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Abstract— The human ankle comprises multiple joints and 

supports triplanar motions to allow the foot to pronate or supinate 

during walking. However, ankle exoskeletons are mainly designed 

to assist propulsion whilst inhibiting other degrees of freedom. The 

kinematic constraints posed by the simplified joint mechanisms 

may negatively affect the wearer's performance. In that context, 

this paper presents a preliminary investigation on the effects of 

restraining ankle motions during level walking with an unpowered 

ankle exoskeleton having compatible joint axes. The work 

investigated the changes in muscle activity in the lower limbs 

under various constraining conditions. A healthy male subject 

took part in five tests involving different combinations of 

kinematic restrictions of the ankle. The electrical activities of key 

muscles were recorded using a surface electromyography 

measurement system. The root-mean-square feature of signals was 

used for comparing results. The analysis confirms that 

constraining non-sagittal plane motions has caused significant 

changes to the activities of muscles. The investigation reveals the 

relative importance of developing ankle mechanisms that promote 

higher kinematic compliance. In the future, further studies should 

be conducted to reaffirm the statistical significance of muscle 

activity across multiple test subjects and assess human comfort to 

derive specific design guidelines for ankle devices. 

Keywords—ankle exoskeleton, ankle joint, kinematic 

compliance, level walking, lower limb muscles, surface 

electromyography signals 

I. INTRODUCTION 

Robotic ankle exoskeleton is a wearable device, closely 
fitted to the human lower leg and operates in concert with the 
wearer's movements [1]. It combines human intelligence with 
machine power to support or supplement functions of the 
biological ankle joint. These devices mainly find use in 
rehabilitation, locomotion assistance and power augmentation 
applications [2]. In this context, assistive robotic devices have 

emerged as state-of-the-art technology for improving the quality 
of life for individuals with special needs or augmenting the 
abilities of the workforce in the industry [3]. 

Over the years, particularly in the last two decades, a variety 
of robotic ankle devices have been developed across the globe 
[4]. An ankle-foot orthosis (see Fig. 1a) powered by artificial 
pneumatic muscles was developed by the University of 
Michigan in 2005 [5]. It could provide both plantar-flexor and 
dorsi-flexor torque to reduce the muscular effort for walking. 
Anklebot (see Fig. 1b) introduced in 2013 is a modular 
impedance-controlled system to perform ankle rehabilitation of 
stroke patients in a seated position and during upright walking 
on a treadmill [6]. It is designed to actuate dorsiflexion/ 
plantarflexion and inversion/ eversion using two linear actuators 
anteriorly mounted to the shank and foot segments. The 
autonomous exoskeleton (see Fig. 1c) developed by the 
Massachusetts Institute of Technology - Media Lab in 2014 
could deliver mechanical power to the ankle during propulsion 
to reduce the metabolic cost of walking [7]. The unpowered 
ankle exoskeleton (See Fig. 1d) was developed by Carnegie 
Mellon University and co. uses a semi-passive elastic 
mechanism to assist ankle propulsion [8]. It employs a spring 
parallel with shank to provide plantarflexion assistance during 
stance phase and allows ankle to dorsiflex freely during swing 
phase. A tethered ankle exoskeleton was developed in 2014 to 
evaluate the biomechanical effects of powered assistance on the 
ankle using a cable-driven mechanism powered by an electric 
motor [9]. Similarly, in 2017, Ghent University developed a 
bilateral ankle exoskeleton (see Fig. 1e) powered by pneumatic 
actuators to determine the effects of actuation timing and power 
characteristics [10]. These devices served as universal testing 
platforms to investigate various gait assistance strategies for 
improving energy economy during walking. This work initiated 
human-in-the-loop optimization strategies for ankle devices. 
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Fig. 1. Robotic ankle exoskeletons since 2005. 

 

Fig. 2. Joints and motions of ankle joint [11] [12]. 

As the main contributor to propulsion, the ankle joint plays 
a vital role during walking [13]. As a result, contemporary 
research on ankle exoskeletons was mainly focused on 
developing bigger and better power assistance strategies. Yet, 
human performance improvements with such devices are less 
significant. The lack of commercial implementation of the 
proposed solutions indicates poor user acceptance or, at best, the 
need for further improvements. There have been efforts made to 
design systems which are less bulky and lightweight. However, 
many of the untethered and portable ankle mechanisms do not 
specifically address the anatomical requirements or allow the 
ankle joint to generate natural movement patterns.  

The ankle joint complex supports three degrees of freedom 
(DOF) known as plantarflexion/ dorsiflexion: PF/DF, 
inversion/eversion: IN/EV and internal/ external rotation: IR/ER 
(see Fig. 2) [11][12]. The combination of these motions allows 
the foot to pronate and supinate during walking. According to 
biomechanical studies, IN/EV and IR/ER during walking are 
identified to be less significant from kinematic and kinetic points 
of view [14][15]. Consequently, most ankle exoskeletons were 
designed to support or actuate only PF/DF by active means, 
whereas IN/EV and IR/ER were completely restrained or 
facilitated by passive means [16]. On the other hand, the ankle 
joint mainly comprises two sub-joints, named talocrural and 
subtalar joints, to support PF/DF and IN/EV, respectively. Tibia, 
fibula, and talus form the articular surfaces of the talocrural joint 
with an architecture similar to a mortise-tenon joint with one 
DOF. The subtalar joint is formed between talus and calcaneus, 
and functions as a plane synovial or gliding joint. Importantly, 
the talocrural joint axis is inclined at 10° to the transverse plane 
and 6° to the frontal plane. Similarly, the subtalar joint axis is 
inclined at 42° to transverse plane and 16° to sagittal plane [17]. 
The internal and external rotation of the ankle takes place about 
the anatomical axis of the tibia. However, in view of reducing 
design complexities, the oblique sense of working axes of the 
talocrural and subtalar joints had been overlooked in developing 

ankle joint mechanisms [18]. This can give rise to mechanical 
interferences at the human-robot interface and negatively affect 
the user's performance and/or comfort. Therefore, it is important 
to investigate the biomechanical effects resulting from various 
design simplifications introduced into the ankle exoskeletons. A 
systematic evaluation of the muscle recruitment patterns under 
different constraining conditions will provide the researchers 
valuable insight into the implications of certain design choices. 

Investigations on the influences on muscle activity caused 
by restraining and/or facilitating the different DOF of the ankle 
are lacking in the literature. In order to grasp user perception 
accurately, both objective and subjective evaluation procedures 
need to be established. In that context, this study investigated the 
influence of restraining the multiple DOF of the ankle during 
level walking using a three-DOF ankle exoskeleton having 
compatible joint axes. This paper presents the preliminary 
investigation carried out with a healthy male subject matching 
the 50th percentile male population. The experiments were 
conducted to quantitatively evaluate the cognitive perception of 
human-robot interaction based on the electrical activity of 
muscles known as electromyography (EMG) signals. The key 
flexors and extensors responsible for movement generation 
during walking were used to acquire the surface EMG (sEMG) 
signals under controlled conditions. Root-mean-square feature 
of the signals in the time domain was used to analyze the relative 
changes in muscular exertions during walking. 

The remainder of the paper is structured as follows. Section 
II describes the mechanical design and different configurations 
of the ankle exoskeleton used for the experiments. Section III 
presents the experimental methods, including protocol and 
setup. Section IV presents the results and detailed analysis of the 
processed data. Section V concludes the findings of the 
investigation and points out the future directions. 

II. COMPATIBLE-JOINT ANKLE EXOSKELETON 

A three-DOF robotic ankle exoskeleton, named 'C-JAE' 
developed by Bionics Laboratory at the University of Moratuwa 
[19] was used to carry out the investigation. C-JAE stands for 
'Compatible-Joint Ankle Exoskeleton', where each of the three 
DOF at the ankle joint has corresponding mechanisms with 
coinciding axes of rotation to generate natural ankle motions 
(see Fig. 3a). Since ankle joint has oblique joint rotation axes, 
novel mechanisms were introduced to accurately align each of 
the axes throughout the complete range of motion (ROM). The 
system is designed to facilitate triplanar motions, where PF/DF 
and IN/EV are actively assisted, and IR/ER is passively 
supported. The prototypes of C-JAE for each of the legs were 
designed and fabricated to fit the 50th percentile male subjects 
[20]. The structural systems for the joint mechanisms and drive 
units are located anterior to the foot and shank segments to 
reduce interferences with the environment. This enables the 
wearer to not only easily navigate level ground but also stairs 
and ramps owing to its higher ROM. The wearer can also 
perform most activities of daily living, such as sitting, squatting, 
side-stepping without encountering mechanical interferences. 
Thus, C-JAE supersede contemporary ankle exoskeletons in 
meeting anatomical and ergonomic requirements of the human 
ankle. However, the mass of C-JAE is 2.6 kg per unit, excluding 
the control circuitry and power source in the fanny pack.   



 

 

Fig. 3. Ankle exoskeleton (a) oblique joint axes of C-JAE, (b) PF/DF unit, (c) IN/EV unit, (d) IR/ER unit, (e) IN/EV mech. limiter, (f) IR/ER mech. limiter.

C-JAE consists of three main units, namely PF/DF Unit, 
IN/EV Unit, and IR/ER Unit for facilitating the respective 
motions of the ankle. Sub-sections below include details of each 
of the units relevant to the investigation. Interested readers may 
refer [19] for additional information on C-JAE. 

A. PF/DF Unit 

PF/DF Unit (see Fig. 3b) generates PF/DF about the 
talocrural axis. It includes a pair of mechanical limiters to limit 
the ROM of PF/DF to 50°/20° respectively, to ensure the safety 
of the user. A locking mechanism was not included with the 
PF/DF Unit, as the device is not expected to operate in a 
condition that necessarily restrains the key motion responsible 
for ankle propulsion. The mass of the PF/DF Unit is 0.95 kg. 
Importantly, the center of mass of the PF/DF Unit remains 
within the projection area of the foot on the ground. As a result, 
attached mass on the lower leg may not generate undesirable 
moments typically encountered with ankle mechanisms located 
on the posterior or lateral sides of the leg. 

B. IN/EV Unit 

IN/EV Unit (see Fig. 3c) generates IN/EV about the subtalar 
axis. It includes a specially designed IN/EV Mechanical Limiter 
to ensure the safety of the user. Considering the ROM of 
walking gait, limits of IN/EV were set at 15°/10° respectively. 
The IN/EV can be completely restrained/ locked by installing 
the locking cuboid inside the vacant pocket of the mechanical 
limiter if needed (see Fig. 3e). The mass of the IN/EV Unit is 
0.52 kg. 

C. IR/ER Unit 

The IR/ER is passively supported using a curve guide and 
slider block having a 100 mm working radius. The rotational 
axis of the IR/ER Unit (see Fig. 3d) is accurately mapped to the 
anatomical tibial axis of the shank. The slider is balanced by a 
pair of antagonistic compression springs to maintain the 
mechanism in a neutral position. This facilitates ankle rotation 

when twisting forces are relatively high, thus it assists to 
unburden the passive dynamic stabilizers of the ankle joint 
complex. Moreover, the mechanism helps to dampen the inertia 
effects of the moving masses of the IR/ER and IN/EV Units. The 
IR/ER Mechanical Limiter is used to limit IR/ER of the ankle to 
6°/6° respectively. By using a pair of bolts or studs, the IR/ER 
can be completely restrained/ locked if needed (see Fig. 3f). The 
mass of the IN/EV Unit including the cuff is 0.62 kg. 

D. Configurations 

The investigation is aimed at analyzing the influence of 
restraining selected DOF of the ankle joint during walking on a 
level ground. In order to maintain a consistency of conditions 
during testing, the ankle exoskeleton was used in an unpowered 
state. The motors of PF/DF and IN/EV Units were disengaged 
to allow the rotations about the talocrural and subtalar joints with 
minimal resistance. However, in addition to the aforementioned 
restraint conditions, masses of each of the Units were also 
impeding the musculoskeletal system during testing. It is 
assumed that the inertia effects had a similar influence across all 
test conditions since all other variables were kept unchanged. 
Note that ankle and foot devices will add extra mass to the leg 
and the effects of moving masses cannot be eliminated during 
human-in-the-loop tests. 

III. EXPERIMENTS 

The cognitive robotic interaction was quantitatively 
evaluated using sEMG signals recorded from superficial 
muscles of the lower limbs. The method of experiment used for 
the investigation is explained under experimental protocol and 
setup in this section. 

A. Experimental Protocol 

The protocol defines a consistent approach to monitoring the 
wearers’ response to a series of physical tests. The test 
conditions were designed according to established studies found 
in the literature [21][22]. 



 

Fig. 4. Key muscles in the lower limb during walking. 

 The motion over the sagittal plane (PF/DF) was freed for all 
test conditions, as it is the fundamental movement necessary for 
walking [23]. The other two DOF (IN/EV and IR/ER) were 
locked in various combinations to identify the relative effects of 
restrictions. The specific test conditions are described below. 

• Case 1 (WEXO): Without the exoskeleton  

• Case 2 (EXO – 1 DOF): Wearing the exoskeleton PF/DF 
freed, IN/EV and IR/ER locked 

• Case 3 (EXO – 2 DOF [IR/ER locked]): Wearing the 
exoskeleton with PF/DF & IN/EV freed, IR/ER locked 

• Case 4 (EXO – 2 DOF [IN/EV locked]): Wearing the 
exoskeleton with PF/DF & IR/ER freed, IN/EV locked 

• Case 5 (EXO – 3 DOF): Wearing the exoskeleton with 
all 3 DOF freed 

A healthy male subject (age = 38 years; weight = 70 kg; 
height = 1.75 m) fitting the 50th percentile male population 
participated in the experiments to perform level walking with 
and without the ankle exoskeleton. The subject satisfied the 
inclusion criteria with no history of ankle injury or neurological 
impairment. A familiarization session was conducted on the 
experiments followed by the submission of written consent for 
participation. The subject wore casual attire and soft shoes to 
perform the experiments and any possible restrictions due to 
clothing were eliminated. The ankle exoskeleton was adjusted 
to fit the subject to ensure correct mapping of the joint rotation 
axes. Note that IN/EV and IR/ER locking mechanisms were 
only engaged or disengaged according to the condition selected. 

The tests were performed on a level surface in controlled 
laboratory conditions at 25 0C. Overground walking was the 
preferred option to determine the natural muscle behavior during 
locomotion, as treadmill walking may induce unwanted noise 
that can affect the muscle activation signals. A 10 m length 
walkway with demarcation lines was arranged with additional 
space for gradual starting and stopping during walking routines. 
The subject was instructed to acclimatize to the environment and 
perform walking trials at a consistent speed of 1.1 m/s [25] with 
and without the exoskeleton. This allowed the subject to do a 
self-assessment of the relative difficulties of walking with 
different combinations of DOF consistently.  

The muscle activities were measured using the sEMG 
measuring technique in all test conditions for key muscles 
involved in human locomotion. They are rectus femoris (RF), 

 
Fig. 5. Experimental set-up and sEMG electrode placements. 

biceps femoris (BF), tibialis anterior (TA), soleus (SO), 
gastrocnemius medial (GM), and gastrocnemius lateral (GL) 
(see Fig. 4). The sEMG signals were measured by placing 
electrodes on the subject’s left leg over the muscle bellies. The 
electrode locations and skin preparation methods were adopted 
from the SENIAM guideline [24]. The data was collected after 
the subject had understood the procedures of testing and the 
proper functioning of the device. The subject performed a 
minimum of three walking trials per test condition. A 
metronome was used to ensure a consistent speed of walking 
during each trial. The order of tests was randomized, and the 
subject remained unaware of the testing condition throughout 
the experiment when wearing the exoskeleton. 

B. Experimental Setup 

The experimental setup used for the study include the wired 
electrodes, an acquisition system including an amplifier and a 
computer (see Fig. 5). sEMG data were collected from the 
above-mentioned muscles, namely BF, RF, SO, TA, GL and 
GM using Channel 1 to 6, respectively. The wired sEMG 
electrodes were linked to a DELSYS Bagnoli Desktop EMG 
system via an interface box. The accuracy of the electrode 
placements was ensured by performing basic limb motions 
while observing the sEMG signal variation. Raw sEMG signals 
were recorded at a sampling frequency of 2000 Hz and the 
amplifier gain was set at 1000 throughout all test conditions. 
Here, the sampling window length was set at 0.0625 s. The 
amplified signals were then sent to the personal computer for 
processing. The Root Mean Square (RMS) average of sEMG 
signals was calculated using (1) with the EMGworks Analysis 
software (post-processing tool) provided by DELSYS Inc.  

 ( )

1
S 2

2

1

1
RMS f s

S

 
=  
 
  (1) 

Where, ( )f s  is raw sEMG data within the sampling 

window, and S is window length in number of data points.  

The RMS of sEMG results were averaged across 12 gait 
cycles for each muscle in every test condition. The average 
cycles, including muscle activity ranges, were analyzed to 
determine the statistical significance of the results. The 
percentage increment of mean RMS of sEMG results for each 
test condition from Case 2 to 5 (EXO conditions) was calculated 
relative to Case 1 (WEXO or controlled condition). 



IV. RESULTS AND DISCUSSION 

The experimental results and findings are presented in this 
section. Muscle activation is analyzed for each test condition 
under the two main phases of the gait cycle: stance phase (0-
60%) and swing phase (60-100%). Fig. 6 depicts the average 
muscle activity in terms of RMS of sEMG over the gait cycle 
for RF, BF, TA, SO, GM and GL for all test conditions (Case 1-
5). The muscle activation patterns of the selected muscles for the 
WEXO condition are consistent with published data in refereed 
literature [25] [26]. Further, the percentage increment of the 
mean of RMS of sEMG over the walking gait cycle for the four 
test conditions (Case 2 to 5) is presented in Fig. 7.  

RF activation (see Fig. 6a) between all test conditions shows 
no significant statistical variation over the entire gait cycle. It 
reveals that RF is not notably affected by the motion constraints 
applied at the ankle or the added weight borne by the foot. Mean 
of RMS of sEMG for RF also confirms the finding. BF 
activation (see Fig. 6b) showed a significant increase from initial 
contact to end of terminal stance (0-50%) and during terminal 
swing (87-100%) for all EXO conditions. Here, the mass of the 
device is mainly lifted and controlled by BF. However, mean of 
RMS of sEMG for BF indicates a gradual increment of the 
muscle activation power with increasing number of passive 
DOF. The underlying reason for the behavior is attributed to the 
inertia of the IN/EV and IR/ER units affecting the natural 
dynamics of the foot movement. TA activation (see Fig. 6c) for 
1 DOF showed a significant increase during loading response 
(0-10%) and swing phase (60-90%) compared to other test 
conditions. The mean of RMS of sEMG for TA in all other EXO 
conditions indicates no notable difference, hence muscle 
activation intensity of TA for all the cases of multiple DOF 
remains unchanged. SO activation (see Fig. 6d) profiles for all 
EXO conditions show a delay when peaking during the gait 
cycle (~60%) compared to the WEXO condition (~50%). The 
mean of RMS of sEMG for SO in 3 DOF condition shows a 
reduction compared to other EXO conditions. Moreover, when 
all motion restrictions are eliminated, the peak intensity of the 
signal has shown a significant decline. GM activation (see Fig. 
6e) for both 1 DOF and 2 DOF test conditions showed a 
significant increase during the entire stance phase up to the 
initial swing (0-73%). In the case of 1 DOF, both the peak and 
mean of RMS of sEMG show a significant increment over the 
other EXO conditions. Between the 2 DOF conditions, a higher 
level of mean muscle activation was noted when IN/EV was 
locked. GL activation (see Fig. 6f) from loading response till 
early mid stance (0-15%) shows a significant increase in all 
EXO conditions. Notably, for 1 DOF condition, a sudden rise in 
muscle intensity can be noted and the mean of RMS of sEMG is 
also significantly higher compared to the other EXO conditions. 
Further analysis shows that the mean RMS of sEMG for the 3 
DOF condition is notably lower than both 2 DOF conditions. 

Among the four test conditions, muscles around the ankle 
joint have been least burdened when the ankle exoskeleton is 
supporting 3 DOF. However, the relative difference in effects of 
restricting IN/EV or IR/ER are impalpable based on the findings 
of this preliminary investigation and require further studies with 
multiple test subjects. In the case of 1 DOF, the muscles that are 
mainly responsible for ankle propulsion (i.e., TA, GM, and GL) 
are found to be primarily affected due to excessive restrictions. 

 
Fig. 6. RMS of sEMG for (a) rectus femoris (RF), (b) biceps femoris (BF), (c) 
tibialis anterior (TA), (d) soleus (SL), (e) gastrocnemius medial (GM), and  (f) 
gastrocnemius lateral (GL).
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Fig. 7. Comparison of percentage increase of mean RMS of sEMG over the gait cycle between different test conditions. 

V. CONCLUSION 

This paper investigated the changes in muscle activity during 
walking with an unpowered multi-DOF ankle exoskeleton. 
Different combinations of ankle motions were restricted to 
derive four test conditions, namely 1 DOF, 2 DOF [IR/ER 
locked], 2 DOF [PF/DF locked], and 3 DOF. In the case of 1 
DOF, notable increments in the peak and mean of RMS of 
sEMG activities of the muscles were noted around the ankle 
joint. On the other hand, eliminating restrictions on IN/EV and 
IR/ER have resulted in marginal benefits. However, when all 3 
DOF are supported, a significant reduction in muscle exertions 
were observed for muscles near ankle. In future, the 
investigation should be extended with multiple test subjects to 
reaffirm the conclusions. In addition, findings from qualitative 
assessments on human comfort need to be included when 
formulating design guidelines for ankle devices. 
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