned as the minimum ankle angle in the swing phase,
and improvement of dorsi�exion angle in AST condition compared with DRF condition was expected. The
other aspects were stumbling risk and compensatory gait patterns. The stumbling risk was evaluated
with MTC and registered from the minimum height of the RTOE marker in the swing phase of gait, which
is also shown in Fig. 7(a). The compensatory gait patterns were divided into two types: coronal plane and
sagittal plane. For compensatory gait patterns in the coronal plane, as Fig. 7(b) indicates, circumduction
gait was frequent for stroke patients. The lateral pelvis tilt angle , calculated with the angle between the
�oor and vector from the markers LASIS to RASIS, and swing width , calculated with the horizontal length
of marker RTOE in the swing phase, were evaluated. For compensatory gait patterns in sagittal plane, as
shown in Fig. 7(a), excess hip �exion was frequent for stroke patients. Since an increase in knee height is
an obvious sign of excess hip �exion, RKNE marker’s height in the swing phase was evaluated. It was
expected that either a small MTC or inclination of the compensatory gait pattern would be revealed while
ankle dorsi�exion was restricted, and improvement could be observed during assistance using our high-
dorsi�exion assistive system.

Insert Figure 7

Results
Due to differences of effects from dorsi�exion restriction orthosis and a high-dorsi�exion assistive
device, the evaluation indices for individuals instead of overall averages were analyzed. The indices of all
conditions were analyzed with one-way ANOVA, with signi�cant difference set as [26]. If signi�cant
differences were observed, Bonferroni t-Test was applied as a post hoc test, and the signi�cant difference
between two of the conditions was set as [27]. The results for all indices are presented with box and
whisker plots (Figs. 8-13). They show means, standard deviations, and ranges corresponding to each
data set.

Insert Figure 8-13

The results of one-way ANOVA for the physiological characteristic index showed signi�cant differences
for all participants. As Fig. 8 shows, the processed sEMG results were signi�cantly higher in the PAR
condition compared with the NOR condition. The results for the AST condition were signi�cantly lower
than those in the PAR condition, and even lower than in the NOR condition for 5 of 6 participants.

For ankle kinematics, the results of one-way ANOVA indicated signi�cant differences for all participants.
Fig. 9 shows that ankle angles in the PAR condition compared with the NOR condition showed different
results, which could result from different voluntary dorsi�exion torques for each individual. Compared
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with ankle angles in the NOR condition, those in the AST condition showed nonsigni�cant differences or
signi�cantly lower ankle angles for Participants A, B, C and F. Conversely, ankle angles for Participants D
and E in the AST condition were signi�cantly higher than those in the NOR condition.

All MTC results showed signi�cant differences through one-way ANOVA. However, as Fig. 10 indicates,
the MTC for Participant F was the only result, as expected. The MTC signi�cantly decreased from the
NOR to the PAR condition and then signi�cantly improved in the AST condition. For the other participants,
MTC reversely signi�cantly increased from the NOR to the PAR condition and then signi�cantly decreased
in the AST condition.

Judging from the results, all participants showed different extents of compensatory movements. Figs. 11
and 12 illustrate that participant A’s lateral pelvis tilt angle and swing width signi�cantly increased, and
Participant F’s lateral pelvis tilt angle signi�cantly increased from the NOR to the PAR condition.
Signi�cant improvements were observed in the AST condition, indicating inclination of circumduction
gait when dorsi�exion movements were restricted, but it improved when our system assisted. For
Participants B, C, and D, compensatory movements in sagittal planes were observed with signi�cantly
large knee heights in the PAR condition compared with the NOR condition. Signi�cant decreases in knee
heights were only seen for Participants B and C, which indicated inability of improving excess hip �exion
with our system’s assistance for Participant D. Last, as Fig. 13 indicates, compensatory movements in
both coronal and sagittal planes were shown for Participant E, with signi�cant increases in knee height
and lateral pelvis tilt angle when dorsi�exion movement was restricted, and improvement of excess hip
�exion was observed when our system assisted.

Discussion
Previous studies have reported RAFO devices that have aided ankle movements in gait rehabilitation for
stroke survivors [8-11]. Although some of them revealed potential effects with pilot and clinical studies,
participants were mainly chronic patients. We claimed that assistance of ankle movement, especially
dorsi�exion in the swing phase for ensuring MTC, should be applied on subacute patients in early-stage
gait rehabilitation. In this study, a high-dorsi�exion assistive device was developed. To our knowledge, the
weight of the system, especially for the lower-limb part, is the lowest compared with the previous studies.
This is important for lessening the load burden for subacute patients. Moreover, the output dorsi�exion
torque of our system can be approximately 75.12 Nm, which is much larger than the most frequently
applied motor-driven RAFOs and shows the potential of assisting passive gait rehabilitation for subacute
patients with very low dorsi�exion ability. Set-up times for robotic assistive devices are usually long, but
the current setup time of our system on healthy people was not longer than 2.5 minutes. Although it
showed the potential of minimizing patient burden based on the length of set-up, the actual set-up time
on stroke patients will be measured in the future.

An experiment was conducted to verify the assistance effect on healthy participants with dorsi�exion-
restricted orthosis. Although the results for all participants showed different patterns, they can be
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concluded as follows:

According to the results of processed sEMG for tibialis anterior muscles, the required voluntary
dorsi�exion movement was signi�cantly decreased when supported by our high-dorsi�exion
assistive system.

All participants revealed different types or extents of compensatory movements when their
dorsi�exion movement was restricted, but these compensatory movements were improved with
su�cient assistance from our system.

Results of possible excess reliance on assistance of our system were indicated.

Analysis of sEMG results for tibialis anterior muscles should be the most appropriate for evaluating
whether assistance for passive dorsi�exion movement is possible. The dorsi�exion restriction orthosis
applied a tension spring above the posterior side of the shank. Therefore, a larger torque than that for
assisting the ankle with no dorsi�exion ability should be output by our system. Due to the large output
force of the McKibben-type arti�cial muscle, signi�cantly lower sEMG results were observed when
assisted by our system compared with even those during normal use for most of the participants. This
indicates that our system should have the potential to assist passive dorsi�exion movement in gait
rehabilitation for subacute patients.

Without a su�cient ankle dorsi�exion angle in the swing phase, stroke patients tend to apply
compensatory movements to ensure MTC [5-7]. Similarly, all participants of our experiment revealed
compensatory movements when dorsi�exion was restricted. Participant F performed one of the typical
patterns for stroke patients, which is inclination of both compensatory movement and smaller MTC when
ankle dorsi�exion movement was restricted. For other participants, however, higher MTC results were
shown when ankle dorsi�exion movements were restricted. Although quanti�cation was not possible, we
believe this compensation results from excess extents of circumduction gait and excess hip �exion
movements by the healthy participants. The compensatory movements of all participants improved when
they were assisted by our system, excluding Participant D. It should be noted that although the ankle
angle of Participant E was signi�cantly higher in the AST condition than that in the NOR condition with
post hoc analysis, the difference of angles was only approximately ( for NOR and for AST). This
assistance was still su�cient to realize improvement of excess hip �exion inclination.

Excessive reliance on robotic assistance devices was reported and discussed in related research [28]. The
result of Participant D is very likely to be an example of this phenomenon. In fact, the assistance angle of
our system on Participant D was set incorrectly. A greater than increase of the ankle angle (i.e., a decrease
of dorsi�exion movement) from the NOR to the AST condition was shown. This should indicate
insu�cient assistance from the system. However, the processed sEMG result of Participant D in the AST
condition was still signi�cantly lower than that in the NOR condition. It was suspected that the participant
relied on our system’s support even though the assisted ankle angle was insu�cient. Thus, the excess hip
�exion inclination for Participant D was also not improved. This result not only indicated a negative
effect of setting the wrong assistance angle but also suggested the requirement of noticing an excess
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reliance on robotic devices that might decrease the e�ciency of rehabilitation. Moreover, a signi�cantly
lower knee height in the AST condition compared with the NOR condition was also shown for some
participants. Thus, it should be noted that motor assistance to one joint could also lead to a decrease of
voluntary effort from other joints.

With dorsi�exion-restricted orthosis, compensatory movements could be revealed with healthy people as
participants. Although this was not able to simulate all the pathological gait patterns resulting from ankle
disability, the potential of ensuring correct gait learning with our high-dorsi�exion assistive system was
shown. The experience of the present study should be a reliable reference for a future pilot study on
stroke patients.

It has to be noted that targets of the current high-dorsi�exion assistive system are subacute stroke
patients; the system might not be suitable for chronic patients with comparatively higher gait abilities.
The importance of full assistance for repetitive passive movements in early-stage rehabilitation has been
widely known [29, 30]. According to this concept, we set the positioning of our system as providing full
assistance to ankle dorsi�exion in early gait rehabilitation to ensure neural recovery and correct gait
learning. Thus, the risk of maintaining a compensatory gait pattern in the later recovery stage could be
expected to be low. Moreover, numerous studies have emphasized the importance of patients’ voluntary
efforts during the later stage of rehabilitation [31, 32]. Without su�cient challenges in rehabilitation, no
signi�cant advantages could be observed for robot-assisted rehabilitation over conventional methods.
Although currently developed systems set clear targets for subacute patients, we are also looking forward
to developing assist-as-needed control strategies for patients with different levels of disability. Thus, the
applicable targets for our ankle dorsi�exion assistive system could be variable.

Conclusion
In the present research, we have developed a high-dorsi�exion assistive system for supporting passive
ankle movement in gait rehabilitation. The low weight of the prototype and the high dorsi�exion output
torque make our prototype potentially applicable for subacute stroke patients. An experiment was
conducted to verify the assistance effects of our system on healthy participants with dorsi�exion
movements restricted. The results showed that with su�cient dorsi�exion assistance, signi�cantly lower
voluntary dorsi�exion movement and signi�cant improvement of compensatory movements could be
observed. This indicated the potential of ensuring passive dorsi�exion movement and preventing
compensatory gait patterns during gait rehabilitation assisted with our high-dorsi�exion assistive system.
The results could be reliable references for our future conduction of pilot studies on stroke patients.

Abbreviations
MTC: Minimum Toe Clearance

RAFO: Robotic Ankle-Foot Orthosis
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sEMG: surface Electromyography

NOR: NORmal (condition for experiment)

DRF: DoRsi�exion Restricted (condition for experiment)

AST: ASsisTed (condition for experiment)
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Figures

Figure 1

Appearance of the high-dorsi�exion assistive robotic technology (a) Back view of the prototype with waist
part elements (b) Front view of the prototype (c) Side view of the lower-limb part with the McKibben-type
arti�cial muscle, tension spring, and pressure sensor deployment highlighted
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Figure 2

Simpli�ed lower-limb model
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Figure 3

System con�guration

Figure 4

Control method of the system (a) Control �ow diagram (b) Diagram of system control in a gait cycle
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Figure 5

Dorsi�exion movement restriction orthosis
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Figure 6

Placement of markers RTOE: between the 1st and 2nd metatarsal heads/RMT5: 5th metatarsal
head/RANK: right ankle joint/RKNE: right knee joint/RHIP: right hip joint/RASIS, LASIS: anterior superior
iliac spines for both sides
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Figure 7

Spatial evaluation indices θ: Ankle angle. The dorsi�exion angle was de�ned as the minimum ankle angle
in the swing phase h_toe: Toe height. MTC was de�ned as the minimum toe height in the swing phase
h_knee: Knee height a: Swing width θ_p: Lateral pelvis tilt angle
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Figure 8

Results of processed sEMG
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Figure 9

Results of dorsi�exion angle
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Figure 10

Results of MTC
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Figure 11

Results of lateral pelvis tilt angle
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Figure 12

Results of swing width
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Figure 13

Results of knee height


