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Abstract—Wearable assistive robots can potentially 

improve the gait of individuals with reduced mobility. To 

address each individual's unique needs, personalized robots 

are necessary. In addition, robots equipped with portable 

systems are required to ensure their practical use in clinical 

and outdoor settings. We developed and evaluated a 

modular robotic ankle-foot orthosis (AFO) with two 

degrees of freedom and a portable actuation system, 

providing ankle plantarflexion and in/eversion assistance. 

The performance was evaluated via benchtop testing and 

human subject experiments. The benchtop testing 

demonstrated that the device could deliver 40 Nm of 

plantarflexion torque and 16 Nm of in/eversion torque, with 

rise times of 70 ms during plantarflexion, 84 ms during 

inversion, and 77 ms during eversion. The torque control 

bandwidth was greater than 13 Hz in plantarflexion and 

in/eversion. When a human subject used the device for 

squat assistance, the device presented its ability to track the 

desired torque trajectory with a maximum mean RMS 

error of 2.9 ± 1.2 Nm for plantarflexion assistance and 0.7 

± 0.5 Nm for in/eversion assistance. This study shows the 

potential of the proposed modular AFO, fabricated solely 

via additive manufacturing and utilizing an off-board 

portable actuation system. The proposed device can 

personalize ankle exoskeletons and examine in/eversion 

assistance effects for individuals with reduced mobility. 

 
 Index Terms—additive manufacturing, ankle foot 

orthosis, exoskeleton, personalized design, wearable robot. 
  

I.INTRODUCTION 

Over the last 30 years, diseases affecting the mobility of 

adult groups above 50 years old were among the ten with the 

most increases in disability-adjusted life years (DALYs) [1]. 

Motor disabilities can result in walking alterations and motor 

impairments [2]. Musculoskeletal disorders, stroke, and 

diabetes are the most common cause of limited mobility in 

people living alone [3]. Gait rehabilitation aims to improve 

function and regain mobility through physical therapy, 

including over-ground assisted walking, body-weight-

supported training [4], and gait treadmill training, which can 

improve walking speed and endurance in chronic stroke 

survivors with the ability to walk independently [5]. However, 

physical therapy resources are often limited and sometimes 

unsuitable to the patient's walking dependency, rehabilitation 

intensity, and frequency requirements [6]. Wearable assistive 

robots are a technology to aid physical therapy methods for gait 

training that can reduce the effort of therapists and improve 

personalizing the rehabilitation [7]. Robot-assisted Gait 

Training can improve balance and independence in daily 

activities [8], lower limb function, and increase walking speed 

[9]. 

A. Personalization of wearable ankle robots 

Wearable robots, in particular, robotic ankle-foot orthoses 

(AFO), have been used in gait assistance and rehabilitation in 

adults with disabilities affecting mobility [10]–[12]. The use of 

assistive technologies provides personalization of the 

rehabilitation based on the patient's characteristics and 

conditions. Personalization of wearable robots has been mainly 

centered around investigating subject-specific assistance 

control strategies using biofeedback to adapt to the high inter-

subject variability and balance-related effort [9], [13], resulting 

in improved energy efficiency [14], [15]. Personalizing the 

mechanical design in wearable robots is also essential to 

accommodate anthropometry and gait biomechanics, 

considering the device functionality based on the user's 

condition and gait training aims [16]. Besides the current 

approaches to personalize the assistance control, there is a need 

to define a practical design to prescribe personalized 

exoskeletons for each user, considering inter-subject variability 

of anthropometry measures, ankle joint biomechanics and 

stiffness [17], and condition-related gait characteristics [16]. 

Modular wearable designs can be easily adapted to match the 

wearer's anthropometry [18] and could be a versatile approach 

to increase personalization capabilities.  

B. Ankle in/eversion torque assistance 

Aging affects ankle strength and range of motion, resulting 

in loss of stability, reduced ankle plantarflexion strength, and 

decreased eversion range of motion [19]. Several risk factors, 

including muscular weakness, loss of balance control, gait 

abnormality, and dementia, are linked to falls in the elderly 

[20]. The ankle torque strength and range of motion can affect 

balance [19]. Ankle eversion taping can improve static and 

dynamic balance [21], and in/eversion assistance has reduced 
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effort associated with balance in individuals with below-knee 

amputation [13]. The in/eversion assistance in a robotic AFO 

has been recently emphasized to improve muscle strength, 

promote a more comprehensive gait rehabilitation, including 

balance [9], and mitigate injury risk [22]. Implementing ankle 

in/eversion assistance in AFO could increase the capabilities of 

wearable robots during gait rehabilitation and training of 

elderly populations. 

C. Portable emulator and actuation systems 

Clinical rehabilitation sometimes requires equipment easily 

adapted to the rehabilitation setting and the patient's condition 

environment. Furthermore, space limitations have led wearable 

robots to create portable, independent control and feedback 

units. Portable off-board emulator systems have been 

developed to control soft exosuits [23], [24] and ankle foot 

prostheses [25]. However, these systems operate as stationary 

systems, which constraints the wearable robots' use in the 

laboratory. Portable onboard systems remove the stationary 

limitations and can expand their use in outdoor environments 

[26], [27], which could be beneficial in reducing patients' travel 

time to the clinic lab and increasing the accessibility to 

wearable assistive robots. A portable system with onboard and 

off-board capabilities can help improve the accessibility of 

AFO. Besides assisting in different indoor and outdoor 

environments, the off-board emulator setting allows the 

removal of the payload effects of the portable system, which 

could be required in the clinical setting. 

D. Aim of the study and proposed device 

The personalization of robotic AFO's mechanical design 

can further enhance the assistance benefits. Wearable ankle 

robots have been predominantly focused on plantar/ 

dorsiflexion assistance, limiting the potential outcomes and 

translational research. This study focused on developing a 

portable and modular robotic AFO using additive 

manufacturing and evaluating its performance as an emulator 

off-board system during human subject experiments. The AFO 

allows design personalization based on the subject's 

anthropometrics and ankle biomechanics with two active 

degrees of freedom (DOF), providing plantarflexion and 

in/eversion assistance. 

II.MODULAR ANKLE FOOT ORTHOSIS 

A. Mechanical Design 

We developed a modular robotic AFO with active 

plantarflexion and in/eversion fabricated using additive 

manufacturing. The maximum plantarflexion and dorsiflexion 

ranges are 25º and 40º, respectively. A dual cable-transmission 

portable system was developed to provide plantarflexion and 

in/eversion assistance. Passive dorsiflexion is provided using 

two elastic rubber bands. The actuation was done using two 

independent cable-pulling transmissions driven by electric 

motors attached to the AFO's foot component (Exo-Talus) on 

the medial and lateral sides.  

The modular AFO comprises four sub-assemblies (Fig. 1). 

The subassembly corresponding to the AFO's foot (Exo-Foot) 

is composed of two main components, the Exo-Talus, and the 

Exo-Meta, connected using bolted joints (Fig. 1.a). The medial 

and lateral components are joined through a rubber sole of 

medium stiffness that can be easily replaced to fit different shoe 

sizes. On the posterior side, a transversal component is used to 

connect both sides (Fig. 1.a), providing high compression 

stiffness in the medial-lateral direction while allowing the 

in/eversion compliance of the device. At the AFO ankle joint, 

the Exo-Tibia assembly is coupled using a hinge joint.  

The Exo-Tibia is divided into three components (Fig. 1.b). 

One proximal to the ankle joint, which is a parametric lattice 

structure to personalize the in/eversion compliance in the 

frontal plane, one distal component that is used to connect the 

AFO to the wearer's shank, and a bolted connecting part in the 

middle that is used to hold and route the cable transmission. 

This part transmits the assistive torque during squatting 

activities. Implementing a compliant structure at the ankle joint 

reduces the kinematic constraints in the frontal plane presented 

by the AFO-human interface characteristics at the foot. The 

Exo-Tibia of the left and right sides are connected on the 

posterior side using a bridge component. The components 

connected to the Exo-Tibia hold and route the cable 

transmission (Fig. 1.c). This is the main component that 

transmits the assistive torque to the subject's tibia during sit-to-

stand.  

To reduce the torque dissipation, support components are 

used to strengthen the Exo-Tibia in the sagittal plane while 

allowing the ankle's frontal plane range of motion (Fig. 1.c and 

d). The attachment of the AFO to the subject's leg is performed 

using a strap located at the anterior tibialis. To maximize the 

assistive torque transmitted to the subject while maximizing 

comfort, the AFO is attached to the subject's leg at 1/3 of the 

tibia distance from the anterior origin, coincident with the most 

anterior part of the tibialis anterior and avoiding the interface 

of the Exo-Tibia with the knee. We used cushioned protection 

on the anterior, posterior, medial, and lateral sides of the tibia, 

 
 

Fig. 1. AFO’s modular components. (a) The Exo-Foot can be personalized for 

different shoe sizes, varying the length (Exo-Meta and Exo-Sole) and width 
(Exo-Sole), maintaining the Exo-Talus across sizes. (b) The Exo-Tibia is 

divided into three components. The most distal component holds the strap 

attaching the AFO to the subject´s leg. The Exo-Tibia compliance in the frontal 
plane allows inversion and eversion thanks to its most proximal component. 

Both components are connected by a bolted part in between. (c) The connectors 

between the left and right Exo-Tibia and support components. (d) The 
component increases stiffness in the sagittal plane while allowing a range of 

motion in the frontal plane.  

This article has been accepted for publication in IEEE Robotics and Automation Letters. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/LRA.2023.3290529

U.S. Government work not protected by U.S. copyright.
Authorized licensed use limited to: University of Illinois at Chicago Library. Downloaded on July 04,2023 at 02:04:52 UTC from IEEE Xplore.  Restrictions apply. 



 IEEE ROBOTICS AND AUTOMATION LETTERS. PREPRINT VERSION. ACCEPTED JUNE, 2023 

 
2 

maintaining the Exo-Tibia straight when attached to the 

subject.  

The AFO can be easily personalized for different subjects by 

changing the Exo-Meta and Exo-Sole depending on the foot 

size (length and width). To fit the subject's leg length, the AFO 

only requires changing the most distal component of the Exo-

Tibia (Figure 1.b), allowing the personalization based on shoe 

size and height of subjects by just printing two components and 

the rubber of the Exo-Sole (Figure 1.a). We used additive 

manufacturing to implement lightweight components that can 

be personalized and allow leg anthropometric and ankle 

biomimetic configurations using parametric designs. The 

components were manufactured in nylon-carbon fiber N12 

Carbon Fiber using a Method-X fused filament printer 

(Ultimaker, Netherlands) (Fig. 1.c). The weight of the AFO is 

approximately 0.9 kg. 

The main components located at the AFO for the assistance 

control and transmission of the forces as well as the torques 

notation, are represented in Fig. 2. The plantarflexion torque 

𝑀𝑝𝑓 , is defined as the sum of the left and right toe torques. 

Similarly, the in/eversion torque 𝑀𝑖𝑛−𝑒𝑣 , was defined as the 

difference between the left and right toe torque multiplied by a 

constant defined by the geometry [28]. 

 

𝑀𝑝𝑓 = 𝑀𝐿 + 𝑀𝑅 (1) 

𝑀𝑖𝑛−𝑒𝑣 =  (𝑀𝐿 − 𝑀𝑅) ·
𝑤𝑎𝑛𝑘𝑙𝑒

2𝑑𝑎𝑛𝑘𝑙𝑒

 

B. Portable actuator system 

 The AFO has two incremental optical encoders, HEDS-

5500-A06 (Broadcom Inc., CA, USA), that measure the joint 

angle in the sagittal plane. The assistive torques are controlled 

using the feedback from two tensile load cells DYMH-103. The 

cable transmission system included two EC i-52 motors 

(Maxon Group, Switzerland). A Simulink real-time controller 

commands the AFO output torque. EPOS4 50/15 EtherCAT 

motor drivers (Maxon Group, Switzerland) were used to actuate 

motors and read the position and force feedback signals. Two 

snap-acting subminiature limit switches are installed on the 

medial and lateral sides of the AFO to control the maximum 

plantarflexion angle for safety. To route the cable-transmission 

steel wires, we used Bowden cables of approximately 2 m 

length to carry off-board emulator testing. The diameter of the 

Bowden cable (5 mm) was selected to provide optimal tracking 

performance while minimizing the discomfort for the wearer in 

the portable actuation setting. The wires connect to the 

posterior side of the AFO's Exo-Talus utilizing a clevis rod. 

During the squatting activity, the reaction forces from the 

Bowden cables, which attach to the AFO on the posterior side 

of the Exo-Tibia (Fig. 3.a), transmit the squatting torque to the 

subject's leg. A schematic of the controller and control 

hardware used to perform and control the robotic assistance is 

shown in Fig. 3.b. The weight of the portable actuator system 

is approximately 6.5 kg. 

C. Controller design 

We designed a proportional controller to regulate the 

assistive torques [equation (1)]. The desired motor velocity 𝜃̇𝑑 

is determined by equation (2), where 𝑘𝑔𝑎𝑖𝑛 is the proportional 

gain of the torque error, 𝑀𝑑 is the desired torque and 𝑀𝑚 is the 

measured torque using the feedback from the load cell. The 

controller runs in Simulink (Mathworks, MA, USA) and 

operates at 1KHz. 

𝜃̇𝑑 = 𝑘𝑔𝑎𝑖𝑛(𝑀𝑑 − 𝑀𝑚) (2) 

 The squat assistive torque profiles were discretized for the 

descent and ascent squatting phases. The torque/angle profiles 

were determined by the multiplication of a stiffness gain 

parameter and the ankle angle [29], [30]. Fig. 4 shows the 

assistance profiles for the four squatting conditions. The 

maximum torque during the ascending phase was set at 30° 

degree dorsiflexion ankle angle following the findings from a 

previous study [30]. The stiffness of descending squat was 

determined as a 15 Nm of plantarflexion torque at 30° degree 

dorsiflexion ankle angle referring to the torque boundary [30]. 

For the in/eversion conditions, the maximum plantar flexion 

torques of the left and right sides were set to 20 Nm and 6 Nm, 

maintaining a difference of 14 Nm between each side to achieve 

a 10 Nm in/eversion torque (Fig. 4.c and 4.d). 

D. Evaluation – benchtop test  

Benchtop tests were conducted to evaluate the device's 

torque response time and bandwidth accuracy performance. We 

conducted benchtop testing on the step response and bandwidth 

performance by mounting the modular AFO on a built steel 

frame using fixtures that replicate the kinematic constraints of 

the device when worn by a wearer. We tested up to 40 Nm for 

the maximum plantarflexion torque and ± 16 Nm for 

 
Fig. 2. (a) subject wearing the AFO on the right leg. (b) and (c) represent the 

moment arms, and force control components for plantarflexion and in/eversion 
assistance, respectively.  

 

 
 
Fig. 3. (a) portable actuator system in the off-board emulator setting with the 
AFO worn by a subject. (b) schematic of the actuation system and controller.  
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in/eversion. Ten trials of each condition were collected and 

analyzed using the mean and standard deviation. We also 

conducted bandwidth tests using chirp desired torque signals 

from 0 to 25 Hz, oscillating from 2 to 40 Nm for the 

plantarflexion and ± 16 Nm for the in/eversion torques. The 

desired torque and measure torque signals were processed as 

inputs of an FFT function using MATLAB 2022a (Mathworks, 

MA, USA). To evaluate frequency response, we used the 

frequency where the amplitude ratio reached − 3 dB and − 180º 

phase, indicating 30º phase margin limits at the corresponding 

frequency.

 

E. Evaluation – AFO/Human subject assistance 

To evaluate the device's performance during human-robot 

physical interaction, we conducted human-subject experiments 

for one subject (70 kg, 1.75 m, 35 yrs, male). The AFO's torque 

tracking performance was evaluated for the different assistive 

conditions. For the baseline condition, the subject squatted 

without wearing the AFO for 3 min. Then, the subject squatted 

wearing the AFO for five different assistive conditions: 

unpowered, low plantarflexion (26 Nm), high plantarflexion 

(40 Nm), inversion (+ 10 Nm), and eversion (− 10 Nm) assistive 

conditions in random order (Figure 4). During each condition, 

the subjects were instructed to do below parallel squats, 

descending until the hip joint surpasses the knee joint level in 

the coronal plane. The squatting cycle was divided into 1 s 

descent and 1 s ascent with 6 s rest standing between each squat 

for 3 min with a rest time between conditions of 12 min. We 

evaluated the AFO portable system in an off-board setting, 

following the disposition from a previous study using a gait 

assistive hip soft exosuit [31]. 

III.RESULTS AND DISCUSSION 

A. Evaluation – Benchtop testing 

The performance results evaluated the device's measured 

torque, response time during step response, and the closed-loop 

torque bandwidth. We applied plantarflexion ankle torques in 

steps of 2 Nm from 0 to 16 Nm for the left and right actuators, 

resulting in linear correlations (R2 = 0.9995) between the 

measured and applied torque with root mean square errors of 

0.17 Nm for the left side (Fig. 5.a) and 0.16 Nm for the right 

side (Fig. 5.b). The torque measurement accuracy is 

comparable to a previous 1-DOF ankle exoskeleton with an 

RMS error of 0.13 Nm [32] (Table I).  

Fig. 5 (c,d) presents the mean and standard deviation of the 

step response for the in/eversion (mean overshoot of 0.83 ± 

0.38% for ±10 Nm) and plantarflexion torques (1.79 ± 0.34% 

at the maximum torque of 40 Nm). The mean response time 

corresponding to a 90% rise time for the maximum in/eversion 

torque step response between − 16 Nm and 16 Nm was 77.5 ± 

0.8 ms and 84.1 ± 0.6 ms, respectively (Fig. 6.c). For the 

 
 

Fig. 4. Desired torque profiles. (b) and (d) show the plantarflexion and (c) 

and (e) the in/eversion conditions. Right and left represent the contributions 

from each actuator. (f) shows how the desired controller schematic. The 

torque conversion block converts the desired plantar and in/eversion torque 

( 𝑀𝑑𝑝𝑓
, 𝑀𝑑𝑖𝑛−𝑒𝑣

) to the desired left and right torques ( 𝑀𝑑𝐿
, 𝑀𝑑𝑅

). The 

proportional controller blocks return the motor command velocity (𝜃̇𝑑𝐿
, 𝜃̇𝑑𝑅

) 

by using the desired/measured torque on left and right sides 

(𝑀𝑑𝐿
, 𝑀𝑑𝑅

, 𝑀𝑚𝐿
, 𝑀𝑚𝑅

) and a proportional gain (𝑘𝑔𝑎𝑖𝑛). 

 
Fig. 5. (a) and (b) show the measured versus applied torque responses. (c) 

and (d) show the mean and standard deviation of the in/eversion and 
plantarflexion torque step responses, respectively. 
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maximum 40 Nm plantarflexion torque, the mean response time 

was 70 ± 0.6 ms (Fig. 6.d). Our device response time in the two 

degrees of freedom performs exceptionally fast compared to 

the reported response time of previously wearable robots, with 

plantarflexion response times greater than 200 ms [33] and 

1000 ms [34].  

The device's bandwidth frequency to an in/eversion torque 

of ± 16 Nm for a − 3 dB magnitude was 15 Hz, with a − 179º 

phase (Fig. 6.a). For a 30º phase margin, the frequency was 13.2 

Hz. The bandwidth frequency under 40 Nm plantarflexion 

torque was 13.7 Hz, corresponding to a − 158º phase (Fig. 6.b). 

For a 30º phase margin, the frequency was 13.1 Hz. Stationary 

cable-driven ankle exoskeletons have reported closed-loop 

bandwidths between 17.7 Hz to 24.2 Hz for plantarflexion 

torques ranging from 20 Nm to 50 Nm [24], [32]. The developed 

modular AFO with 2-DOF exhibited comparable bandwidth for 

both plantar and in/eversion torques. 

 

 

B. Evaluation – AFO/Human subject assistance 

We evaluated the torque tracking performance of the AFO 

during human-subject squatting experiments. We analyzed the 

mean trajectories for the desired and measured torques during 

descent and ascent squatting (Fig. 7). Two RMS errors were 

calculated for the assistive torque, one for the entire squatting 

trial for each condition and the other for the mean squatting 

cycle (Mean RMS error), as outlined in Table II. The RMS 

error during the plantarflexion conditions was 1.8 ± 0.6 Nm and 

2.0 ± 1.1 Nm for 26 and 40 Nm, respectively. The AFO tracking 

performance during squatting is similar to cable-driven ankle 

exoskeletons with plantarflexion assistance during walking, 

which reported RMS errors of 1.7 ± 0.6 Nm and 2.0 ± 0.5 Nm 

for maximum plantarflexion torques of ~ 70 Nm [32] and 0.51 

Nm for 54 Nm [35]. The in/eversion torque conditions resulted 

in errors of 0.6 ± 0.4 Nm and 0.7 ± 0.5 Nm for 10 Nm in/eversion. 

The in/eversion tracking performance was similar to that of the 

ankle-foot prosthesis, which has shown RMS errors ranging 

from 0.3 – 0.7 Nm during walking with ± 15 Nm in/eversion 

assistive torques [25].  

Various studies have developed wearable exoskeletons and 

exosuits for ankle joint assistance with plantarflexion torques 

ranging from 5.6 to 120 Nm [23], [24], [26], [27], [32]–[37] 

(Table II). Cable-driven actuation systems average maximum 

plantarflexion of 38.3 ± 38.9 Nm [23], [24], [26], [27], [32], 

[35], [37], where portable cable-driven AFO average 25.5 ± 

18.1 Nm [23], [26], [27], [35], [37]. In this study, we developed 

2-DOF modular AFO, the first portable cable-driven AFO that 

provides in/eversion torque assistance up to 16 Nm, and it can 

also provide a maximum plantarflexion torque of 40 Nm. 

Although a pneumatic AFO can provide in/eversion torque 

assistance up to 21 Nm, our AFO offers a greater range of 

motion and a faster response time [33] (Table II). The worn 

weight of the AFO (0.9 kg) is also within the light portable 

cable-driven ankle exoskeletons, which range from 0.9 to 2.9 

kg  [23], [26], [35], [37]–[40].  

Future work will evaluate the AFO under different activities, 

including walking, and for a larger sample size. To use the 

device during walking, the implementation of a gait event 

recognition system will be implemented using force-sensing 

resistors located at the sole [41]. The in/eversion assistance 

from the AFO could help improve muscle strength and balance 

during training in people with chronic stroke [9]. We will 

evaluate the device in populations with reduced mobility during 

gait and daily activities. Real-time visual biofeedback and 

motion capture system will be used to help the subject control 

the knee flexion angle during sit-to-stand. The total weight of 

the portable emulator system (6.5kg) is in the range of AFO 

portable actuation systems (1.65 to 10.1 kg [23], [26], [35], 

[37]). However, compared to stationary systems, our compact 

design could allow easy ambulatory use in clinical applications. 

Future work will investigate optimizing the total weight of the 

portable system to translate applications in an outdoor setting. 

We will also investigate improving the AFO-human interface 

attaching to the subject's foot to minimize the possibility of 

misalignment during the use of the device by using a strapping 

system that connects to a larger area of the foot on the anterior 

and posterior side while maintaining comfort. 

 

 

IV.CONCLUSIONS 

This study presented an additively manufactured modular 

robotic Ankle-Foot Orthosis (AFO) with an integrated portable 

 
Fig. 6. (a) and (b) are the frequency response results. (c) and (d) are the step 

response time results. 

  

Plantarflexion Torque 
Tracking 

In/Eversion Torque 
Tracking 

Assistance 

condition 

RMS 

error 

(Nm) 

Mean  

RMS error 

(Nm) 

RMS 

error 

(Nm) 

Mean  

RMS error 

(Nm) 

Mpf = 26 Nm 1.8 ± 0.6 1.8 1.8 ± 0.6 0.1 

Mpf = 40 Nm 2.0 ± 1.1 2.2 1.8 ± 0.6 0.3 

Min = 10 Nm 2.8 ± 1.2 3.0 0.6 ± 0.4 0.7 

Mev = 10 Nm 2.9 ± 1.2 3.0 0.7 ± 0.5 0.8 

 
Table I. Torque tracking RMS errors of the measured versus desired torques 

corresponding to the different squatting conditions. RMS errors represent 

the error through the entire trial and Mean RMS error represents the mean 
error for the squatting cycle. 
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actuator system. The maximum torque capabilities and degrees 

of assistance are improved compared to conventional rigid 

AFO using off-board systems. Our design offers a cost-

effective wearable robot with inversion/eversion assistance 

capabilities. Results from benchtop and human-subject 

experiments indicate suitable maximum torque and control 

bandwidth, resulting in reasonable torque tracking 

performance. Moreover, the AFO has in/eversion torque 

assistance capabilities not seen in other wearable ankle robots 

using direct drive and cable-driven actuation systems. The 

in/eversion response time was improved compared to previous 

wearable ankle robots driven by pneumatic actuators. The 

modular design allows personalization to match the wearer's 

foot size and leg length characteristics. The device could be 

used in potential applications developing personalized ankle 

exoskeletons and studying the effects of in/eversion in injury 

risk mitigation and balance enhancement during various 

activities such as walking and sit-to-stand, thereby improving 

mobility in older adult groups with reduced ankle strength and 

stability. 
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Figure 7. Torque tracking profiles for the different assistance conditions during squatting. (a) and (b) are the plantarflexion (top row) and in/eversion (bottom 

row) torque profiles for the low (26 Nm) and high plantarflexion conditions (40Nm), respectively. (c) and (d) are the eversion and inversion conditions.  

    Dorsiflexion Plantarflexion Inversion/eversion  Response 
time (ms)           

pf / in/ev 

Freq. 

(Hz) 

Weight (kg) 

AFO / total  Reference Actuation 

DOF          

Active/Passive 

ROM 

(°) 

Torque 

(Nm) 

ROM 

(°) 

Torque 

(Nm) 

ROM 

(°) 

Torque 

(Nm) 

P-CD 2 / 2 40 - 25 40 ±25 0 - 16 70 / 84 14-15 0.9 / 6.5 This study 

P-CD 1 / 2 >20 - 30 54 - NA - - 1.2 / 1.7 [35] 

P-P 1 / 2 >20 - 30 ~ 70 - NA > 200 / - - 0.2 [33] 

S-CD 1 / 2 >20 - 30 120 - NA - 18-24 0.8 [32] 

P-CD 1 / 2 - 5.6 - 5.6 - NA - - 1.5 [26] 

P-CD 1 / 3 >20 ~ 24 > 30 ~ 24 - NA - - ~ 0.9 / 3.8 [23] 

P-DD 1 / 1 >20 - >20 16.7 - NA - - 0.5 / 1 [36] 

P-CD 1 / 3 - - > 30 28 - NA - - - [27] 

P-CD 1 / 3 >20 - > 30 16 - NA - - 2 / 10.1 [37] 

S-CD 1 / 3 >20 - > 30 20.4 - NA - 3-20 - [24] 

P-P 2 / 3 14 110 13 53 ±10 0 - 21 > 1000 / - - - [34] 

S-DD 1 / 1 ~ 12 - 30 21 - NA - - 0.8 [38] 

P-DD 1 / 1 - - - 53 - NA > 70 / - - 2.9 [39] 

P-DD 1 / 1 >20 - 20 35 - NA - - 0.7 / 1.3 [40] 

 
Table II. Wearable ankle robots’ capabilities comparison. P-CD: Portable cable driven; P-P: Portable pneumatic; S-CD: Stationary cable driven; P-DD: Portable 

direct drive; pf: plantarflexion; in/ev: inversion/eversion; NA: no assistance.  
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