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Abstract—Stroke remains a leading cause of long term phys-
ical disability worldwide, and a majority of survivors present
with hemiparetic gait patterns marked by foot drop, knee
hyperextension, reduced propulsion, and asymmetric stance.
Wearable lower limb exoskeletons have emerged as a promising
complement to conventional physiotherapy, yet most reported
systems assist only a single joint, most commonly the ankle, and
rely on generic rather than patient specific assistance profiles.
This paper reviews recent clinical and technical literature on
ankle and knee exoskeletons for post stroke gait rehabilitation,
synthesizes the biomechanical rationale for combined knee and
ankle assistance, and examines control architectures ranging
from impedance based and adaptive oscillator schemes to biofeed-
back augmented assistance and variable-stiffness artificial-muscle
actuation. Building on this synthesis, we outline an architecture
for a personalized knee ankle exoskeleton intended for partial,
task specific rehabilitation rather than full time ambulation
support, and discuss design and deployment challenges relevant
to resource constrained clinical settings such as those found in
much of Sub Saharan Africa. The review is intended to guide
future development of low cost, sensor driven, and individually
tunable rehabilitation exoskeletons.

Index Terms—Exoskeleton, stroke rehabilitation, hemiparetic
gait, knee ankle orthosis, wearable robotics, biofeedback, gait
control, adaptive frequency oscillator, variable stiffness actuation

I. INTRODUCTION

Stroke is one of the leading causes of long term adult
disability, and a large proportion of survivors experience hemi-
paresis, a unilateral weakness that disrupts the coordinated
action of the hip, knee, and ankle during walking [1], [2].
Hemiparetic gait typically combines several deviations at once:
impaired ankle dorsiflexion that produces foot drop during
swing, excessive plantarflexion at heel strike, reduced push off
propulsion, and knee hyperextension during stance that is used
compensatorily to keep the paretic limb from buckling under
load [3], [4]. Left unaddressed, chronic knee hyperextension

increases joint loading and is associated with accelerated
cartilage degeneration and secondary osteoarthritis [5], [6].

Passive ankle foot orthoses (AFOs) remain the most com-
mon clinical intervention. They stabilize the ankle and can
improve toe clearance, but generally block active plantarflex-
ion, restrict range of motion on inclines, and do little to
correct knee hyperextension or spatiotemporal asymmetry [7]–
[9]. These limitations have motivated a shift toward powered
exoskeletons that can deliver active, tunable torque assistance
rather than a fixed mechanical constraint [10].

The great majority of powered exoskeletons evaluated in
post stroke populations assist the ankle alone, either through
plantarflexion assistance to restore propulsion, dorsiflexion
assistance to restore clearance, or both [12]–[14]. Far fewer
devices jointly consider the knee, even though knee hyper-
extension is one of the most visible and clinically important
compensations in hemiparetic gait, and only a small number of
studies report knee kinematics alongside ankle assistance [15].
At the same time, dedicated knee exoskeletons and knee ankle
foot orthoses developed for hemiparesis, such as the REFLEX
platform, show that actively promoting a more normative knee
trajectory can reduce reliance on compensatory strategies in
the non paretic limb [16]. This split in the literature, ankle
centric devices on one side and knee centric devices on the
other, motivates a closer look at what a combined, personalized
knee ankle exoskeleton would require.

This paper reviews recent experimental and survey literature
on lower limb exoskeletons for stroke rehabilitation, with
particular attention to (i) the biomechanical coupling between
ankle and knee deviations in hemiparetic gait, (ii) control
strategies used to assist the ankle and knee individually,
including biofeedback augmented approaches and variable-
stiffness bio-inspired actuation, and (iii) design considerations
for extending single joint assistance into a coordinated, patient



Fig. 1. Conceptual illustration of a personalized knee–ankle exoskeleton,
showing thigh, shank, and foot cuffs linked by a joint mechanism spanning
the knee and ankle, worn during gait. The layout reflects the actuation and
cuff placement principles reviewed in Section IV: proximal thigh and distal
shank/foot interfaces bracket a knee joint module and an ankle joint module,
consistent with the series elastic, dual joint architecture discussed throughout
this paper.

tunable knee ankle system. We further discuss the practical
constraints of deploying such systems in low resource clinical
environments, directly relevant to rehabilitation engineering in
Nigeria and other Sub Saharan African settings, and propose
a conceptual system architecture to guide future prototyping.

II. BIOMECHANICS OF HEMIPARETIC GAIT

Understanding the biomechanical drivers of hemiparetic gait
is a prerequisite for designing assistance that targets the right
joint at the right phase of the gait cycle. Three interrelated
deficits are consistently reported in the literature.

A. Ankle Deficits and Foot Clearance

Without assistance, the paretic ankle often remains plan-
tarflexed through swing and at heel strike, producing foot drop
and reduced minimum foot clearance, a recognized marker
of increased fall risk [17]. Reported clearance gains from
dorsiflexion assistance vary widely across devices, from a
few millimeters to roughly two centimeters, with more recent
autonomous designs demonstrating larger gains of three to five
centimeters across a range of speeds and inclines [10], [15].

B. Knee Hyperextension

During early to mid stance, many hemiparetic individuals
exhibit abnormally low knee flexion, effectively locking the
knee to bear load safely. This hyperextension pattern is a
compensatory response to weak or poorly timed ankle and
quadriceps control, and it is only rarely corrected by ankle
assistance alone [15]. Where ankle exoskeletons have restored
near normative stance knee flexion, the effect appears to arise
indirectly, through proper loading of the shank rather than

direct knee actuation [15], suggesting a dedicated knee level
assistance channel could produce more consistent, controllable
outcomes.

C. Propulsion, Trailing Limb Angle, and Interlimb Symmetry

Self selected walking speed after stroke is strongly influ-
enced by the propulsive force generated during late stance,
commonly quantified as the anterior ground reaction force
impulse [18], [19]. The trailing limb angle, the sagittal ori-
entation of the limb relative to vertical at late stance, is highly
correlated with this propulsive force and can be estimated in
real time using shank and thigh mounted inertial sensors [20],
[21].

A complementary line of evidence comes from unilateral
knee-assistance studies in hemiparetic patients. The REFLEX
knee–ankle–foot orthosis synchronizes assistance to the paretic
knee with the phase of the nonparetic leg using an adaptive
frequency oscillator (AO) [16]. Given the hip flexion angle of
the unassisted leg θu(t), the AO estimates the continuous gait
phase φu(t) and frequency ω(t) through the coupled dynamic
system

ε(t) = θu(t)− θ̂u(t), (1)
ω̇ = −νω ε(t) sinφu, (2)

φ̇u = ω − νφ ε(t) sinφu, (3)

θ̂u =

Nf∑
k=0

αk cos(kφu) + βk sin(kφu), (4)

where νω , νφ are learning-rate constants and αk, βk are online-
updated Fourier coefficients [16]. Because the two limbs are
phase-shifted by approximately 180◦ in both healthy and
hemiparetic gait [16], the assisted-leg phase is obtained as
φa = φ̂u + π, tracking the user’s own cadence rather than
a fixed-frequency template. Reported RMS phase-estimation
error for this scheme is below 2.4% and frequency error
below 0.02 Hz [16], well within the phase-locking toler-
ance needed for synchronous multi-joint assistance. Clinically,
REFLEX trials in three chronic stroke patients showed that
synchronizing paretic-knee assistance to a normative healthy
pattern, rather than mirroring the nonparetic limb, produced
a more symmetric gait and reduced compensatory loading in
the nonparetic leg, even though mirroring initially appeared to
produce higher instantaneous symmetry [16]. This motivates
using an AO-driven phase estimator as the timing backbone for
a combined knee–ankle device, and favors a normative-pattern
assistance law over simple contralateral mirroring.

Fig. 2 summarizes this sensing and actuation layout: inertial
sensing on the nonparetic limb drives the phase estimate
φ(t), which in turn references the knee and ankle assistance
delivered to the paretic limb.

III. STATE OF THE ART IN ANKLE AND KNEE
EXOSKELETONS FOR STROKE

Table I summarizes the representative systems discussed
in this section, alongside their joint coverage, actuation and
sensing approach, control strategy, and key reported outcome.



TABLE I
REPRESENTATIVE KNEE AND/OR ANKLE EXOSKELETON SYSTEMS REVIEWED FOR POST-STROKE GAIT REHABILITATION

System / Study Joint(s) Actuation & Sensing Control Strategy Key Reported Outcome
Utah Ankle Exoskele-
ton [15]

Ankle Series elastic actuator; onboard
IMU/encoder

Impedance control at a neu-
tral equilibrium angle with AO-
timed plantarflexion assistance

Normalized heel-strike ankle angle;
stance knee flexion rose from 7◦ to 20◦;
clearance up 3–5 cm

Speed-adaptive
myoelectric ankle
exo [13]

Ankle EMG-driven series elastic actu-
ator

Myoelectric proportional con-
trol scaled to gait speed

Increased paretic ankle power and walk-
ing speed; benefit sensitive to limb pos-
ture

Bilateral exosuit + vi-
brotactile biofeedback
[21]

Ankle Soft cable-driven exosuit;
shank/thigh IMUs

Torque assistance plus real-time
trailing-limb-angle biofeedback

Larger gains in propulsive impulse and
speed than assistance or feedback alone

Cable-driven personal-
ized exoskeleton [25]

Ankle
(multi-
joint
capable)

Remote cable actuation; per-
sonalized profiles

Subject-tuned assistance mag-
nitude and timing

Increased foot contact angle and knee
flexion peak; reduced ankle flexor EMG

REFLEX knee-ankle-
foot orthosis [16]

Knee Motorized orthosis; AO on non-
paretic limb

Stance-phase impedance
reinforcement; swing-phase
assisted-as-needed force tunnel

More symmetric gait and reduced non-
paretic compensation with Pattern strat-
egy

Rope-driven bionic
knee exoskeleton [34]

Knee Clutched aramid rope bundle,
seven discrete stiffness levels

Task-dependent discrete stiff-
ness selection

Reduced rectus femoris EMG; users pre-
ferred lower stiffness for level walking

Fig. 2. Sensing and actuation layout for the proposed knee–ankle exoskeleton.
IMUs mounted on the nonparetic (sensing) limb feed the AO-based gait-phase
estimator of Eqs. (1)–(4), while the paretic (exoskeleton) limb carries the knee
impedance actuator and ankle hybrid actuator, referenced respectively to the
sagittal knee angle θknee and the trailing limb angle during stance.

A. Rigid Ankle Exoskeletons

Rigid, series elastic ankle exoskeletons have been used to
deliver plantarflexion assistance during push off, dorsiflexion
assistance during swing, or both. The Utah Ankle Exoskeleton
combines an impedance controller that maintains a neutral
equilibrium angle with an AO that times plantarflexion as-
sistance to the gait cycle [15]. In a hemiparetic case study,
this hybrid controller normalized ankle angle at heel strike,
increased stance knee flexion from seven to twenty degrees,
and increased minimum foot clearance by three to five cen-
timeters across speeds and inclines, while reducing biological
ankle effort [15]. Speed adaptive myoelectric controllers have
similarly increased paretic ankle power and walking speed,
although suboptimal limb posture can convert exoskeleton
assistance into upward rather than forward propulsion [13].
Earlier neuromechanics based controllers demonstrated fea-
sibility of powered ankle assistance in chronic stroke and
reduced paretic soleus activation [12].

A second timing-adaptive design, ABLE-S, estimates stride
time from bilateral shank kinematics and uses it to time
pi-shaped plantarflexion (PF) and dorsiflexion (DF) torque
profiles emulating unimpaired ankle dynamics, with safety
layers that disable assistance if an invalid stride time or stop-
walking state is detected [10]. Rather than foot-mounted force
sensing, ABLE-S relies solely on shank angular position and
velocity for gait event detection, argued to be more robust
given the equinovarus deformity common after stroke [10]. In
five chronic stroke participants, powered assistance increased
paretic foot tilting angle at heel strike by 349.8% relative to
no exoskeleton, increased foot clearance by 24.6%, increased
peak step length by 47.0%, and reduced paretic hip hiking by
55.9% relative to the unpowered condition [10]. Hip hiking
fell relative to unpowered but not relative to no-exoskeleton,
attributed by the authors to added distal mass, underscoring
that ankle-only assistance does not reliably correct compen-
satory knee and hip patterns [10]. The device weighs 2.80 kg
total and required on average 7.86±2.90 minutes to don, doff,
and tune, with manual parameter tuning alone consuming 43%
of that time [10] – a usability bottleneck directly relevant to
the personalization layer discussed in Section IV-D.

B. Soft and Cable Driven Exosuits

Textile based exosuits reduce distal mass and increase self-
selected and maximum walking speed in stroke survivors,
though metabolic benefit has been less consistent than for
unimpaired users [22], [23]. Benefit depends strongly on
baseline walking ability, with limited improvement in more
severely impaired individuals [24]. Cable driven architectures
extend this to multi joint assistance with remote actuation;
a hybrid cable driven exoskeleton with personalized profiles
increased foot contact angle and knee flexion peak while
reducing ankle flexor activity in subacute stroke, illustrating
the value of individualized assistance [25].



C. Biofeedback Augmented Assistance

Because exoskeleton benefit depends on how well the user
positions the limb, several groups pair robotic assistance with
real time biofeedback. Audiovisual feedback on propulsive
force or trailing limb angle improves propulsion in able bodied
and post stroke populations [26]–[28]. A wearable vibrotactile-
audio biofeedback system combined with bilateral ankle ex-
oskeletons produced greater increases in paretic propulsive
impulse and walking speed than either intervention alone [21].
Reviews of augmented feedback in motor learning support the
principle that feedback must be simple, timely, and specific to
a single, clinically meaningful variable [29], [30].

D. Knee Focused Devices and Bio-Inspired Variable Stiffness

Dedicated knee exoskeletons remain comparatively rare.
REFLEX uses an AO on the nonparetic limb to estimate
gait phase, following Eqs. (1)–(4), and assists the paretic
knee by mirroring the healthy limb (“Echo”) or driving
it toward a normative reference trajectory (“Pattern”) [16].
Targeting a healthy reference pattern produced better long
term limb behavior than mirroring, despite an initial reduction
in interlimb symmetry [16]. The device applies a stance-
phase high-impedance “limb reinforcement” law and a swing-
phase assisted-as-needed force-tunnel law, switched by insole-
detected gait events [16], a pattern directly reusable for a
combined knee channel.

A separate direction targets joint impedance directly. Jin et
al. present a bionic knee exoskeleton actuated by rope-driven
artificial muscles: a clutch engages one to four aramid-fiber
ropes of graded diameter, producing seven discrete stiffness
levels from one actuator [34]. The combined stiffness is

K = K1 +K2 + · · ·+Kn, Ki =
Miki

li +∆li
, (5)

where Mi is the rope’s breaking force, ki its dynamic stiffness
coefficient, and li, ∆li its length and elongation [34]. Wearers
preferred low stiffness for level walking and higher stiffness
for running and incline ascent, with reduced rectus femoris
EMG activation indicating genuine load sharing [34] – a low-
part-count mechanism attractive when embedded computation
is limited, as in a low-cost field-deployable device.

E. Broader Surveys and Meta Analyses

Systematic reviews of wearable lower limb exoskeletons
catalogue mechanical structures, actuation schemes, and in-
tent recognition methods, highlighting bionic structure and
controller adaptability as recurring open problems [31], [32],
[35]. Hasan and Alam’s comparative analysis in particular
contrasts control, design, and application choices across recent
devices, reinforcing that actuation topology and control law
are typically optimized jointly rather than independently [35].
A meta analysis across six randomized controlled trials found
hip assistance more effective for step length, cadence, and
symmetry, and ankle assistance more effective for walk test
performance, suggesting the optimal joint to assist may depend

on the patient’s impairment profile [33], supporting a device
that can flexibly allocate assistance between knee and ankle.

A large systematic review of 159 lower-limb exoskeleton
studies across 43 devices for brain injury rehabilitation pro-
vides quantitative support for several choices above [11]. Only
10.5% of stroke-validated devices implement challenge-based
(resistive) control, and just 14% adapt assistive parameters
automatically in real time. Threshold-based synchronization
dominates the field (72.1% overall, most commonly ground-
reaction-force thresholds from foot-mounted sensors, 62.8%);
AO-based synchronization, the family the REFLEX and pro-
posed estimators rely on, was used in only 10.5% of stroke
exoskeletons, while kinematic synchronization was used in
41.8%, argued to be more robust for the irregular center-
of-pressure trajectories of hemiplegic gait [11]. Critically, for
chronic stroke, assistive control combining AO synchroniza-
tion with trajectory-tracking mid-level control achieved the
strongest evidence-graded improvements with the lowest train-
ing intensity among twelve compared strategy combinations –
46.0% improvement in the 6-Minute Walk Test and 34.0% in
the 10-Meter Walk Test [11], directly supporting anchoring the
proposed architecture’s phase estimator to an AO formulation
rather than a simpler threshold scheme.

IV. DESIGN CONSIDERATIONS FOR A COMBINED KNEE
ANKLE SYSTEM

Synthesizing the reviewed literature, four design consid-
erations recur across successful single joint devices and are
directly relevant to a combined knee ankle system.

A. Actuation and Structure

Series elastic actuation with a low level two degree of free-
dom torque tracking loop has proven effective for both joints,
since spring deflection gives a low noise interaction-torque
estimate without a dedicated load cell [15]. For a combined
device, decoupling knee and ankle actuators while sharing a
single battery and control unit, as in cable driven designs,
reduces distal mass without sacrificing torque capability [25].
Discretely-switched variable-stiffness rope-bundle actuation
[34] offers a mechanically simple way to trade compliance
for load-bearing capacity between stance-reinforcement and
swing-guidance phases, mirroring the impedance-switching
logic already validated in REFLEX [16].

B. Sensing and Gait Phase Estimation

Thigh and shank mounted IMUs allow real time estimation
of joint angles and derived variables such as trailing limb
angle, with reported correlation above 0.99 against motion
capture [21], as illustrated in Fig. 2. IMUs on the nonparetic
limb feeding an AO as in Eqs. (1)–(4) have independently
been validated for knee-phase synchronization with sub-2.4%
RMS phase error [16]. This is attractive for a combined
device because the same sensor set supports both ankle phase
estimation and knee hyperextension detection, avoiding addi-
tional instrumentation, and the AO’s phase correction at each
heel strike keeps the estimate anchored to true gait events



[16]. It is also consistent with the systematic-review finding
that kinematic synchronization is comparatively under-used
(41.8%) relative to ground-reaction-force thresholds (62.8%)
despite its robustness advantage [11], and avoids the shoe-
embedded force sensing that ABLE-S relies on for its own
detection [10].

C. Control Strategy

The most robust controllers combine an impedance term,
enforcing a safe reference posture via stiffness and damping,
with an event or oscillator driven torque term timing active
assistance to specific phases [15], [16]. We argue the knee
channel should primarily use an impedance term tuned to
prevent hyperextension during early stance, while the ankle
channel uses a torque term timed to late stance push off
and early swing dorsiflexion, coordinated through a shared
finite state machine driven by the estimated gait phase, in
the spirit of REFLEX’s stance-reinforcement/swing-guidance
law [16]. This is further supported at the taxonomy level:
across 159 reviewed studies, controllers combining trajectory-
tracking with compliant control, synchronized via an AO rather
than a fixed threshold, achieved the highest reported clinical
improvements with the lowest training intensity for chronic
stroke [11].

D. Personalization and Biofeedback

Assistance hand tuned per participant, rather than fixed
across users, is repeatedly associated with better outcomes
[13], [25]. REFLEX’s Pattern strategy extracts the nonparetic
leg’s per-step range of motion and phase-of-peak-flexion, low-
pass filters these over a five-step buffer, and uses them to scale
and time-shift a normative trajectory applied to the paretic
limb [16]. ABLE-S offers a lower-tech example: PF/DF torque
magnitudes were manually tuned per participant to concrete
clinical targets (5–10◦ dorsiflexion at initial contact; 5–20%
of unimpaired peak PF torque) [10], but this manual tuning
consumed the largest single share (43%) of total setup time
[10], and only 14% of reviewed exoskeletons implement any
automatic real-time adaptation [11] – together motivating the
buffered, automatic feature-extraction approach of REFLEX
over purely manual tuning here. Layering biofeedback on top
of mechanical assistance further improves the odds that the
user adopts the posture needed to receive that assistance ef-
fectively [21]. A personalized system should therefore expose
a small number of clinically interpretable tuning parameters,
such as target trailing limb angle and target stance knee
flexion, rather than requiring raw torque-profile tuning.

V. PROPOSED CONCEPTUAL ARCHITECTURE

Fig. 3 summarizes a conceptual architecture for a person-
alized knee ankle exoskeleton intended for partial, task spe-
cific rehabilitation sessions rather than continuous ambulation
support. The layout follows a single left-to-right processing
pipeline of five stages – sensing, gait-phase estimation, per-
sonalization, dual-joint control, and actuation – with session
logging and biofeedback drawn as outputs, and torque-tracking

feedback routed along a single dedicated return path beneath
the pipeline so that no arrow re-crosses into an upstream stage.
Fig. 1 shows the corresponding physical layout of the wearable
device itself, with thigh, shank, and foot cuffs bracketing knee
and ankle joint modules.

Thigh and shank mounted inertial sensors on the nonparetic
limb feed a gait phase estimator implementing the AO of
Eqs. (1)–(4), which classifies the current portion of the gait
cycle and computes trailing limb angle and knee flexion angle
in real time, following Herrin et al. [21] and the AO formalism
of Lora-Millan et al. [16]. We favor this AO formulation
over a ground-reaction-force threshold scheme (used in 72.1%
of existing devices [11], including ABLE-S’s own shank-
kinematics detector [10]) because it is the synchronization
method associated with the strongest chronic-stroke outcomes
in the largest available cross-device comparison [11]. The
nonparetic-leg phase is shifted by π rad to obtain the paretic-
leg reference phase φa, exactly as in REFLEX [16]. These
estimates pass to two parallel controllers: a knee impedance
controller resisting hyperextension during early to mid stance,
and an ankle hybrid torque-impedance controller assisting
dorsiflexion during swing and plantarflexion during push off,
in the style of the Utah controller [15]. A personalization layer
upstream of both controllers stores per-patient targets obtained
via REFLEX’s buffered feature-extraction method [16] and
adjusts controller gains accordingly, echoing tuning procedures
from cable driven and myoelectric devices [13], [25] and the
clinical PF/DF torque targets validated for ABLE-S [10]. A
vibrotactile-auditory biofeedback module runs alongside me-
chanical assistance, cueing the patient toward the target trailing
limb angle in real time [21]. Low level torque tracking at
each joint uses a two degree of freedom closed loop controller
referenced to series elastic spring deflection [15], optionally
paired at the knee with the discrete rope-bundle actuator of
Jin et al. [34] using Eq. (5) to set gait-mode-appropriate
impedance, while a supervisory layer logs gait metrics across
sessions for clinician review – a metric reported by remarkably
few existing studies despite its practical importance [11].

VI. CHALLENGES AND FUTURE DIRECTIONS

Several open challenges remain before a combined knee
ankle exoskeleton of this kind can move from concept to
clinical use.

A. Coordinated Multi Joint Control

Most reported controllers were designed and validated
for a single joint. Extending an impedance and oscillator
based scheme to two coupled joints risks conflicting torque
commands, e.g. when knee stabilization and ankle push off
assistance overlap in early to mid stance, requiring joint level
controllers explicitly coordinated through a shared gait phase
estimate rather than tuned independently [15], [16].

B. Evidence from Larger and More Diverse Cohorts

The strongest evidence for both ankle and knee assistance
currently comes from case studies and small feasibility trials



IMUs: thigh + shank
(nonparetic limb)

Gait-phase estimator
(AO, Eqs. 1–4)

Personalization
layer

Knee impedance
controller

Knee actuator
(SEA / rope VSA)

Ankle hybrid
torque/impedance

controller

Ankle actuator
(SEA)

Biofeedback
module

Session log /
clinician review

torque feedback

torque feedback

Fig. 3. Proposed conceptual architecture of the personalized knee–ankle exoskeleton, drawn as a single left-to-right pipeline. Solid arrows show the forward
sensing-to-actuation path; dashed arrows show the only feedback in the system, local torque tracking at each joint. Session logging and biofeedback are
outputs of the personalization stage rather than being folded into the forward path, so no arrow re-crosses an upstream stage.

of one to seven participants [10], [15], [16], [21], [25], [34].
Larger, more heterogeneous cohorts are needed to confirm
generalization across stroke severity, time since stroke, and
gait pattern [33]. This is corroborated field-wide: across the 57
stroke studies compared in [11], mean participants per study
was only 14.87±13.53, mean training sessions 11.77±12.20,
and 66.04% of studies were observational rather than con-
trolled trials.

C. Personalized Tuning at Scale

Hand tuning by an experienced clinician yields good out-
comes in laboratory studies but is difficult to scale to routine
clinical use [13], [25]. In ABLE-S, manual tuning was the sin-
gle largest contributor to setup time (3.39±1.36 of 7.86±2.90
minutes total), exceeding even donning time [10], and only
14% of reviewed exoskeletons implement any automatic real-
time parameter adaptation [11]. Automated tuning informed by
estimated trailing limb angle and knee flexion trajectory, us-
ing REFLEX’s buffered feature-extraction approach combined
with biofeedback, could reduce clinician time per session [16],
[21].

D. Cost, Portability, and Deployment in Resource Constrained
Settings

Most reviewed devices were developed in well resourced
motion capture laboratories and rely on relatively expensive
series elastic actuation and embedded computing. For deploy-
ment in Nigeria and other Sub Saharan African contexts, where
access to specialized rehabilitation facilities and trained phys-
iotherapists is limited, a personalized knee ankle exoskeleton
should prioritize low cost inertial sensing over motion capture,
minimal onboard computation, and parameters settable from
a small number of short calibration trials rather than extended
laboratory sessions. The discrete rope-bundle actuator of Jin

et al. [34] is a promising low-cost option, replacing continu-
ously variable impedance electronics with a small servo-driven
clutch. Likewise, a shank-kinematics-only detector in the style
of ABLE-S [10] avoids the shoe-embedded force sensing that
dominates the wider field (62.8% of devices [11]), simplifying
footwear compatibility and lowering instrumentation cost. This
area is largely absent from the current literature and represents
a concrete direction for future locally driven research.

E. Safety, Usability, and Regulatory Pathways

Because the device described here targets supervised, task-
specific rehabilitation sessions rather than unsupervised ambu-
lation, its safety case is comparatively tractable: impedance-
dominant knee control limits its peak torque even under
sensor faults, and session-bounded operation reduces expo-
sure relative to all-day assistive use. Even so, translating
a laboratory-validated controller into a clinic-ready device
requires addressing donning and doffing time for patients
with limited dexterity, skin interface tolerance over repeated
sessions, fail-safe behavior on IMU dropout, and eventual
alignment with applicable medical device regulatory pathways
– considerations rarely reported in the literature reviewed here.

VII. CONCLUSION

This review has examined recent ankle and knee exoskele-
ton research for post stroke gait rehabilitation, drawing on
autonomous ankle exoskeletons, biofeedback augmented assis-
tance, cable driven personalized exosuits, an AO-driven knee
orthosis (REFLEX), a rope-driven variable-stiffness bionic
knee exoskeleton, a timing-adaptive ankle exoskeleton with
quantified outcomes (ABLE-S), and a 159-study systematic
review of control strategies across the field. Three themes
stand out: hemiparetic gait deviations at the ankle and knee are
mechanically coupled and not fully addressed by single joint
assistance; phase aware controllers combining an impedance



term with a timed torque term consistently outperform fixed
profile assistance, and AO synchronization with trajectory-
tracking control shows the strongest cross-study evidence for
chronic stroke despite being used in only a small minority
of devices [11]; and personalization, whether by hand tuning,
buffered feature-based scaling, or biofeedback, is a recurring
driver of clinically meaningful improvement, even though
manual tuning remains a disproportionate share of setup time
in practice [10]. Building on this synthesis, we proposed a
conceptual, non-overlapping architecture for a personalized
knee ankle exoskeleton that coordinates dual joint assistance
through a shared AO gait phase estimate and layers biofeed-
back and patient specific tuning atop a series elastic, optionally
variable-stiffness, actuation base. Realizing this architecture
in a low cost, field deployable form remains an open and
clinically important engineering problem, particularly for reha-
bilitation settings with limited access to specialized equipment.
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