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Abstract
Background  Robotics has emerged as a promising avenue for gait rehabilitation after stroke. We developed a 
wearable ankle exoskeleton (AMBLE) for dorsiflexion assist-as-needed training with adaptive control timing to 
individualize assistance across gait cycle sub-events. This single-armed, non-controlled study investigates effects of 
9 weeks x 2 sessions/week robotics training on walking function in persons with chronic stroke and foot drop, and 
durability 2 months after training ends.

Findings  Subjects included N = 24 participants (12 male, 12 female) age 57 ± 13 years with mean 10 ± 9 years since 
stroke. All baseline and post-training outcomes included optical motion capture for 3-D gait biomechanics and 
were conducted during unassisted (no robot) over-ground walking conditions. AMBLE training improved select gait 
biomechanics outcomes including maximum toe clearance (mm, pre- 69±28 versus post- 79±30, p < 0.01), ankle 
peak dorsiflexion angular velocity (°/s, 35±32 versus 47±40, p < 0.01), heel-first foot strikes (%steps, 31±41 versus 
44±43, p < 0.01), and paretic step length (cm, 37±16 versus 40±14, p < 0.01. Functional outcomes that improved with 
training included 10-meter self-selected (m/s, 0.66±0.24 versus 0.70±0.23, p < 0.01) and fastest comfortable velocities 
(m/s, 0.80±0.31 versus 0.86±0.30, p < 0.01), Dynamic Gait Index (points, 14±5 versus 17±3, p < 0.01), 6-minute walk 
distance (m, 252±106 versus 280±109, p < 0.01), and Stroke Impact Scale-Mobility (0-100, 280±109 versus 88±10, 
p < 0.01); all achieving minimal clinically important differences, except walking velocities. Durability testing 2 months 
after cessation of robotics training showed retention of most biomechanical improvements, including maximum toe 
clearance (mm, 78.4±26.1, p < 0.01), dorsiflexion angular velocity (°/s, 42.5±37.5, p < 0.01), and heel-first foot strikes 
(%steps, 46±43, p < 0.01), and most functional outcomes. Notably, durability testing revealed emergence of two new 
kinematic improvements: increased knee flexion (deg, 33.1±16.5 versus 36.9±17.7, p < 0.01) and hip flexion (deg, 
36.8±9.5 versus 39.6±9.2, p < 0.05), while hip abduction and hip hike do not change.

Conclusions  Nine hours of AMBLE ankle robotics training across 9 weeks durably improves gait biomechanics and 
functional mobility for persons with chronic stroke and foot drop, even decades post-stroke. Further studies are 
needed to investigate precision adaptive control robotics for stroke and other mobility disability conditions.
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Background
Stroke is a leading cause of long-term disability, with 
hemiparetic gait (HPG) being one of the most persistent 
and debilitating consequences [1]. The defining elements 
of HPG are reduced cadence, step length asymmetry, 
prolonged swing time on the paretic side, and increased 
stance time on the non-paretic side [2, 3]. These gait 
abnormalities often coexist with impaired ankle motor 
control, sub-optimal foot landing, and reduced bal-
ance; all of which compromise function and safety [4, 5]. 
Among these deficits, foot drop, affecting approximately 
30% of stroke survivors, is on the more severe end of the 
spectrum of chronic HPG deficits. It results in inefficient 
gait mechanics and heightened fall risk due to inadequate 
toe clearance during swing phase [6]. However, foot drop 
rarely occurs in isolation; it interacts with other HPG ele-
ments and compensatory strategies involving knee and 
hip motor control to influence the overall biomechani-
cal characteristics of gait, functional mobility, and fall 
risk. Despite its clinical relevance, foot drop remains a 
challenging therapeutic target, it is often addressed with 
assistive devices rather than interventions that promote 
neuroplasticity.

Robotics assisted rehabilitation has emerged as a 
promising approach to address severe HPG manifesta-
tions like foot drop. Advanced engineering control sys-
tems, particularly impedance control, which provide 
assistance-as-needed while allowing natural movement 
(back-drivability), have emerged as a leading model for 
human robotics cooperative learning. Impedance control 
has proven effective for upper extremity recovery after 
stroke, influencing national care guidelines [7]. How-
ever, translating this success to locomotor rehabilitation 
has proven more elusive due to the need for closed-loop 
sensorimotor learning and the heterogeneity of gait defi-
cits. Early robotic approaches leveraging central pattern 
generators that enforced symmetry or lacked volitional 
engagement proved limited in achieving meaningful 
locomotor learning outcomes, sometimes even inferior 
to conventional rehabilitation. This led to a shift towards 
end-effector or modular approaches to enable non-holo-
nomic approaches to account for deficit heterogeneity, 
and actuation profiles to address sensorimotor neuro-
plasticity across specific sub-segments of the gait cycle.

Our prior randomized studies demonstrated the effi-
cacy of task-specific treadmill-based training using a 
wearable impedance control exoskeleton (“Anklebot” 
[8]), to improve over-ground gait [9, 10]. However, these 
studies were limited by the laboratory-grade predecessor 

device’s heavy weight and tethering cables, restricting its 
usage to controlled environments [8].

There is a gap in understanding whether robotics train-
ing, particularly those with advanced control systems 
such as adaptive control, can mediate durable biome-
chanical adaptations to improve the safety and efficiency 
of HPG after stroke, and how long after an index dis-
abling stroke that such robotics mediated sensorimotor 
learning may be clinically impactful [8–11]. Most lower 
extremity robotics assisted rehabilitation had focused 
on the immediate pre-post training changes in gait, and 
not the adaptive biomechanical patterns that may evolve 
across the months after all robotics training had ended, 
which ultimately will define added clinical value.

To overcome these limitations, we developed AMBLE 
(Assisted Mobility and Balance for the Lower Extremity), 
a lightweight (1.4 kg), wearable powered and Bluetooth 
operatable ankle exoskeleton with an innovative front-
mounted design [12]. AMBLE employs adaptive imped-
ance control to deliver precise dorsiflexion assistance 
across three sub-phases of the swing phase: dorsiflexion 
rise post toe-off, mid-swing hold, and controlled dorsi-
flexion at initial contact to mitigate foot slap [13]. Initial 
support is calibrated to each person’s gait and progresses 
toward volitional (versus robot control) according to 
their ongoing abilities, as indicated by the step-by-step 
and cumulative measure of kinematic autonomy. Unlike 
soft exoskeletons that struggle with force generation and 
alignment or rigid systems that impose unnatural move-
ment patterns and require complex setups, AMBLE offers 
a streamlined solution prioritizing functional recovery 
through task-specific training.

AMBLE represents a significant advancement in ankle 
rehabilitation through its unique non-anthropomorphic 
modular design and targeted assist-as-needed approach 
to dorsiflexion weakness. While soft exoskeletons like the 
Exosuit and T-FLEX rely on cable-driven or elastic mate-
rials, and rigid systems such as the MIT Anklebot, and 
Electro-hydraulic Ankle-Foot Orthosis (EHO) require 
complex body-conforming structures, AMBLE’s innova-
tive front-mounted design eliminates these constraints 
[10, 14–17]. The device effectively addresses some com-
mon challenges faced by soft exoskeletons, including 
thermophysiological aspects of heat and moisture accu-
mulation producing discomfort as a barrier to their 
adaptation [18]. Similarly, it overcomes the limitations 
of rigid systems that necessitate complex setup proce-
dures involving knee braces and custom footwear [19]. 
AMBLE’s focused approach to dorsiflexion assistance, 
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delivered through its streamlined design, enables pre-
cise movement control while preserving natural motion 
in other planes. It offers a significantly lighter alternative 
to conventional rigid systems, such as the Achilles exo-
skeleton and autonomous leg exoskeleton that require 
1000–1500 g per leg plus an additional 2500–5000 g of 
waist-mounted components [20–22]. AMBLE success-
fully addresses the limitations of soft exoskeletons, such 
as insufficient force generation and complex control 
requirements due to non-linear material properties [10], 
while avoiding the motion restrictions and alignment 
challenges common to rigid systems like the MIT Ankle-
bot [10]. Furthermore, AMBLE’s rehabilitation model 
emphasizes supervised therapy sessions designed to pro-
mote neuroplasticity, providing a more effective approach 
compared to both soft systems like T-FLEX with their 
complex tendon mechanisms and rigid systems that tend 
to impose rather than facilitate natural movement pat-
terns [19]. This comprehensive design philosophy results 
in a more practical and efficient rehabilitation tool that 
prioritizes functional recovery over passive assistance.

This study investigates AMBLE’s ability to retrain ankle 
dorsiflexion and improve gait biomechanics in individu-
als with chronic HPG and foot drop. Over 9 weeks (2 
sessions/week), participants underwent supervised train-
ing targeting dorsiflexion across specific gait sub-phases, 
with progress monitored through kinematic autonomy 
measures. Biomechanical and functional outcomes were 
assessed twice at baseline, post-training, and two months 
later to evaluate durability. We hypothesized that AMBLE 
will not only improve foot-drop specific outcomes, such 
as increased paretic ankle angles, but also induce adapta-
tions along the kinematic chain while revealing potential 
compensatory strategies during the durability phase.

Methods
Study design: This was a single arm study in 24 subjects 
with chronic stroke and foot drop. Subjects provided 
written informed consent using the Human Ethics and 
Consent to Participate Form. Salus Institutional Review 
Board approved the protocol and the informed consent 
form (Salus 22226-1U44NS111076-01; Portable Ankle 
Robotics). Subjects underwent screening to ensure study 
criteria were met, which included review of medical and 
neuro-imaging records, medical and neurologic exams. 
Baseline neurologic exam characterized deficit severity 
and stroke subtype based on clinical and radiographic 
data. Exams screened for medical and cardiopulmonary 
safety for walking with the AMBLE device. Eligible sub-
jects received 9 weeks of AMBLE therapy (2 sessions per 
week, ~ 40 min duration per visit).

Study Inclusion/Exclusion Criteria: Inclusion crite-
ria consisted of: (i) unilateral ischemic or hemorrhagic 
stroke, (ii) > 6 months post-stroke, (iii) age > 18 years, (iv) 

medical clearance, (v) residual hemiparesis of the lower 
extremity that included symptoms of foot-drop (see cri-
teria below*), (vi) completed all conventional therapy, 
(vii) ability to ambulate at least 5 feet without an ankle 
foot orthosis (AFO) with their usual cane or walker, but 
no more than minimal contact assistance, (viii) ability to 
follow a 3-step command. *Dorsiflexion deficits: For the 
purposes of study inclusion, dorsiflexion (DF) deficits 
were defined based on active range of motion (AROM) 
and strength. Mean maximal DF AROM was measured 
in duplicate by trained staff using goniometry with sub-
jects seated on plinth with knees at edge, lower legs dan-
gling at 90º. DF deficit criterion was met when subjects 
were unable to reach zero degrees (foot parallel to floor, 
perpendicular to shank). Manual muscle testing was per-
formed in the same seated position with inclusion crite-
ria between grade 1/5 (trace) to 4/5 (reduced strength) in 
DF. Though AFO use is consistent with DF deficits, there 
are many factors (e.g. compensatory gait strategies) that 
influence this status. Exclusion criteria consisted of: (i) 
cardiac history of unstable angina, recent (< 3months) 
myocardial infarction, congestive heart failure (NYHA 
category II), or hemodynamically significant valvular dys-
function, (ii) hypertension that was a contraindication for 
routine physical therapy (> 160/100 on two assessments), 
(iii) medical history included recent hospitalization (< 3 
months) for severe medical disease, symptomatic periph-
eral arterial occlusive disease, orthopedic or chronic 
pain conditions that significantly alter gait function, pul-
monary or renal failure, or active cancer, (iv) history of 
non-stroke neuromuscular disorder restricting gait, (v) 
aphasia or cognitive functioning that confounds partici-
pation, defined as unable to follow 2-step commands or 
judgment of the clinician.

Assessments and outcomes: To establish efficacy in this 
chronic stroke population, we had participants serve 
as their own pseudo-controls by double baseline test-
ing with two sets of outcome tests conducted one week 
apart. All testing was conducted at NextStep Robotics. 
Testing included the NIH Stroke Impact Scale (SIS ver-
sion 3.0); timed 10-meter walk (gait velocity) and 6-min-
ute walk tests (6MWT distance); Modified Dynamic Gait 
Index (DGI score); and gait biomechanics acquired using 
motion capture system (OptiTrak™) during unassisted 
over-ground walking. Table  1 lists the primary and sec-
ondary outcomes. The use and type of assistive device 
and/or ankle orthoses were recorded at each training 
visit. Post-testing was conducted after the 18 training 
sessions were completed. Durability or retention testing 
was conducted two months after all training had ended. 
Both post-testing and retention testing included the 
same outcome assessments that were administered dur-
ing baseline. For variables of gait biomechanics, a mean 
of all pooled steps from at least 3 trials was utilized. Two 
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derived variables i.e., step length ( SISL) and stance 
duration symmetry ( SISD) indices were calculated as.

	
%SISL = 100 ×

(
1 − SLP

SLNP

)
, %SISD = 100 ×

(
SST P

SST NP

)
� (1)

where SL and SST  denoted step length and single sup-
port stance duration, respectively, and subscripts “P” 
and “NP” denoting the paretic and non-paretic sides, 
respectively.

Trainer Eligibility & Credentialing: The AMBLE is 
intended for supervised gait training by credentialed 
trainers in clinical settings. Trainers met one or more 
criteria: State-licensed physical therapists (PTs) includ-
ing but not limited to board certifications in neurologic 
physical therapy, who were credentialed to practice 
at their clinic or hospital. In addition to PTs, exercise 
physiologists with Exercise Physiology or Exercise Sci-
ence Master of Science were also authorized to use the 
device. Trainers underwent training on proper use of the 
AMBLE device in accordance with the “AMBLE Clini-
cian Training Plan,” which included two visits. The first 
visit included introduction to the device, demonstra-
tion of its entire workflow, and supervised hands-on 
practice. The second visit consisted of a graded quiz to 
verify knowledge retention and clinicians performing 
the entire workflow without supervision. A competency 
exam was administered at the end with a score of 80% or 
higher required to be credentialed. Trainers had required 
times for donning and doffing the robot (don < 5  min, 
doff < 2 min, and emergency doff < 30 s for medical emer-
gency situations).

Apparatus: AMBLE is a Class I body-worn, powered 
exerciser intended to restore ankle function during walk-
ing (Fig. 1) [12]. It is worn unilaterally on the affected 
side, provides active mechanical assistance to facilitate 
swing dorsiflexion, and is customized to each user’s voli-
tional ankle strength and range of motion, to allow users 
to engage in treadmill or indoor over-ground walking 
exercises. Described below are its key features on design, 
actuation, control and sensing, safety, and usability.

  
Kinematic design: AMBLE is a one degree-of-freedom 

(DOF) wearable robot, back-drivable with low intrin-
sic mechanical impedance, that weighs less than 1.4  kg. 
It allows normal ROM in all three DOF’s of the foot 
relative to the shank during walking overground or on a 
treadmill. The AMBLE provides actuation in one of the 
ankle’s three DOF’s, namely dorsiflexion via a single lin-
ear actuator. AMBLE allows 25º of dorsiflexion and 35º of 
plantarflexion free ROM at the ankle, limits that are near 
the maximum range of comfortable motion for normal 
subjects and beyond what is required for typical gait. It 
has low friction (~ 6.6 N) and inertia (total of 1.4 kg at the 
foot) to maximize the back-drivability.

Power and actuation: The device can deliver a con-
tinuous net torque of approximately 20Nm in dor-
siflexion, which is higher than required to position 
the foot in dorsiflexion during mid-swing. Power 
is supplied via high capacity, rechargeable battery 
(2600mAh, Inspired Energy). AMBLE is actuated by 
a single brushless DC motor (Maxon EC-i 40, Maxon, 
Switzerland), capable of generating 0.224Nm nominal 
and 2.1Nm stall torque, respectively, which is ampli-
fied (226 m− 1) and transmitted to the foot piece via a 
traction drive consisting of a custom, threadless linear 
screw actuator (NextStep Robotics, MD). The thread-
less linear actuator mechanism converts rotary motion 
into linear motion while providing adjustable torque 
overload protection. It’s mechanism of action utilizes 
six preloaded rolling element ball bearings (Fig.  2), 
which engage a rotating driveshaft at a pitch angle of 
33.5°. As the driveshaft rotates, the bearings follow a 
virtual helical screw thread pattern (hence, Rolling 
Helix, or Roh’Lix), resulting in linear motion along the 
shaft. The mechanism features a nominal lead length 
of 25 mm/rev and a transmission ratio of 250 m− 1. The 
thrust capacity of the Roh’Lix is adjustable via thrust 
adjustment screws, which modify the compressive 
spring force that secures the two halves of the actua-
tor chassis upon the driveshaft. If the thrust capacity 
is exceeded, the ball bearings slip on the smooth rotary 
shaft until the overload is resolved, providing an inher-
ent safety mechanism to prevent over-torque. The 
actuator’s peak rated thrust capacity is 133  N (Fig.  2) 
as characterized by the occurrence of steady-state 

Table 1  List of primary and secondary clinical performance 
outcomes
Domain Outcome
Functional Dynamic Gait Index (0–24)

6-Minute Walk Test (m)
10 m Comfortable Speed (m/s)
10 m Fastest Speed (m/s)

Ankle-Foot Control Peak Swing Angle (°)
Angle at Initial Contact (°)
Maximum Paretic Toe Clearance (mm)
Minimum Paretic Toe Clearance (mm)
Paretic Heel-First Strikes (%steps)
Maximum Paretic DF Angular Velocity (°/s)

Proximal Joint Control Paretic Hip Flexion (°)
Paretic Hip Hike (cm)
Paretic Hip Abduction (°)
Paretic Knee Flexion (deg)

Gait Temporal-Distance Paretic Step length (cm)
Paretic Swing (%)
Double Support Stance (%)

Outcomes in bold are the primary outcomes
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Fig. 1  (Top) AMBLE device and its key sub-systems [12]. A Shoulder strap, B gait belt, C actuator unit, D sensor crampon, E knee brace, F control box, G 
battery (not shown). (Bottom) User app showing a snapshot of real-time outcomes and therapy inputs (top panel widgets)
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slip under isometric bench tests. During these tests, 
the thrust is measured using a miniature force sensor 
(Futek, LCM300, ± 50lbf ) mounted in-line between the 
end-effector and foot mock-up. Due to the threadless 
interface and the large lead length of the virtual screw, 
the linear actuator is highly back-drivable, allowing the 
actuator to respond passively to the user’s intentional 
movement when needed.

Motion and event sensing: AMBLE employs a linear 
absolute magnetic encoder (LA11, RLS, Komenda, 
Slovenia) with a resolution of 3.9 μm mounted on the 
traction drive. The linear excursion measured by the 
encoder is used as feedback to the controller, to esti-
mate ankle angle in dorsi-plantarflexion using a non-
linear model i.e.,

	
θ = sin−1

{
1 − 1

2

(x

r

)2
}

+ θ 0� (2)

where, x is linear displacement (cm), r is the distance 
from the point of foot attachment to the ankle joint 
(nominal 15 cm), and θ  and θ 0  are the actual and off-
set ankle angles (°), respectively. The kinematic model 
was verified using procedures described elsewhere [8]. 
Briefly, reflective, motion-capture markers were placed 
on a shank-and-foot apparatus to mimic the human 
leg. The device was commanded to actuate across a 
range of dorsiflexion (0° to 25°) and plantar-flexion 
(-35° to 0°) target angles. The steady-state angle read-
outs from the firmware were compared against values 
acquired using the OptiTrak™ motion capture system, 
as well as manual goniometry. Across the entire range 
of commanded angles, the overall error between the 
model estimates and the motion capture system was 
less than 1° (Fig. 3). Similarly, device torque is esti-
mated using an empirical, linear model relating motor 
torque to pulse width modulation (PWM) duty cycles. 
Gait events are detected by an over-the-shoe crampon, 
which are relayed to the controller for precisely timed 

Fig. 2  (Top) CAD Roh’Lix actuator mounted on motor driveshaft inside linear actuator. (Bottom) Load cell force and shaft displacement rotary encoder 
count for peak thrust verification
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actuation to aid swing dorsiflexion control (see Gait 
Event Detection).

Control: The AMBLE employs multiple intra-phase 
control mode to address functional distinct needs with 
the swing phase (Fig. 4). During initial-to-mid swing, 
a simple impedance controller with a programmable 
reference position, a programmable proportional gain 
(approximating a controllable torsional stiffness), 
and a programmable derivative gain (approximating 
a controllable torsional damping in parallel with the 
stiffness) is deployed [8, 13]. During this epoch, a min-
imum jerk trajectory is employed as a programmable 
reference, around which a programmable force field is 
created i.e.,

	

θref (t) = θmin,DF

+
(θ∗ − θmin,DF ){

10
(

t
trise

)3
− 15

(
t

trise

)4
+ 6

(
t

trise

)5
}

, tT O

+ ∆ ≤ t < thold

� (3)

where θ ref , θ min,DF , and θ ∗ are the reference trajec-
tory, minimum angle after toe-off ( tT O), and the target 
dorsiflexion angle, respectively, and trise, thold and ∆  
are the rise time, hold time, and the latency following 
toe-off to allow gravito-inertial passive mechanics prior 
to foot lift (Fig. 4). Active assistance as-needed (AAN) is 
rendered by time-varying, upper and lower boundaries 
around the reference to reflect “normative” ankle move-
ments such that no forces are generated by the device 
within these dynamic boundaries to promote autonomy 
(Fig.  4). Hence, AAN strategy acts as a point controller 
with respect to the boundaries but not the reference to 
facilitate autonomy in swing clearance. During mid-
swing however, the device employs a point controller 
to briefly brace the ankle at peak dorsiflexion. Finally, 

during the late swing epoch, a damping controller may be 
employed to alleviate impact forces at initial contact and 
promote heel-first contacts. A benefit of this strategy is 
that the user rather than the device, dictates the timing of 
assistive torques to synchronize the robot’s and the user’s 
intents in the next step. The corresponding control laws 
for each epoch are as follows:

	
τ c =




Kp

(
θ T

ref |θ B
ref − θ

)
− Kdθ̇ , ∆ < t ≤ ∆ + trise

Kp (θ ∗ − θ ) , ∆ + trise < t ≤ ∆ + trise + thold

−Kdθ̇ , t > ∆ + trise + thold

� (4)

where Kp and Kd are the proportional and derivative 
controller gains, θ T

ref  and θ B
ref  are the top and bot-

tom dynamic boundaries around θ ref , and θ  and θ̇  
are the ankle angle and angular velocity, respectively. The 
dynamic boundaries are symmetrically created as:

	

θT
ref (t) , θB

ref (t) = θref (t) ± h (t) /2,

h (t) = b0 + (b1 − b0) t/trise,

tT O + ∆ ≤ t < thold

� (5)

where h (t) is the dynamic (collapsing) height of the slot, 
and b0 and b1 are the initial and final slot heights.

 Gait Event Detection: Overlaid on Short Interval Con-
trol (SIC) and AAN strategies is precise event-based 
actuation that accounts for the step-to-step variability 
in hemiparetic gait [23]. AMBLE deploys an over-the-
shoe instrumented crampon to reliably detect gait events 
as feedback to the controller. The crampon detects and 
tracks gait events via the 3 sensor regions of the sensor 
crampon (Fig. 5). Each crampon consists of four compo-
nents: (1) two highly conductive material sheets made 
of brass and adhered on opposite sides of a foam sheet 
made of polyurethane; (2) three pads made of conductive 

Fig. 3  Box and whisker plot shows model-based estimation errors against motion capture measurements of ankle angles in dorsiflexion (DF) and plantar-
flexion (PF)
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rubber (silicon elastomer with a conductive Ni-Gr pow-
dered filler) strategically placed in holes that represent 
areas implicated during foot contact, mid-stance, and 
toe-off; (3) a force-invoked, push-button switch that cre-
ates an electrical short, if the sensor is compressed in that 
given region; and (4) a rubber shell, which stabilizes the 
internal electrical components, protects the electronics 
from external environmental factors, and firmly anchors 
the sensor to the adjustable overshoe. The five metal 
sheets are adhered on opposite sides of a foam sheet con-
sisting of holes, embedded strategically at the 3 regions, 
where pads of thinner, less compressible conductive rub-
ber are placed. When the sensor is compressed, the foil 

sheets move towards each other until they contact the 
conductive rubber, creating an electrical short that is 
detected to determine if the sensor is compressed in that 
given area. The individual signals are subsequently con-
verted to an overall logic signal (Fig. 5).

  
Event detection accuracy is quantified using two met-

rics: (1) detection latency i.e., the time between the 
occurrence of an event (e.g., toe-off) and the initiation of 
motion, as detected by the linear encoder; and (2) detec-
tion accuracy i.e., the incidence of erroneous (e.g., dou-
ble) step counts (%steps). Bench verification consisted of 
mimicking the swing phase without end-effector load, by 

Fig. 4  Schematic of different swing control strategies. (Top) Assist as-needed (slot) during foot rise, position control during foot hold, and damped 
control during foot descent. Unaided ankle angles captured during walking evaluation estimate these parameters using a linear ramp-and-hold model. 
(Bottom) Exemplar data from swing phase during single step: top and bottom trajectories (grey  ) are created around the reference trajectory (solid —) 
to render a no-assist region (grey). Only when ankle position is either below the bottom or above the top ( ) edges will subject receive active assistance, 
otherwise zero assistance is provided (green )
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manually loading-unloading (step on-and-off) the cram-
pon on the ground (simulated gait “step”). Of the 254 
simulated steps, there were 253 recorded triggers (0.39% 
misses) with an average detection latency of ~ 63ms, the 
latter comparable to proprioceptive delays (50–60 ms) 
(Fig.  5). The incidence of multiple step counts was col-
lected from 3 treadmill walking trials by a healthy volun-
teer and was < 7.3%.

Safety: AMBLE includes safety redundancies in mul-
tiple sub-systems and in its don/doff procedures. Dur-
ing don and doff, the client remains seated eliminating 
any potential for falls. In case of emergency, the device 
can be removed from the client in less than 30  s. The 
software continuously monitors torques, velocities, and 
displacements and disables the system in case preestab-
lished limits are exceeded or in case of critical compo-
nent malfunctions (e.g. linear encoder). Furthermore, 
the traction drive operates as a mechanical “fuse,” and it 
slides above preset torque values (96–116 N). For redun-
dancy, over-torquing is also prevented by an electrical 
fuse (10  A) and a software threshold (7Nm). Addition-
ally, a “stop” button on the control box is available to 

manually stop the device. Load distribution verification 
tests demonstrated that the knee brace can sustain axial 
loads > 200 N. Finally, AMBLE’s communication protocol 
includes Advanced Encryption Standard (AES) in Coun-
ter (CTR) mode using 128-bit blocks (AES-128-CTR) 
encryption and a sophisticated key management system 
to meet cybersecurity requirements.

Usability: The device includes a number of design 
features to facilitate its integration and use in clinical 
workflow. Excluding the time needed to determine the 
person’s knee brace and shoe sizes, the donning pro-
cess requires < 5 min by a single clinician. Multiple sizes 
(small/medium/large) of the knee brace and crampons 
are available to accommodate individuals with different 
anthropometric dimensions and for optimal comfort. 
Further, the flexible rubber crampon is highly adjust-
able via a Boa dial mechanism to conform to a broad 
range of foot sizes (Men: 7–14, Women: 8–12). The 
crampon is quick to don/doff (< 10 s) and is designed to 
accommodate regular wear/tear (> 3000 mating cycles). 
Further, AMBLE’s rechargeable battery has a long contin-
uous runtime of ~ 11 h, roughly 44 units of direct patient 

Fig. 5  (Top) Sensor crampon and contact sensor pad layout [23]. (Bottom left) Filtered gait phase, motion, and torque data from a single step showing 
detection latency (ΔTτ, ΔTθ). (Bottom right) triggered logic signals from the 3 sensor regions shown for 3 steps (heel , midfoot , toe )
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contact hours. AMBLE’s software app provides the ability 
to characterize unaided gait parameters to nominally set 
(see Walking Evaluation) and adjust therapy inputs step-
to-step. The app also outputs step-to-step end-of-session 
performance outcomes for ankle control, steppage, and 
device use, accessible via a secure cloud.

Reliability: Device reliability was characterized as 
the type and incidence of malfunctions (%visits), which 
were recorded throughout the study. Clinical feasibility 
was quantified as the number of use case errors made by 
the trainers. The type and number of adverse (AEs) and 
serious adverse events (SAEs) were logged to determine 
device safety.

Intervention: Training sessions were conducted at Next-
Step Robotics by two exercise physiologists who were 
trained in the use of the AMBLE device. Participants 
received a total of 18 supervised treadmill (~ 20 min) and 
over-ground (~ 20  min) walking sessions while receiv-
ing assistance as-needed from the AMBLE device across 
a 9-week time-period. Individuals that missed three 
consecutive training sessions were excluded. Each visit 
required ~ 1 h that included: (1) pre-gait activities, which 
occur without the robot (don, calibration), (2) treadmill 
and over-ground gait with the AMBLE device in active 
assist mode; (3) post-gait activities, which occur with-
out the robot (doff). Pre-training activities consisted of 
checking user dimensions for device sizing (knee brace, 
crampon, shoulder strap). Any participant whose anthro-
pometric characteristics prevented fit (e.g., foot size out-
side the range of available crampon sizes) were excluded 
at this stage. Trainers removed any AFOs and functional 
electrical stimulation (FES) devices worn by participants 
prior to donning and recorded the time it took to put 
the device on the person. Additionally, on the first day 
of training, after fitting the robot to the user, subjects 
walked for 10 steps with the robot in “evaluation,” “record 
only” mode. Ankle trajectories from these record-only 
trials were used to approximate the spatial (minimum 
angle following toe-off and peak swing dorsiflexion) and 
temporal (rise and hold times) parameters to character-
ize a nominal reference trajectory in the software app 
for each participant (see Figs.  1 and 4). These param-
eters were set as initial therapy inputs and progressed as 
needed over the course of the intervention. The between-
session use and type of assistive device and/or ankle or 
other orthoses were also recorded at each visit.

Both treadmill and over-ground walking consisted of 
scripted recommendations. During over-ground walk-
ing, subjects walked at their comfortable self-selected 
pace, completing about 20 min. Subjects were allowed to 
use their assistive devices (AD) for safety, if needed. Any 
AD used during each training visit was recorded. Tread-
mill training consisted of walking on an instrumented 
treadmill (Biodex GT3) at comfortable speed with 

handrail support, completing about 20  min. Subjects 
were informed that their total walking time (over-ground 
and treadmill) would be targeted at 40  min, as toler-
ated, but would not exceed 45  min. A Polar Heart Rate 
Monitor was used during the supervised walking with 
the maximal allowed heart rate during walking < 50% of 
heart rate reserve, based upon the formula of Karvonen, 
adjusted for any chronotropic medication usage (e.g. beta 
blockers), as by convention. The purpose was to assure 
that participants were maintained at a low aerobic exer-
cise intensity, as defined according to the criterion of 
the American College of Sports Medicine, and consis-
tent with the levels of aerobic intensity that are typically 
encountered during routine physical therapy after stroke. 
The time spent walking and resting were recorded as total 
therapy and total session times, respectively. Post-train-
ing activities consisted of doffing the device and record-
ing the doff time as well as visual inspection of the paretic 
lower extremity for any adverse events (AEs), such as 
fatigue, cardiopulmonary issues (e.g., shortness of breath, 
dizziness), pinch points, musculoskeletal discomfort 
(e.g., joint pain), skin irritation, chafing, discomfort due 
to device slippage or weight, etc. Further, device malfunc-
tions and clinician use errors were recorded throughout 
the study.

Statistical analysis: Longitudinal analysis included 
computing the differences in outcomes between baseline 
and post testing sessions. Gait biomechanics data from 
the motion capture and 10-meter timed-walk data elimi-
nated the first and last steps from the analysis to avoid 
the confounding effects of gait initiation and termina-
tion. Self-reported outcomes (SIS Activity of Daily Living 
(ADL) and Mobility scores), only the 10-item ADL/IADL 
and the 9-item mobility scores were compared from pre- 
to post-test. All continuous data were checked for nor-
mal distribution using the Kolmogorov-Smirnov Test. If 
normally distributed, paired t-tests were used to compare 
the means at baseline and post testing, otherwise the 
Wilcoxon Rank Sum Test was used. SIS results pre- and 
post-training were compared using the Wilcoxon Rank 
Sum Test. The significance level was set at alpha 0.05, 
two-tailed. Sample size was calculated for peak swing 
angle and unaided gait speed data for robot assisted gait 
training. A total sample size of 30 was selected to allow 
up to 20% drop-out in the 18-training session study [9]. 
Performance outcomes at post- and retention timepoints 
were compared against the average of the two baselines.

Results
Baseline Characteristics. Baseline demographics of par-
ticipants were summarized in Table  2. Thirty subjects 
were enrolled, with two subjects who did not meet inclu-
sion criteria, and one who declined to participate after 
consent. Twenty-seven subjects started the intervention 
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and three subjects were dropped. One subject was lost to 
follow-up, one was withdrawn after a motor vehicle acci-
dent, and one subject was dropped due to non-adherence 
(FES was worn outside the intervention). Figure 6 is the 
Consort Flow Chart. Twenty-four (N = 24) subjects com-
pleted training, including 12 male and 12 female, with a 
mean age of 56.5 ± 12.5 years and mean of 9.5 ± 8.5 years 
since stroke with hemiparesis and foot drop.

  
 Device Usage, Adherence and Protocol Deviations. Sub-

jects were exposed to ~ 9.06 h of walking with the device 
with an average cumulative session duration of ~ 12 h. 
This reflects roughly 36 units of direct patient care (15 
min per unit). On average, the group walked >1100 steps 
per visit, which is ~ 40% of an average person’s daily step 
count following stroke [24]. A majority of participants (14 
out of 24 subjects) attained or exceeded the cumulative 
training time target (540 min) while the others tolerated 
between 72% and 97% of the targeted dose (Fig. 7). All 
participants except one completed 18 training sessions. 
One subject completed 17 sessions due to trainer over-
sight. Thus, subjects completed a total of 431 out of 432 
training sessions (99.7%). Two completers were excluded 
from the analysis due to protocol non-adherence outside 

the training site—one subject wore a neuro-muscular 
electrical stimulation device while another wore ankle 
weights.

Safety. One subject had a serious motor vehicle acci-
dent; this was a non-study related serious adverse event 
(SAE) and was dropped from the study. Another subject 
experienced knee pain and withdrew before the interven-
tion was started (non-device adverse event). There were a 
few minor device-related adverse events (AEs). One sub-
ject experienced discomfort resulting from sub-optimal 
fitting i.e., the smallest crampon size was not sufficiently 
snug and was better fit with foam pads. Two subjects had 
pressure and/or pinch point on shin that was resolved 
by adjusting the lower Velcro strap on the knee brace. 
One subject developed a minor abrasion on the inner 
thigh resulting from shoulder strap buckle, this resolved 
by placing foam underneath the shoulder strap buckle 
secured via taping. Overall, AEs were minor in severity, 
resolved with minor adjustments, did not result in any 
disruptions to the training session, and were non-recur-
rent. None of these events caused injuries to the trainers.

Reliability. Device malfunctions were reported to have 
occurred in < 3% of study visits. These included linear 
encoder errors (0.46%), premature battery discharge 

Table 2  Baseline characteristics of N = 24 subjects that completed the study
ID Age (yr.) TPS

(mos.)
Gender Paretic

Side
AFO AD MMT AROM

(deg)
Speed
(m/s)

Ambulation
Category*

1 76 266 F R Y Y 1+ -19 0.370 H
2 37 235 F R Y N 4- -17 0.970 C
4 70 19 M L N 4PC 4- -5 0.460 LC
5 49 36 M R N N 4- -13 0.929 C
6 68 134 F R Y N 4- -8 0.550 LC
7 44 14 F L N 1PC 4- -3 0.620 LC
8 34 19 F L Y N 4- -14 0.699 LC
9 58 86 M L N 1PC 4- -5 0.785 LC
10 30 360 F L Y N 1 0 1.000 C
11 60 233 M L Y 1PC 4- -19 0.844 C
12 55 138 M R Y N 4- 5 0.796 LC
14 47 56 F L Y 1PC 1 0 0.483 LC
16 52 95 M L N 1PC 2+ -15 0.603 LC
18 39 66 M R Y 1PC 0 -25 0.738 LC
20 65 25 F L Y 4PC 2- -5 0.510 LC
21 64 308 M L N 1PC 4+ 0 0.945 LC
22 68 17 M L Y 1PC 2- -10 0.740 LC
23 58 24 M R N 4PC NA NA 0.689 LC
24 70 56 M R Y 4PC 1 0 0.211 H
25 69 176 F L Y 1PC 1+ -15 0.771 LC
26 67 210 F L N 4PC 1+ -20 0.291 H
27 57 100 F L N 1PC 3- 0 0.826 C
29 66 31 M R N 4PC 1 -5 0.421 LC
30 53 37 F L Y 4PC 1 -5 0.144 H
TPS: time post-stroke, AFO: ankle foot orthotic, AD: assistive device, MMT: manual muscle test in dorsiflexion, DGI: dynamic gait index, AROM: active range of motion 
in dorsiflexion, 4PC: quad cane, 1PC: single point cane. N: no cane. *Ambulation category based on walking speed: (H: home, LC: limited community, C: community 
ambulator) [25]
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(0.23%), and incorrect step counts by the device (1.85%). 
Fuse-initiated battery trips were not considered malfunc-
tions and instead as a safety measure by-design. Notably, 
there were zero Bluetooth disconnects during training. 
Malfunctions were resolved by restarting the device and/
or the user app. In addition, there were multiple warnings 
related to the maximum velocity, which did not impact 
device safety and was addressed by implementing a more 
appropriate threshold for peak velocity in the device 
firmware. None of these device malfunctions resulted in 
AEs or SAEs nor did they result in the need to alter the 
originally planned gait training activities.

Training Effects. Given this was a single-arm study, 
participants served as their own pseudo-controls by 
double baseline outcome testing conducted one week 
apart. Functional and gait biomechanics outcomes were 
not statistically different between the two baseline tests 
except for self-selected walking speed (Table  3). The 
same outcome testing was performed post-training, 
and 2 months after all training ended. Improvements 
were observed in key paretic ankle-foot motor control 
outcomes, namely (Table  4), peak dorsiflexion angular 

velocity (°/s, + 12[32%], p < 0.01), maximum toe clear-
ance (mm, + 10[14%], p < 0.01), minimum toe clear-
ance (mm + 5[22%], p < 0.05), and heel-first foot strikes 
(%steps, + 13[40%], p < 0.01). Changes in peak swing 
angle and angle at initial contact, however, were not sig-
nificant. Associated with these changes in joint kinemat-
ics, there was a significant increase in paretic step length 
(cm, + 3.1[8%], p < 0.01).

Participants showed statistically significant but modest 
improvements in their 10-meter overground gait speed, 
under both self-selected (m/s, + 0.04 [6%], p < 0.01) and 
fastest (m/s, + 0.06[8%], p < 0.01) walking conditions. 
Amongst participants who were either home or limited 
(but not full community) ambulators (N = 18) at base-
line, one subject transitioned from a home (< 0.4 m/s) 
to a limited community ambulator (0.4–0.8 m/s) while 
another transitioned from a limited community to com-
munity (>0.8 m/s) ambulator (Fig. 8) [25]. Transitions in 
ambulation category continued at retention testing. Six 
subjects showed a small meaningful change in gait speed 
(>0.05 m/s, but < 0.1 m/s) while four subjects had large 
meaningful changes (>0.1 m/s). Clinically meaningful 

Fig. 6  Consort Flow Chart
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improvement was observed in the DGI score (+ 3-point, 
p < 0.01) but not the 6-minute timed walk distance (m, + 
28[11%], p < 0.01). Notably, the average change in DGI 
was greater than the corresponding minimum clini-
cally important difference (MCID) while the change in 
6WMT trended toward its corresponding MCID i.e., 2.5 
points and 34.4 m, respectively. At the individual level, 

13 subjects (54%) and 9 subjects (38%) showed clinically 
meaningful increases in their DGI scores and 6MWT 
distance, respectively [25, 26].

  
Associated with functional improvements were sig-

nificant increases in the patient-reported score on the 
SIS mobility subscale (+ 7[9%], p < 0.01), which was also 
greater than the corresponding MCID (4.7 points [27]), . 
However, the average change score on the SIS ADL/IADL 
subscale (+ 5[6%]) was neither significant nor clinically 
meaningful [27]. Within subjects, 31% reported higher 
than clinically meaningful changes in both ADL and 
Mobility scores.

 Durability of Gains Two Months after All AMBLE 
Training Ends (Retention). Compared to baseline, 
improvements in paretic ankle-foot control outcomes 
(Table 4) were retained at follow up namely, peak 
dorsiflexion angular velocity (°/s, + 7[20%], p < 0.01), 
maximum toe clearance (mm, + 9[13%], p < 0.01), and 
heel-first foot strikes (%steps, + 13[46%], p < 0.01). 
Interestingly, significant improvements in knee flex-
ion (°, + 4[12%], p < 0.05) and hip flexion (°, + 8[3%], 
p < 0.01) were evidenced at retention, but not at post-
testing. Further, the change in knee flexion was greater 
than its MCID [28] (Table 4). Subjects also retained 
improvements in their 10-meter fastest (p < 0.01) but 
not their 10-meter self-selected walking speed. How-
ever, at the individual level, there were ambulation 

Table 3  Comparison of outcomes between baseline tests 
performed one week apart
Outcome Baseline-1 Baseline-2 Δ
Dynamic Gait Index (0–24) 14.3 14.2 -0.1
6-Minute Walk Test (m) 249.6 254.5 4.9
10 m Self-Selected Gait Speed (m/s) 0.64 0.67 0.03*

10 m Fastest Gait Speed (m/s) 0.79 0.59 0.2
Peak DF Swing Angle (°) 0.5 0.2 -0.2
Angle at Initial Contact (°) -6.6 -6.5 0.1
Maximum Toe Clearance (mm) 69.2 69.6 0.4
Minimum Toe Clearance (mm) 21.0 22.7 -0.2
Maximum DF Angular Velocity (°/s) 33.9 37.2 3.3
Knee Flexion (deg) 32.2 34.0 1.8
Hip Flexion (°) 36.1 35.9 -0.2
Hip Hike (cm) 8.8 8.7 -0.1
Hip Abduction (°) -7.3 -8.0 -0.7
Paretic Step length (cm) 36.7 37.2 0.5
Paretic Swing (%) 38.1 38.0 -0.1
Double Support Stance (%) 26.0 25.9 -0.1
Heel-First Strikes (%steps) 31.0 31.8 0.8
*p < 0.05. Values reported as mean, N = 24

Fig. 7  Cumulative time spent by each subject undergoing active therapy. Dashed line indicates the targeted cumulative training time goal of 540 min
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transitions between post- and retention-testing (Fig. 
8), two participants transitioned from limited commu-
nity (0.4–0.8 m/s) to community ambulator (>0.8 m/s) 
and one subject from home ambulator (< 0.4 m/s) to 
limited community ambulator. Further, compared to 
post-testing, five subjects showed a small meaning-
ful change (0.05–0.1 m/s) while one subject had large 
meaningful change (>0.1 m/s).

Improvements were also retained in the DGI score 
(+ 3[23%], p < 0.01) and the 6-minute timed walk dis-
tance (m, + 21[8%], p < 0.01). Notably, similar to post-
testing, the average change in DGI continued to be 

greater than its MCID. At the individual level, 15 
subjects (58%) and 9 subjects (37%) showed clinically 
meaningful increases in their DGI scores and 6MWT 
distance, respectively. The average change in the SIS 
mobility subscale score, however, was not significant 
at retention testing. Within subjects however, 7 sub-
jects (31%) demonstrated improvements greater than 
MCID in their SIS mobility subscale scores.

Discussion
This study demonstrates that impedance-controlled 
ankle robotics, embedded in an adaptive control archi-
tecture to personalize dorsiflexion-assist during key sub-
events across the entire gait cycle, can durably improve 
gait biomechanics and functional mobility in persons 
with chronic HPG and foot drop, even decades after 
stroke. Our initial hypothesis predicted improvements in 
paretic ankle angle at peak swing and initial contact; but 
these variables did not change significantly. Instead, we 
found durable and clinically meaningful gains in maximal 
paretic toe clearance and percentage heel first strikes, 
key biomechanical adaptations critical for improving gait 
safety and efficiency. Notably, two months after all train-
ing had ended, these improvements persisted alongside 
the emergence of increased knee and hip flexion, marking 
a delayed, but important proximal lower extremity kine-
matic adaptation. The pertinent negative findings were 
that hip hike and hip abduction did not change, indicat-
ing that these pathologic compensatory gait strategies, 
common after hemiparetic stroke with foot drop, were 

Table 4  Outcomes at baseline, post-test and retention endpoints (N = 24)
Outcome Baseline Post Retention ΔPost-Base ΔRetention-Base ΔRetention-Post
SIS-ADL/IADL (0-100) 72.8 ± 17.1 77.5 ± 16.8 76.8 ± 13.0 4.7 4.0 -0.7
SIS-Mobility (0-100) 80.9 ± 16.3 88.2 ± 9.5 85.6 ± 12.1 7.2 †,‡ 4.7 -2.5 *

Dynamic Gait Index (0–24) 14.2 ± 4.6 17.3 ± 3.3 17.4 ± 3.3 3.0 †, ‡ 3.2 †, ‡ 0.1
6-Minute Walk Test (m) 252.0 ± 106.1 279.9 ± 109.1 272.8 ± 104.4 27.7 † 20.8 † -7.1
10 m Self-Selected Speed (m/s) 0.66 ± 0.24 0.70 ± 0.23 0.69 ± 0.23 0.04 † 0.04 -0.01
10 m Fastest Speed (m/s) 0.80 ± 0.31 0.86 ± 0.30 0.86 ± 0.31 0.06 † 0.06 † 0.00
Peak Swing Angle (°) 0.3 ± 6.3 0.5 ± 6.4 1.6 ± 7.1 0.3 1.3 1.1
Angle at Initial Contact (°) -6.6 ± 4.0 -6.7 ± 4.5 -6.7 ± 5.3 -0.1 -0.1 0.0
Maximum Toe Clearance (mm) 69.4 ± 27.5 79.4 ± 30.4 78.4 ± 26.1 10.0 † 9.0 † -1.0
Minimum Toe Clearance (mm) 21.8 ± 15.0 26.8 ± 20.6 23.1 ± 9.9 4.9 * 1.3 -3.7
Maximum DF Angular Velocity (°/s) 35.5 ± 32.2 46.8 ± 39.7 42.5 ± 37.5 11.5 † 7.0 † -4.2
Maximum PF Angular Velocity (°/s) -101.3 ± 67.6 -111.6 ± 69.8 -100.1 ± 60.0 -10.3 † 1.2 11.5
Knee Flexion (deg) 33.1 ± 16.5 35.0 ± 16.2 36.9 ± 17.7 1.9 3.9 *, ‡ 2.0
Hip Flexion (°) 36.8 ± 9.5 37.8 ± 8.2 39.6 ± 9.2 0.7 2.8 * 1.8
Hip Hike (cm) 8.9 ± 3.2 8.8 ± 3.4 7.7 ± 4.1 -0.2 -1.2 -1.1
Hip Abduction (°) -7.7 ± 4.8 -7.4 ± 5.4 -8.7 ± 5.7 0.3 -1.0 -1.3
Paretic Step length (cm) 36.9 ± 15.6 40.1 ± 14.2 39.1 ± 13.0 3.1 † 2.2 * -1.0
Paretic Swing (%) 38.1 ± 6.6 37.1 ± 6.7 37.7 ± 6.2 -1.0 -0.4 0.6
Double Support Stance (%) 25.9 ± 6.5 25.7 ± 6.2 25.8 ± 5.5 -0.2 -0.1 0.1
Heel-First Strikes (%steps) 31.4 ± 41.3 43.9 ± 42.5 45.9 ± 42.8 12.5 † 14.5 † 2.0
*p < 0.05, †p < 0.01, ‡Change greater than Minimal Clinical Important Difference. Stroke Impact Scale (SIS), Instrumental Activities of Daily Living (IADL), Dorsiflexion 
(DF), Plantar Flexion (PF). Values reported are mean ± SD

Fig. 8  Distribution of subjects across ambulation categories [25] across 
testing endpoints. Eighteen subjects were home or limited community 
ambulators at baseline. Home (H): <0.4 m/s, Limited community (LC): 0.4–
0.8 m/s, Community (C): >0.8 m/s. Ambulatory categories improve across 
training and after training ceases (retention [RETN], 2-month after training 
ends)
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not involved in the robotics mediated improvements 
in toe clearance and heel-first landing. Taken together, 
these findings showed that ankle robotics durably 
improves functional mobility and selected biomechani-
cal outcomes including increasing maximal toe clearance 
and paretic ankle dorsiflexion angular velocity, and that 
2 months after all training ended these benefits persist, 
along with emergence of increased knee and hip flexion 
as the durable adaptations improving foot drop profiles 
in persons with chronic HPG and foot drop after stroke.

A novel finding was that the durable effect of ankle 
robotics assessed 2 months after completion of training 
is characterized by emergence of improved knee and hip 
flexion. Three additional robotics-mediated biomechani-
cal adaptations persisted durably. Two months after all 
training ceased, we found increased maximal toe clear-
ance, dorsiflexion angular velocity, and percentage of 
heel-first strikes, these were important factors in terms 
of improving safety and efficiency of gait in persons with 
foot drop [29–32]. Contrary to our initial hypothesis, 
maximal toe clearance rather than ankle angle at initial 
contact and peak swing, emerged along with increased 
percent heel-first strikes as key robotics mediated fea-
tures influencing the integrity of paretic foot landing. Toe 
clearance was a critical variable in gait safety and falls 
reduction post-stroke, and an outcome successfully tar-
geted in interventions to improve safety of gait patterning 
for persons with HPG after stroke [29, 30]. In Parkinson’s 
Disease, focusing on heel strike improved toe clearance, 
as these two elements were critical interactive elements 
governing integrity of foot landing in healthy gait, as well 
as neurological conditions impairing gait [32–34]. Our 
findings that robotics durably improved gait biomechan-
ics and safety profiles in persons up to three decades 
post-stroke has implications toward reducing the global 
burden of stroke disability, indicating a much longer ther-
apeutic window than most stroke rehabilitation, which 
typically takes place in the early sub-acute period [35].

The emergence of increased paretic knee and hip flex-
ion 2 months after robotics training ended suggests that 
these delayed proximal kinematic adaptations are related, 
at least in part, to the durably improved paretic foot land-
ing profiles and toe clearance [31, 34, 36]. Dynamic anal-
yses of gait illustrate that knee and hip flexion and their 
timing are critical to the multi-segmental motor control 
of limb shortening for foot clearance, and that these fac-
tors synergistically modulate foot landing in healthy and 
neurological gait [34, 36, 37]. We do not know why the 
increased knee and hip flexion emerged as significant 
kinematic improvements 2 months after robotics training 
ended. Notably, this unexpected finding is delayed in rela-
tion to the temporal proximity of robotics training. This 
raises the possibility that a robotics related sensorimotor 
learning pattern, or proximal after-effect improved toe 

clearance and foot landing without knee and hip flex-
ion having changed, but that this pattern changes after 2 
months to be replaced by multi-segmental (knee and hip 
flexion) kinematic synergies that evolve when persons 
with HPG walk on their own for several months after all 
robotics training has ended [10, 11, 38, 39].

Relevance of improved joint kinematics: Tripping 
over an obstacle is one of the biggest causes of falling 
in the elderly [40, 41]. AMBLE participants improved 
their ankle sensory motor control, as demonstrated by 
greater toe clearance, sufficient to clear typical obstacles 
encountered at home ranging from < 1 cm to 8 cm [42]. 
Improvements in ankle control were also evidenced by 
a higher incidence of heel-first foot strikes. Digitigrade 
walking, as observed and manifesting as toe-drag in per-
sons with foot drop, increases the external mechanical 
work performed by the limbs. In particular, this requires 
a higher energy cost of transport [43] and imposes an 
excessive kinetic burden that increases the risk of knee 
injury, including but not limited to anterior cruciate 
ligament injuries [44]. Alternately, lateral foot contact is 
also unsafe as it can predispose to ankle sprains, espe-
cially given that chronic stroke patients often have weak 
ankle evertor musculature, and increased tone resulting 
in ankle inversion. In contrast, walking with a heel-first 
strike pattern can reduce the loading forces of the knee 
joint [44] and has been shown to improve the economy 
of walking [43]. Participants also experienced signifi-
cant increases in their peak DF velocity, which has been 
shown to be a valid and reliable task-specific measure of 
ankle dorsiflexion during walking [45]. Collectively, these 
durable robotics mediated improvements in toe clear-
ance, foot landing, and ankle dorsiflexion velocity have 
implications for reducing falls after stroke, which popula-
tion-based studies show occur in about 37% of six-month 
survivors, along with high injury rates requiring medical 
treatment [46].

Improvements in walking function: Slower speed has 
been associated with increased risk of falls, even after 
adjustments for potential confounders and traditional 
clinical tests of cognition, gait, and balance [47]. In fact, 
each 10 cm/s decrease in gait speed has been associ-
ated with a 7% increased risk for falls and community-
dwelling older adults with slow gait speed (≤ 0.7 m/s) 
demonstrate a 1.5-fold increased risk for falls compared 
with those with normal speed [40]. While the average 
increase in gait speed was modest, the group trended 
towards a higher ambulation category from limited 
community ambulator (0.4–0.8 m/s) to community 
ambulator (>0.8 m/s) [48]. Within the group, the largest 
transition was from limited to full community ambula-
tors (12%). Further, a majority (68%) presented small 
meaningful changes (>0.05 m/s) while a significant pro-
portion (38%) demonstrated large meaningful changes 
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(>0.1 m/s) in walking speed. Participants also improved 
their dynamic balance trending toward safe ambulators 
(DGI score) as well as endurance (6MWT distance), with 
changes in both being higher than their correspond-
ing minimum clinically important differences (MCID’s) 
[25, 26]. The clinical meaningful change for DGI is + 3 
points. For the DGI, the 15 individual subjects had a 
greater 3-point change in DGI values at both post and 
retention timepoints, but there were 13 subjects that 
retained the same level of clinically meaningful change at 
the post and retention timepoints. The clinical meaning-
ful change for 6MWT is + 34.4 m. For the 6MWT, the 
9 individual subjects had a greater than MCID change 
in 6MWT values at both post and retention timepoints, 
but there were 7 subjects that retained the same level of 
clinically meaningful change at the post and retention 
timepoints. These improvements reflect faster and, more 
importantly, safer walking over longer distances, which 
is also corroborated by more than 30% of subjects self-
reporting clinically significant improvements in mobility 
function (SIS Mobility score). However, the magnitude 
of the improvements in 10-meter walking and 6-minute 
distance are not robust; they are modest. This may be 
due in part to the chronicity of our stroke study popula-
tion, as time after stroke is reported to be an important 
co-variate known to attenuate treatment effects on walk-
ing outcomes in both exercise and robotics gait training 
interventions [49, 50]. Our findings may also be due to 
the nature of the training stimulus, with capitation of 
walking intensity at low to moderate aerobic intensity, 
as higher intensities are known to be more effective for 
locomotor recovery [51]. Regardless, our findings sug-
gest that the adaptive response to ankle robotics training 
in chronic HPG is more robust and durable for biome-
chanical improvements. We posit that precisely timed, 
assistance as-needed technology enhanced voluntary 
ankle-foot control, resulting in sustained biomechanical 
improvements in toe clearance and heel first strikes dur-
ing unassisted walking. The persistence of these improve-
ments at the 2-month follow-up represents a novel 
finding, indicating successful sensorimotor learning of 
discrete sub-tasks during the gait cycle through targeted 
robotic intervention.

Comparisons to usual care: We compared our findings 
to studies utilizing usual treatment physical therapy (con-
ventional gait training) for chronic patients (>6 months 
since stroke). A meta-analysis of 9 studies involving 499 
participants highlighted “little benefit in training chronic 
stroke in overground walking,” except modest gains in 
timed walks [52]. Specifically, based on 3 studies with 
269 participants, it found “no evidence for a benefit on 
the primary variable, post-test gait function,” as assessed 
using multi-dimensional, ordinal scales that are validated 
for use in stroke. Increases in 10-meter gait speed (0.07 

m/s) and six-minute walk distance (26 m) were reported 
based on 7 studies with 396 participants and 4 studies 
with 181 participants, respectively. A summative find-
ing was that “insufficient evidence [exists] to determine 
if overground physical therapy gait training benefits gait 
function in patients with chronic stroke, though limited 
evidence suggests small benefits for unidimensional vari-
ables such as gait speed or 6MWT.”

In contrast, AMBLE robotic therapy increased gait 
speed by 0.04 m/s (comfortable) and 6WMT distance 
by ~ 21 m, which is lower than but comparable to, those 
resulting from usual care [52]. Lower changes in gait 
speed outcome measures may be attributable to the 
training objective itself: training was conducted at par-
ticipant’s self-selected walking speeds. Unlike high-inten-
sity, treadmill walking exercise protocols that progress 
walking speed, this study emphasized voluntary ankle 
sensorimotor locomotor learning rather than gait speed. 
Indeed, as hypothesized, significant improvements were 
evidenced in key gait biomechanical outcomes. Improve-
ment in dynamic balance (DGI score) may arise as a 
result of improved ankle sensory motor learning and 
changes up the kinematic chain at the knee and hip joint. 
We compared our results against two studies employ-
ing usual care interventions [53, 54]. In comparison to 
other gait training approaches, including rhythmic audi-
tory cueing [53] and partial weight suspension treadmill 
training [54], DGI scores reported here were significantly 
higher, had larger effect size to reach meaningful clinical 
significance and were durable. AMBLE participants were 
also more chronic (9.5 years) than those reported in stud-
ies elsewhere [52] (< 7 years). A more detailed compari-
son is precluded, however, as this study reports changes 
in biomechanical surrogates that are relevant to foot drop 
(heel-first strikes, dorsiflexion angular velocity, toe clear-
ance) that to our knowledge are not reported elsewhere 
[55]. Thus, we posit that the durable biomechanical and 
functional gait changes as evidenced in our study would 
not be expected from gait training alone in chronic 
stroke.

Study limitations: This study is limited by the small 
sample size, non-controlled design, and restriction to 
chronic stroke. The non-controlled study design in 
this Phase 2 study for persons with chronic stroke was 
approved by our National Institute of Health – National 
Institute of Neurological Disorders and Stroke (NINDS) 
cooperative study advisors following Phase I findings that 
two weeks training (3xweekly) using only the weight of 
the robot (AMBLE worn in the off-state; no actuation) 
produces no significant biomechanical or functional gait 
changes in chronic hemiparetic stroke participants. Sta-
bility across repeated baseline testing is interpreted in 
the current report as evidence that the current locomo-
tor learning is mediated by task-specific training with 
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the actuated AMBLE in an otherwise stable neurological 
cohort. Randomized clinical trials with a reference-treat-
ment control group in persons with sub-acute stroke are 
ongoing to investigate whether AMBLE improves hemi-
paretic gait during the earlier sub-acute stroke recovery. 
Notably, the small sample size and study entry restriction 
to persons with only mild to moderate severity HPG pre-
vents subset analysis of how different deficit severity pro-
files might differentially respond to robotics treatment. 
This study cannot address the question, as to whether 
robotics interventions initiated early may elicit greater 
adaptive neuroplasticity response, as our participants are 
a mean of a decade post stroke.

A key limitation is that we did not measure and do not 
know the mechanisms underlying the efficacy of robotics 
to improve gait biomechanics after stroke. Based on engi-
neering models and prior studies, we posit that imped-
ance control may optimize volitional human-robotic 
cooperative learning [49, 50]. We posit that robotics 
assisted gait training mediated neuroplasticity alters 
midbrain-cerebellar networks, as shown with treadmill 
training to improve gait in chronic stroke and recognized 
as the key neuroanatomic locus for bipedal gait in sub-
human primates, learned locomotor behavior in cats, and 
neural control in human gait and postural control [56–
60]. Regardless, our findings suggest that robotics train-
ing exposure of ~ 9 h divided across 18 session mediates 
functional neuroplasticity to improve gait biomechanics, 
in this study, one to 30 years after the stroke event. Fur-
ther development of robotics control systems targeted to 
mediate functional neuroplasticity are needed to better 
understand the mechanisms and their potential to reduce 
the disability of neurological disease.

Conclusions
Ankle robotics training using AMBLE durably improves 
critical gait biomechanics, including toe clearance, heel-
first strikes, and ankle dorsiflexion velocity, in individuals 
with chronic HPG. The delayed emergences of increased 
knee and hip flexion highlight the potential for robot-
ics to induce long-term kinematic adaptations along 
the lower limb chain. These findings support the role 
of robotics-assisted rehabilitation as a transformative 
approach for addressing chronic gait deficits after stroke. 
Larger randomized clinical trials are needed to deter-
mine the effectiveness of robotics assisted rehabilitation 
across different and earlier phases of stroke recovery, and 
to critically evaluate the added benefits of robotics inte-
grated stroke rehabilitation compared to best conven-
tional care.

Abbreviations
1PC	� Single point cane
3-D	� Three dimensional
4PC	� Quad cane

6MWT	� Six-minute walk test
AAN	� Active assist as-needed
AD	� Assistive device
ADL	� Activity of Daily Living 
AEs	� Adverse events
AES-128-CTR	� Advanced Encryption Standard 128 bit Counter
AFO	� Ankle foot orthosis
AMBLE	� Assisted Mobility and Balance for the Lower Extremity
AROM	� Active range of motion
C	� Community
cm	� Centimeter
deg	� Degree
DF	� Dorsiflexion
DOF	� Degree of freedom
DGI	� Dynamic Gait Index
e.g.	� For example
EHO	� Electro-hydraulic Ankle-Foot Orthosis
F	� Female
FES	� Functional electrical stimulation
g	� Gram
H	� Home
h	� Height
HPG	� Hemiparetic gait
IADL/ADL	� Instrumented/activities of daily life
kg	� Kilogram
L	� Left
LC	� Limited community
M	� Male
mAh	� Milliampere hour
MCID	� Minimum clinical significant difference
m	� Meter
min	� Minute
mm	� Millimeter
N	� No
N	� Number
Ni	� Nickel
NINDS	� National Institute of Neurological Disorders and Stroke
NP	� Non-paretic
NYHA	� New York Heart Association
P	� Paretic
PT	� Physical therapy
PWM	� Pulse width modulator
R	� Right
RETN	� Retention
ROM	� Range of motion
s	� Second
SAE	� Serious adverse events
SD	� Standard deviation
SST	� Single support stance time
SIC	� Short interval control
SL	� Step length
SIS	� Stroke Impact Scale
t	� Time
th	� Time hold
to	� Toe off
trise	� Rise time
vs	� Versus
Y	� Yes
yrs	� Years

Acknowledgements
We thank and acknowledge Mr. Derek Eversley for his blinded assessment of 
clinical functional testing and the gait biomechanics. He was not involved in 
the conduct of the intervention study.

Author contributions
AR: Conceptualization, study design, investigation, data interpretation, funding 
acquisition, supervision, writing—original draft, writing—review & editing. 
BTH: Study design, investigation, data interpretation, funding acquisition, 
project administration, supervision, writing—original draft, writing—review 
& editing. KPW: Investigation, supervision, writing—original draft, writing—
review & editing. CHM: Writing—original draft, writing—review & editing. LWF: 



Page 18 of 19Roy et al. Journal of NeuroEngineering and Rehabilitation           (2026) 23:49 

Data interpretation, Writing—original draft, Writing—review & editing. RFM: 
Conceptualization, study design, investigation, data interpretation, Funding 
acquisition, Supervision, Writing—original draft, Writing—review & editing. All 
authors revised and agreed to the final version of this article.

Funding
This work was supported by the National Institute of Neurological Disorders 
and Stroke (NINDS) under cooperative research agreement 5U44NS111076 
“Portable Ankle Robotics to Reverse Foot Drop After Stroke.”

Data availability
The datasets associated with the study are not publicly available due to 
patient data protection policy but are available from the corresponding 
author on reasonable request. Information on this clinical trial (Clinical Trial 
Identifier: NCT04594837) can be found at: ​[​h​t​t​​p​s​:​​/​/​c​l​​i​n​​i​c​a​l​t​r​i​a​l​s​.​g​o​v​/​s​t​u​d​y​/​N​C​T​
0​4​5​9​4​8​3​7​]​(​h​t​t​p​s​:​/​/clinic​altrial​s.go​v/study/NCT04594837) .

Declarations

Ethics approval and consent to participate
Salus Institutional Review Board approved the protocol and the informed 
consent form (Salus 22226-1U44NS111076-01; Portable Ankle Robotics to 
Reverse Foot Drop After Stroke). All participants provided informed consent 
before participation in the study.

Consent for publication
Not applicable.

Competing interests
The authors declare potential conflict of interest as follows: Drs. A. Roy, L. W. 
Forrester, and R.F. Macko are co-inventors in the UMB patents for AMBLE and 
its control system (US Patents 9,943,459; 11,337,622). Drs. Roy, Macko, Forrester, 
and Mr. Hennessie are co-founders of and hold equity in NextStep Robotics, 
Inc., the company that manufactures this type of technology under license to 
University of Maryland Baltimore.

Author details
1NextStep Robotics, Inc., 800 West Baltimore Street, Baltimore, MD  
21201, USA
2Department of Mechanical Engineering and Maryland Applied Graduate 
Engineering (MAGE), University of Maryland, College Park, MD, USA
3Department of Physical Therapy & Rehabilitation Science, University of 
Maryland, Baltimore, MD, USA
4University of Maryland Older Americans Independence Center, 
Baltimore, MD, USA

Received: 7 March 2025 / Accepted: 28 November 2025

References
1.	 Duncan PW, Zorowitz R, Bates B, Choi JY, Glasberg JJ, Graham GD, Katz RC, 

Lamberty K, Reker D. Management of adult stroke rehabilitation care: a clini-
cal practice guideline. Stroke. 2005;36:e100–43. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​6​1​​/​0​​1​.​S​​T​
R​.​​0​0​0​0​​1​8​​0​8​6​1​.​5​4​1​8​0​.​F​F

2.	 Patterson KK, Gage WH, Brooks D, Black SE, McIlroy WE. Changes in gait sym-
metry and velocity after stroke: a cross-sectional study from weeks to years 
after stroke. Neurorehabil Neural Repair. 2010;24:783–90. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​
1​7​7​​/​1​​5​4​5​9​6​8​3​1​0​3​7​2​0​9​1

3.	 Chen G, Patten C, Kothari DH, Zajac FE. Gait differences between individuals 
with post-stroke hemiparesis and non-disabled controls at matched speeds. 
Gait Posture. 2005;22:51–6. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​g​a​​i​t​p​​o​s​t​.​​2​0​​0​4​.​0​6​.​0​0​9.

4.	 Niam S, Cheung W, Sullivan PE, Kent S, Gu X. Balance and physical impair-
ments after stroke. Arch Phys Med Rehabil. 1999;80:1227–33. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​​1​0​1​6​​/​s​​0​0​0​3​-​9​9​9​3​(​9​9​)​9​0​0​2​0​-​5.

5.	 Edwards S. Neurological physiotherapy: a problem-solving approach. Edin-
burgh: Churchill Livingstone; 2001. pp. 26–37.

6.	 Hyndman D, Ashburn A, Stack E. Fall events among people with stroke living 
in the community: circumstances of falls and characteristics of fallers. Arch 
Phys Med Rehabil. 2002;83:165–70. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​5​3​​/​a​​p​m​r​.​2​0​0​2​.​2​8​0​3​0.

7.	 Lo AC, Guarino P, Krebs HI, Volpe BT, Bever CT, Duncan PW, Ringer RJ, Wagner 
TH, Richards LG, Bravata DM, Haselkorn JK, Wittenberg GF, Federman DG, 
Corn BH, Maffucci AD, Peduzzi P. Multicenter randomized trial of robot-
assisted rehabilitation for chronic stroke: methods and entry character-
istics for VA ROBOTICS. Neurorehabil Neural Repair. 2009;23:775–83. doi: 
10.1177/1545968309338195. PMID: 19541917; PMCID: PMC5583723.

8.	 Roy A, et al. Robot-Aided neurorehabilitation: A novel robot for ankle rehabili-
tation. IEEE Trans Robot. 2009;25:569–82. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​0​9​​/​T​​R​O​.​2​0​0​9​.​2​
0​1​9​7​8​3.

9.	 Forrester LW, Roy A, Hafer-Macko C, Krebs HI, Macko RF. Task-specific ankle 
robotics gait training after stroke: a randomized pilot study. J Neuroeng Reha-
bil. 2016;13:51. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​9​8​4​-​0​1​6​-​0​1​5​8​-​1. PMID: 27255156; 
PMCID: PMC4890526.

10.	 Shi B, Chen X, Yue Z, Yin S, Weng Q, Zhang X, Wang J, Wen W. Wearable 
ankle robots in post-stroke rehabilitation of gait: A systematic review. Front 
Neurorobot. 2019;13:63. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​n​b​o​t​.​2​0​1​9​.​0​0​0​6​3. PMID: 
31456681; PMCID: PMC6700322.

11.	 Yeung LF, Lau CCY, Lai CWK, Soo YOY, Chan ML, Tong RKY. Effects of wearable 
ankle robotics for stair and over-ground training on sub-acute stroke: a 
randomized controlled trial. J Neuroeng Rehabil. 2021;18:19. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​​1​1​8​6​​/​s​​1​2​9​8​4​-​0​2​1​-​0​0​8​1​4​-​6. PMID: 33514393; PMCID: PMC7847008.

12.	 Macko R, Roy A. Method and apparatus for providing economical, portable 
deficit-adjusted adaptive assistance during movement phases of an impaired 
ankle. U S Patent 11,337,622 issued May 24, 2022.

13.	 Roy A, Forrester LW, Macko RF. Method and apparatus for providing deficit-
adjusted adaptive assistance during movement phases of an impaired joint. 
U S Patent 9,943,459 issued April 17, 2018.

14.	 Awad LN, Bae J, O’Donnell K, De Rossi SMM, Hendron K, Sloot LH, Kudzia P, 
Allen S, Holt KG, Ellis TD, Walsh CJ. A soft robotic exosuit improves walking in 
patients after stroke. Sci Transl Med. 2017;9:eaai9084. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​6​​/​
s​​c​i​t​​r​a​n​​s​l​m​e​​d​.​​a​a​i​9​0​8​4.

15.	 Gomez-Vargas D, Ballen-Moreno F, Barria P, Aguilar R, Azorín JM, Munera M, 
Cifuentes CA. The actuation system of the ankle exoskeleton T-FLEX: first use 
experimental validation in people with stroke. Brain Sci. 2021;11:412. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​b​​r​a​i​n​s​c​i​1​1​0​4​0​4​1​2. PMID: 33805216; PMCID: PMC8064364.

16.	 Khanna I, Roy A, Rodgers MM, Krebs HI, Macko RM, Forrester LW. Effects of 
unilateral robotic limb loading on gait characteristics in subjects with chronic 
stroke. J Neuroeng Rehabil. 2010;7:23. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​1​​7​4​3​-​0​0​0​3​-​7​-​2​
3. PMID: 20492698; PMCID: PMC2887457.

17.	 Noël M, Cantin B, Lambert S, Gosselin CM, Bouyer LJ. An electrohydraulic 
actuated ankle foot orthosis to generate force fields and to test propriocep-
tive reflexes during human walking. IEEE Trans Neural Syst Rehabil Eng. 
2008;16:390–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​0​9​​/​T​​N​S​R​E​.​2​0​0​8​.​9​2​6​7​1​4.

18.	 Rykaczewski K. Thermophysiological aspects of wearable robotics: challenges 
and opportunities. Temp (Austin). 2022;10(3):313–25. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​8​0​​/​
2​​3​3​2​​8​9​4​​0​.​2​0​​2​2​​.​2​1​1​3​7​2​5. PMID: 37554385; PMCID: PMC10405755.

19.	 Gorgey AS. Robotic exoskeletons: the current pros and cons. World J Orthop. 
2018;9:112–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​5​3​1​2​​/​w​​j​o​.​v​9​.​i​9​.​1​1​2. PMID: 30254967; PMCID: 
PMC6153133.

20.	 Yandell MB, Tacca JR, Zelik KE. Design of a low profile, unpowered ankle exo-
skeleton that fits under clothes: overcoming practical barriers to widespread 
societal adoption. IEEE Trans Neural Syst Rehabil Eng. 2019;27:712–23. PMID: 
30872237; PMCID: PMC6592282.

21.	 Meijneke C, van Dijk W, van der Kooij H. Achilles: an autonomous lightweight 
ankle exoskeleton to provide push-off power. In: 5th IEEE RAS/EMBS Int Conf 
Biomedical Rob Biomechatronics. 2014;918–23. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​0​9​​/​B​​I​O​R​​
O​B​.​​2​0​1​4​​.​6​​9​1​3​8​9​8.

22.	 Mooney LM, Rouse EJ, Herr HM. Autonomous exoskeleton reduces metabolic 
cost of human walking during load carriage. J Neuroeng Rehabil. 2014;11:80. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​1​​7​4​3​-​0​0​0​3​-​1​1​-​8​0. PMID: 24885527; PMCID: 
PMC4036406.

23.	 Hennessie B, Roy A, Rabuck N, Summerlin D. U.S. Patent application 
18/954,665 for Over-Shoe contact sensor for gait measurement in physical 
therapy.

24.	 Shaughnessy M, Michael KM, Sorkin JD, Macko RF. Steps after stroke: captur-
ing ambulatory recovery. Stroke. 2005;36:1305–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​6​1​​/​0​​1​.​
S​​T​R​.​​0​0​0​0​​1​6​​6​2​0​2​.​0​0​6​6​9​.​d​2.

25.	 Fulk GD, He Y, Boyne P, Dunning K. Predicting home and community walking 
activity poststroke. Stroke. 2017;48(2):406–11. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​6​1​​/​S​​T​R​O​​K​
E​A​​H​A​.​1​​1​6​​.​0​1​5​3​0​9.

26.	 Taghavi Azar Sharabiani P, Mehdizadeh M, Goudarzi S, Jamali S, Mazhar 
FN, Heidari M, Haji Alizadeh N, Mohammadi F, Foomani ASS, Taghizadeh G. 

https://clinicaltrials.gov/study/NCT04594837
https://clinicaltrials.gov/study/NCT04594837
https://clinicaltrials.gov/study/NCT04594837
https://doi.org/10.1161/01.STR.0000180861.54180.FF
https://doi.org/10.1161/01.STR.0000180861.54180.FF
https://doi.org/10.1177/1545968310372091
https://doi.org/10.1177/1545968310372091
https://doi.org/10.1016/j.gaitpost.2004.06.009
https://doi.org/10.1016/s0003-9993(99)90020-5
https://doi.org/10.1016/s0003-9993(99)90020-5
https://doi.org/10.1053/apmr.2002.28030
https://doi.org/10.1109/TRO.2009.2019783
https://doi.org/10.1109/TRO.2009.2019783
https://doi.org/10.1186/s12984-016-0158-1
https://doi.org/10.3389/fnbot.2019.00063
https://doi.org/10.1186/s12984-021-00814-6
https://doi.org/10.1186/s12984-021-00814-6
https://doi.org/10.1126/scitranslmed.aai9084
https://doi.org/10.1126/scitranslmed.aai9084
https://doi.org/10.3390/brainsci11040412
https://doi.org/10.3390/brainsci11040412
https://doi.org/10.1186/1743-0003-7-23
https://doi.org/10.1186/1743-0003-7-23
https://doi.org/10.1109/TNSRE.2008.926714
https://doi.org/10.1080/23328940.2022.2113725
https://doi.org/10.1080/23328940.2022.2113725
https://doi.org/10.5312/wjo.v9.i9.112
https://doi.org/10.1109/BIOROB.2014.6913898
https://doi.org/10.1109/BIOROB.2014.6913898
https://doi.org/10.1186/1743-0003-11-80
https://doi.org/10.1186/1743-0003-11-80
https://doi.org/10.1161/01.STR.0000166202.00669.d2
https://doi.org/10.1161/01.STR.0000166202.00669.d2
https://doi.org/10.1161/STROKEAHA.116.015309
https://doi.org/10.1161/STROKEAHA.116.015309


Page 19 of 19Roy et al. Journal of NeuroEngineering and Rehabilitation           (2026) 23:49 

Minimal important difference of Berg Balance Scale, performance-oriented 
mobility assessment and Dynamic Gait Index in chronic stroke survivors. J 
Stroke Cerebrovasc Dis. 2024;33:107930. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​j​s​​t​r​o​​k​e​c​e​​r​e​​
b​r​o​​v​a​s​​d​i​s​.​​2​0​​2​4​.​1​0​7​9​3​0.

27.	 Lin KC, Fu T, Wu CY, Wang YH, Liu JS, Hsieh CJ, Lin SF. Minimal detectable 
change and clinically important difference of the stroke impact scale in 
stroke patients. Neurorehabil Neural Repair. 2010;24:486–92. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​​1​1​7​7​​/​1​​5​4​5​9​6​8​3​0​9​3​5​6​2​9​5.

28.	 Guzik A, Drużbicki M, Wolan-Nieroda A, Turolla A, Kiper P. Estimating minimal 
clinically important differences for knee range of motion after stroke. J Clin 
Med. 2020;9:3305. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​j​​c​m​9​1​0​3​3​0​5. PMID: 33076214; 
PMCID: PMC7602397.

29.	 Said CM, Galea MP, Lythgo N. People with stroke who fail an obstacle cross-
ing task have a higher incidence of falls and utilize different gait patterns 
compared with people who pass the task. Phys Ther. 2013;93:334–44. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​​2​5​2​2​​/​p​​t​j​.​2​0​1​2​0​2​0​0.

30.	 Begg RK, Tirosh O, Said CM, Sparrow WA, Steinberg N, Levinger P, Galea MP. 
Gait training with real-time augmented toe-ground clearance information 
decreases tripping risk in older adults and a person with chronic stroke. Front 
Hum Neurosci. 2014;8:243. PMID: 24847234; PMCID: PMC4021142.

31.	 Kwong PWH, Ng SSM, Chung RCK, Ng GYF. A structural equation model of 
the relationship between muscle strength, balance performance, walking 
endurance and community integration in stroke survivors. PLoS ONE. 
2017;12:e0185807. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​3​7​1​​/​j​​o​u​r​​n​a​l​​.​p​o​n​​e​.​​0​1​8​5​8​0​7. PMID: 
29049293; PMCID: PMC5648126.

32.	 Ferry B, Compagnat M, Yonneau J, Bensoussan L, Moucheboeuf G, Muller F, 
Laborde B, Jossart A, David R, Magne J, Marais L, Daviet JC. Awakening the 
control of the ankle dorsiflexors in the post-stroke hemiplegic subject to 
improve walking activity and social participation: the WAKE (Walking ankle 
isokinetic Exercise) randomised, controlled trial. Trials. 2022;23:661. ​h​t​t​p​​s​:​/​​/​d​o​i​​
.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​3​0​6​3​-​0​2​2​-​0​6​5​4​5​-​w. PMID: 35974379; PMCID: PMC9380386.

33.	 Ginis P, Pirani R, Basaia S, Ferrari A, Chiari L, Heremans E, Canning CG, Nieuw-
boer A. Focusing on heel strike improves toe clearance in people with Parkin-
son’s disease: an observational pilot study. Physiotherapy. 2017;103:485–90. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​p​h​​y​s​i​​o​.​2​0​​1​7​​.​0​5​.​0​0​1.

34.	 Kuo AD, Donelan JM. Dynamic principles of gait and their clinical implica-
tions. Phys Ther. 2010;90:157–74. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​2​5​2​2​​/​p​​t​j​.​2​0​0​9​0​1​2​5. PMID: 
20023002; PMCID: PMC2816028.

35.	 GBD 2021 Stroke Risk Factor Collaborators. Global, regional, and national 
burden of stroke and its risk factors, 1990–2021: a systematic analysis for the 
Global Burden of Disease Study 2021. Lancet Neurol. 2024;23:973–1003. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​S​​1​4​7​4​-​4​4​2​2​(​2​4​)​0​0​3​6​9​-​7.

36.	 Li S, Francisco GE, Zhou P. Post-stroke hemiplegic gait: new perspective and 
insights. Front Physiol. 2018;9:1021. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​p​h​y​s​.​2​0​1​8​.​0​1​0​2​1. 
PMID: 30127749; PMCID: PMC6088193.

37.	 Little VL, McGuirk TE, Patten C. Impaired limb shortening following stroke: 
what’s in a name? PLoS ONE. 2014;9:e110140. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​3​7​1​​/​j​​o​u​r​​n​a​l​​
.​p​o​n​​e​.​​0​1​1​0​1​4​0. PMID: 25329317; PMCID: PMC4199676.

38.	 Chambers V, Artemiadis P. Using robot-assisted stiffness perturbations to 
evoke aftereffects useful to post-stroke gait rehabilitation. Front Robot AI. 
2023;9:1073746. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​r​o​b​t​.​2​0​2​2​.​1​0​7​3​7​4​6.

39.	 Yeung LF, Ockenfeld C, Pang MK, Wai HW, Soo OY, Li SW, Tong KY. Random-
ized controlled trial of robot-assisted gait training with dorsiflexion assistance 
on chronic stroke patients wearing ankle-foot-orthosis. J Neuroeng Rehabil. 
2018;15:51. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​9​8​4​-​0​1​8​-​0​3​9​4​-​7. PMID: 29914523; 
PMCID: PMC6006663.

40.	 Tinetti ME, Speechley M, Ginter SF. Risk factors for falls among elderly persons 
living in the community. N Engl J Med. 1988;319:1701–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​
0​5​6​​/​N​​E​J​M​​1​9​8​​8​1​2​2​​9​3​​1​9​2​6​0​4.

41.	 Tinetti ME, Baker DI, McAvay G, Claus EB, Garrett P, Gottschalk M, Koch ML, 
Trainor K, Horwitz RI. A multifactorial intervention to reduce the risk of falling 
among elderly people living in the community. N Engl J Med. 1994;331:821–
7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​5​6​​/​N​​E​J​M​​1​9​9​​4​0​9​2​​9​3​​3​1​1​3​0​1.

42.	 Said CM, Goldie PA, Patla AE, Sparrow WA. Effect of stroke on step characteris-
tics of obstacle crossing. Arch Phys Med Rehabil. 2001;82:1712–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​​1​0​5​3​​/​a​​p​m​r​.​2​0​0​1​.​2​6​2​4​7.

43.	 Cunningham CB, Schilling N, Anders C, Carrier DR. The influence of foot 
posture on the cost of transport in humans. J Exp Biol. 2010;213:790–7. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​2​4​2​​/​j​​e​b​.​0​3​8​9​8​4.

44.	 Jafarnezhadgero AA, Pourrahimghoroghchi A, Darvishani MA, Aali S, Dionisio 
VC. Analysis of ground reaction forces and muscle activity in individuals with 
anterior cruciate ligament reconstruction during different running strike 

patterns. Gait Posture. 2021;90:204–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​g​a​​i​t​p​​o​s​t​.​​2​0​​2​1​.​
0​9​.​1​6​7

45.	 Srivastava S, Kindred JH, Seamon BA, Charalambous CC, Boan AD, Kautz SA, 
Bowden MG. A novel Biomechanical indicator for impaired ankle dorsiflexion 
function during walking in individuals with chronic stroke. Gait Posture. 
2024;107:246–52. PMID: 37162884; PMCID: PMC10168317.

46.	 Kerse N, Parag V, Feigin VL, McNaughton H, Hackett ML, Bennett DA, Ander-
son CS, Auckland Regional Community Stroke (ARCOS) Study Group. Falls 
after stroke: results from the Auckland Regional Community Stroke (ARCOS) 
Study, 2002 to 2003. Stroke. 2008;39:1890–3. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​6​1​​/​S​​T​R​O​​K​E​
A​​H​A​.​1​​0​7​​.​5​0​9​8​8​5.

47.	 Nadeau S, Arsenault AB, Gravel D, Bourbonnais D. Analysis of the clinical fac-
tors determining natural and maximal gait speeds in adults with a stroke. Am 
J Phys Med Rehabil. 1999;78:123–30. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​7​​/​0​​0​0​0​​2​0​6​​0​-​1​9​​9​9​​
0​3​0​0​0​-​0​0​0​0​7.

48.	 Fritz S, Lusardi M. White paper: walking speed: the sixth vital sign. J Geriatr 
Phys Ther. 2009;32:46–9. Erratum in: J Geriatr Phys Ther. 2009;32:110. 

49.	 Marzolini S, Wu CY, Hussein R, Xiong LY, Kangatharan S, Peni A, Cooper 
CR, Lau KSK, Nzodjou Makhdoom G, Pakosh M, Zaban SA, Nguyen MM, 
Banihashemi MA, Swardfager W. Associations between time after stroke and 
exercise training outcomes: A meta-regression analysis. J Am Heart Assoc. 
2021;10:e022588. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​6​1​​/​J​​A​H​A​.​1​2​1​.​0​2​2​5​8​8. PMID: 34913357; 
PMCID: PMC9075264.

50.	 Moucheboeuf G, Griffier R, Gasq D, Glize B, Bouyer L, Dehail P, Cassoudesalle 
H. Effects of robotic gait training after stroke: a meta-analysis. Ann Phys 
Rehabil Med. 2020;63(6):518–34. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​r​e​​h​a​b​​.​2​0​2​​0​.​​0​2​.​0​0​8

51.	 Hornby TG, Reisman DS, Ward IG, Scheets PL, Miller A, Haddad D, Fox EJ, Fritz 
NE, Hawkins K, Henderson CE, Hendron KL, Holleran CL, Lynskey JE. Walter A, 
the Locomotor CPG Appraisal Team. Clinical practice guideline to improve 
locomotor function following chronic stroke, incomplete spinal cord injury, 
and brain injury. J Neurol Phys Ther. 2020;44(1):49–100. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​
7​​/​N​​P​T​.​​0​0​0​​0​0​0​0​​0​0​​0​0​0​0​3​0​3.

52.	 States RA, Pappas E, Salem Y. Overground physical therapy gait training for 
chronic stroke patients with mobility deficits. Cochrane Database Syst Rev. 
2009. 2009:CD006075. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​2​​/​1​​4​6​5​​1​8​5​​8​.​C​D​​0​0​​6​0​7​5​.​p​u​b​2.

53.	 Song GB, Ryu HJ. Effects of gait training with rhythmic auditory stimulation 
on gait ability in stroke patients. J Phys Ther Sci. 2016;28:1403–6. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​​1​5​8​9​​/​j​​p​t​s​.​2​8​.​1​4​0​3. PMID: 27313339; PMCID: PMC4905878.

54.	 Middleton A, Merlo-Rains A, Peters DM, Greene JV, Blanck EL, Moran R, Fritz 
SL. Body weight-supported treadmill training is no better than overground 
training for individuals with chronic stroke: a randomized controlled trial. Top 
Stroke Rehabil. 2014;21:462–76. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​3​1​0​​/​t​​s​r​2​1​0​6​-​4​6​2. PMID: 
25467394; PMCID: PMC4255918.

55.	 Eng JJ, Tang PF. Gait training strategies to optimize walking ability in people 
with stroke: a synthesis of the evidence. Expert Rev Neurother. 2007;7:1417–
36. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​5​8​6​​/​1​​4​7​3​7​1​7​5​.​7​.​1​0​.​1​4​1​7. PMID: 17939776; PMCID: 
PMC3196659.

56.	 Luft AR, Macko RF, Forrester LW, Villagra F, Ivey F, Sorkin JD, Whitall J, 
McCombe-Waller S, Katzel L, Goldberg AP, Hanley DF. Treadmill exercise 
activates subcortical neural networks and improves walking after stroke: a 
randomized controlled trial. Stroke. 2008;39:3341–50. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​6​1​​
/​S​​T​R​O​​K​E​A​​H​A​.​1​​0​8​​.​5​2​7​5​3​1. PMID: 18757284; PMCID: PMC2929142.

57.	 Lavoie S, Drew T. Discharge characteristics of neurons in the red nucleus 
during voluntary gait modifications: a comparison with the motor cortex. J 
Neurophysiol. 2002;88:1791–814. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​2​​/​j​​n​.​2​0​0​2​.​8​8​.​4​.​1​7​9​1.

58.	 Delgado JM. Sequential behavior induced repeatedly by stimulation of the 
red nucleus in free monkeys. Science. 1965;148:1361–3. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​
2​6​​/​s​​c​i​e​​n​c​e​​.​1​4​8​​.​3​​6​7​5​.​1​3​6​1.

59.	 Takakusaki K. Functional neuroanatomy for posture and gait control. J Mov 
Disord. 2017;10:1–17. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​4​8​0​​2​/​​j​m​d​.​1​6​0​6​2. PMID: 28122432; 
PMCID: PMC5288669.

60.	 Beyaert C, Vasa R, Frykberg GE. Gait post-stroke: pathophysiology and reha-
bilitation strategies. Neurophysiol Clin. 2015;45:335–55. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​​o​r​​g​​/​​1​0​​.​1​0​​​
1​​​6​/​j​​.​n​e​u​​​c​l​i​​.​​​2​0​1​​5​.​0​9​.​0​0​5.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1016/j.jstrokecerebrovasdis.2024.107930
https://doi.org/10.1016/j.jstrokecerebrovasdis.2024.107930
https://doi.org/10.1177/1545968309356295
https://doi.org/10.1177/1545968309356295
https://doi.org/10.3390/jcm9103305
https://doi.org/10.2522/ptj.20120200
https://doi.org/10.2522/ptj.20120200
https://doi.org/10.1371/journal.pone.0185807
https://doi.org/10.1186/s13063-022-06545-w
https://doi.org/10.1186/s13063-022-06545-w
https://doi.org/10.1016/j.physio.2017.05.001
https://doi.org/10.1016/j.physio.2017.05.001
https://doi.org/10.2522/ptj.20090125
https://doi.org/10.1016/S1474-4422(24)00369-7
https://doi.org/10.1016/S1474-4422(24)00369-7
https://doi.org/10.3389/fphys.2018.01021
https://doi.org/10.1371/journal.pone.0110140
https://doi.org/10.1371/journal.pone.0110140
https://doi.org/10.3389/frobt.2022.1073746
https://doi.org/10.1186/s12984-018-0394-7
https://doi.org/10.1056/NEJM198812293192604
https://doi.org/10.1056/NEJM198812293192604
https://doi.org/10.1056/NEJM199409293311301
https://doi.org/10.1053/apmr.2001.26247
https://doi.org/10.1053/apmr.2001.26247
https://doi.org/10.1242/jeb.038984
https://doi.org/10.1242/jeb.038984
https://doi.org/10.1016/j.gaitpost.2021.09.167
https://doi.org/10.1016/j.gaitpost.2021.09.167
https://doi.org/10.1161/STROKEAHA.107.509885
https://doi.org/10.1161/STROKEAHA.107.509885
https://doi.org/10.1097/00002060-199903000-00007
https://doi.org/10.1097/00002060-199903000-00007
https://doi.org/10.1161/JAHA.121.022588
https://doi.org/10.1016/j.rehab.2020.02.008
https://doi.org/10.1097/NPT.0000000000000303
https://doi.org/10.1097/NPT.0000000000000303
https://doi.org/10.1002/14651858.CD006075.pub2
https://doi.org/10.1589/jpts.28.1403
https://doi.org/10.1589/jpts.28.1403
https://doi.org/10.1310/tsr2106-462
https://doi.org/10.1586/14737175.7.10.1417
https://doi.org/10.1161/STROKEAHA.108.527531
https://doi.org/10.1161/STROKEAHA.108.527531
https://doi.org/10.1152/jn.2002.88.4.1791
https://doi.org/10.1126/science.148.3675.1361
https://doi.org/10.1126/science.148.3675.1361
https://doi.org/10.14802/jmd.16062
https://doi.org/10.1016/j.neucli.2015.09.005
https://doi.org/10.1016/j.neucli.2015.09.005

	﻿Adaptive control ankle robotics training durably improves gait biomechanics in chronic hemiparetic stroke and footdrop
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Results
	﻿Discussion
	﻿Conclusions
	﻿References


