. brain sciences

Review

Robotic Rehabilitation in Spinal Cord Injury:
Neurophysiological Basis and Severity-Based

Clinical Framework

Rocco Salvatore Calabro !, Andrea Calderone »*, Tiziana Di Gregorio 2, Maria Pia Onesta 2

and Angelo Quartarone !

Academic Editor: Anirban Dutta

Received: 9 June 2026
Revised: 5 July 2026
Accepted: 10 July 2026
Published: 11 July 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

1 Scientific Institute for Research, Hospitalization and Healthcare (IRCCS) Centro Neurolesi Bonino Pulejo,
98124 Messina, Italy; roccos.calabro@irccsme.it (R.S.C.); angelo.quartarone@irccsme.it (A.Q.)

2 Unipolar Spinal Unit, Cannizzaro Hospital for Emergency Care, 95126 Catania, Italy;

unispinale@ospedale-cannizzaro.it (T.D.G.); mp.onesta@gmail.com (M.P.O.)

Correspondence: andrea.calderone95@gmail.com

Highlights

What are the main findings?

e  Robotic rehabilitation in spinal cord injury (SCI) should be prescribed according to
injury level, American Spinal Injury Association (ASIA) Impairment Scale (AIS)
grade, residual function and goal hierarchy rather than device availability alone.

e The review proposes a severity-based and goal-oriented clinical framework that in-
tegrates upper limb robotics, lower limb exoskeletons, non-motor outcomes and ad-
vanced neurotechnologies.

What are the implications of the main findings?

e  Personalized robotic prescription may improve alignment between patient priorities,
realistic therapeutic targets and outcome monitoring.

e  Future implementation should emphasize responder profiling, adaptive control,
cost-effectiveness, home-based models and equitable access.

Abstract

Background/Objectives: Spinal cord injury (SCI) causes heterogeneous motor, sensory,
autonomic, and participation limitations; recovery priorities vary by injury level, com-
pleteness, time since injury and residual function. Robotic rehabilitation has expanded
from assistive technology to restorative, compensatory and health-promoting interven-
tions, but patient-tailored prescription frameworks remain underdeveloped. Methods:
PubMed/MEDLINE was searched from database inception to May 2026 using predefined
domain-specific strategies, and findings were synthesized narratively to integrate mech-
anistic, clinical, safety and implementation evidence. Results: Robotic systems can in-
crease task-specific repetition, sensorimotor feedback, active engagement and quantita-
tive monitoring. Upper-limb robotics are feasible in cervical SCI and may support reach,
grasp and activities of daily living, although SCI-specific controlled evidence remains lim-
ited. Lower-limb exoskeletons and locomotor robots can support gait practice, upright
mobility, exercise exposure and selected secondary health outcomes, but walking speed,
energy expenditure, cost, supervision needs and community translation remain im-
portant barriers. Sensory and non-motor effects, including proprioceptive input, spastic-
ity, pain, bowel routine, cardiometabolic conditioning, participation and psychological
well-being, are clinically relevant but should be interpreted according to evidence
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strength. Robotics combined with functional electrical stimulation, virtual reality, brain—-
computer interfaces, non-invasive brain stimulation and artificial intelligence-driven ad-
aptation is promising but not yet routine. Conclusions: Robotic rehabilitation in SCI
should be prescribed through a severity-based process that considers lesion level, Ameri-
can Spinal Injury Association Impairment Scale grade, residual voluntary and sensory
function, safety, patient priorities and measurable goals. The proposed framework sup-
ports transparent selection and prospective validation of individualized robotic rehabili-
tation and shifts decisions beyond device availability toward clinically meaningful and
equitable implementation.

Keywords: spinal cord injury; robotic rehabilitation; exoskeletons; neurorehabilitation;
neuroplasticity; personalized rehabilitation; assistive technology; restorative
rehabilitation

1. Introduction

Spinal cord injury (SCI) remains one of the most complex conditions in neurological
rehabilitation because it combines motor paralysis, sensory impairment, autonomic dys-
function, secondary complications (including psychological issues) and long-term re-
strictions in participation. The global incidence and burden remain substantial, and the
neurological impairment profile ranges from near-complete loss of voluntary control to
selective motor deficits with or without preserved sensory pathways [1,2]. This heteroge-
neity is not only anatomical. It shapes priorities, expectations and the meaning of recov-
ery. The International Standards for Neurological Classification of Spinal Cord Injury and
the American Spinal Injury Association (ASIA) Impairment Scale (AIS) have improved
the language used to describe neurological severity, but these tools do not automatically
indicate which rehabilitation treatment should be prescribed [3,4]. The gap between clas-
sification and treatment selection is one of the reasons why robotic rehabilitation still var-
ies widely across centers.

Patient-reported priorities have repeatedly shown that recovery goals differ accord-
ing to injury level and residual function. Restoration of arm and hand function is consist-
ently rated as a dominant priority by individuals with tetraplegia, whereas walking,
bowel and bladder function, sexual function, pain relief and independence remain central
for many individuals with paraplegia [5-8]. These preferences are clinically important be-
cause they challenge a single-device view of robotic rehabilitation. A wearable exoskele-
ton may be transformative for upright exercise in one person and largely irrelevant for
another person whose main barrier to independence is hand dexterity. In the same way,
an upper limb robot may provide high-dose reaching practice in incomplete cervical SCI
but may have a more compensatory or assistive role in severe motor-complete tetraplegia.
Personalized robotic prescription should therefore begin with the person, not the ma-
chine.

Robotics entered neurorehabilitation mainly as a means of reducing therapist work-
load and delivering reproducible movement. The field has since evolved toward a broader
therapeutic vision. Robotic systems can now support intensive task-specific practice,
quantify performance, modulate assistance, augment feedback and integrate with neuro-
technologies such as functional electrical stimulation, virtual reality, brain-computer in-
terfaces and non-invasive brain stimulation [9-12]. This evolution has created justified in-
terest in restorative effects, particularly in incomplete SCI where spared descending path-
ways can be recruited by high-intensity sensorimotor training. Yet the same enthusiasm
has sometimes outpaced clinical reasoning. Device availability, commercial visibility and
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institutional investment may drive prescription more than injury severity, goal hierarchy
or response monitoring. A framework that explicitly links neurological profile to realistic
robotic goals is needed.

Previous reviews have examined rehabilitation robotics in SCI and broader neuro-
logical populations, including upper-limb robotic therapy, lower-limb exoskeletons, ro-
bot-assisted gait training (RAGT), exoskeleton-assisted walking and hybrid neurotechnol-
ogies [9-14]. However, many syntheses are organized primarily around devices or mixed
neurological cohorts, and findings from stroke rehabilitation are not always directly trans-
ferable to SCI because lesion level, sensory preservation, autonomic dysfunction, muscu-
loskeletal loading, hand priorities and long-term participation barriers differ substan-
tially. Important gaps therefore remain in translating robotic mechanisms into clinically
usable prescription rules. This review addresses those gaps by integrating neurophysio-
logical basis, technology taxonomy, motor, sensory and non-motor outcomes, implemen-
tation constraints and a severity-based framework for robotic prescription in SCI.

A second reason for a personalized framework is that SCI rehabilitation increasingly
spans hospital, outpatient, community and home environments. The same robotic strat-
egy may have a different value at each stage. During inpatient rehabilitation, a device may
create safe repetition and early verticalization. Later, it may become a way to preserve
conditioning, practice complex tasks or support participation. Time since injury also mod-
ifies expectations because spontaneous neurological recovery, compensatory learning and
secondary complications contribute differently over time.

This review aims to (i) summarize the neurophysiological basis of robotic rehabilita-
tion in SCI; (ii) review current upper- and lower-limb robotic technologies; (iii) synthesize
evidence for motor, sensory and non-motor outcomes; (iv) discuss combined approaches
with advanced neurotechnologies; and (v) propose a severity-based and goal-oriented
clinical prescription framework. The framework is intended to support transparent clini-
cal reasoning rather than to replace individualized multidisciplinary judgment.

Search Strategy and Narrative Synthesis

Although this article is structured as a narrative review, a structured PubMed/MED-
LINE search was performed from database inception to May 2026 using predefined do-
main-specific strategies. The search was intentionally designed to cover the main SCI pro-
files relevant to robotic rehabilitation, including tetraplegia, paraplegia, cervical SCI, tho-
racic/lumbar SCI and both complete and incomplete injuries. Search terms and selection
procedures are reported in Supplementary Table S1, and a domain-level evidence map is
provided in Supplementary Table 52. A narrative approach was chosen because the re-
view addresses a clinically integrative objective: to connect mechanisms, device classes,
candidate populations, safety screening, outcomes and implementation issues across
highly heterogeneous technologies and study designs. This scope was not suited to a sin-
gle pooled quantitative estimate. Accordingly, no formal risk-of-bias assessment or
PRISMA flow diagram was performed. This design allows broad clinical synthesis but
may introduce selection bias and limits the strength of causal inferences.

2. Neurophysiological Rationale of Robotics in SCI

The neurophysiological basis of robotic rehabilitation in SCI is grounded in activity-
dependent plasticity, repeated task execution and sensory feedback. Neural circuits below
the lesion are not passive targets; they can generate patterned motor output when appro-
priate afferent input, descending drive or neuromodulatory facilitation is available
[15,16]. The central pattern generator (CPG) provides one example of spinal circuitry ca-
pable of producing coordinated rhythmic output for walking independently of direct cor-
tical command [16]. After SCI, repeated sensory feedback during robot-assisted stepping
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may help modulate locomotor networks, strengthen spared connections and support
adaptive reorganization. Robotic gait interventions are therefore best understood as struc-
tured sensorimotor stimuli, not simply as mechanical mobility devices.

Robotic devices can help structure this input by providing large numbers of con-
sistent, goal-directed movements that would be difficult to reproduce manually with the
same intensity and kinematic precision. The core therapeutic principle is not the robot
itself, but the opportunity to expose the nervous system to meaningful sensorimotor con-
tingencies at a sufficient dose.

Assist-as-needed control is clinically important because motor learning depends on
practice that is specific, salient and sufficiently challenging. Robotic systems can deliver
high-repetition stepping, reaching or grasping while maintaining alignment, safety and
feedback. Assistance can be calibrated so that the person contributes as much voluntary
effort as possible while the device prevents complete task failure. These paradigms may
reduce learned passivity compared with fully passive guidance, although the optimal as-
sistance level depends on impairment severity, fatigue, spasticity and task demands [17-
19].

Sensorimotor feedback is a second core mechanism. Proprioceptive input, load-re-
lated afference, cutaneous feedback and visual feedback converge on spinal and su-
praspinal networks. In lower limb robotics, repeated stepping with body-weight support
may activate spinal locomotor networks and CPG-like circuits [20-22]. In upper limb ro-
botics, visuomotor and proprioceptive feedback may support error correction, body-
schema updating and motor planning. Making performance visible can also reinforce at-
tention and motivation, which are relevant modulators of rehabilitation learning.

Neuroplasticity after SCI occurs at multiple levels. Cortical representations may re-
organize after deafferentation and disuse, while corticospinal excitability, intracortical in-
hibition and interhemispheric balance may change during recovery or chronic adaptation
[23,24]. Recent systematic evidence further supports the view that SCI is associated with
distributed cortical and subcortical plastic changes that may interact with rehabilitation-
induced sensorimotor experience [25]. Robotic training can interact with these processes
by increasing the amount of attempted movement, coupling intention with sensory con-
sequences and providing quantitative feedback. In incomplete SCI, spared descending
pathways may be strengthened through repeated voluntary engagement. In motor-com-
plete SCI, restorative claims should be more cautious, but repeated afferent activation and
upright loading may still influence spinal excitability, autonomic regulation, musculoskel-
etal health and embodiment.

Embodiment and agency are also relevant to robotic rehabilitation. Standing or walk-
ing in an exoskeleton, manipulating objects with a hand robot or seeing a virtual limb
move in response to motor intention may modify the perceived relationship between the
body and the environment [26]. Body ownership, agency and multisensory integration
influence motor planning and engagement. Systems that couple intention, action and
feedback may therefore be more therapeutic than devices that only move the limb pas-
sively, especially in BCI-linked or virtual reality-supported protocols.

Severity determines how these mechanisms should be interpreted. A person with
AIS D paraplegia and preserved hip flexion requires a different dose, assistance level and
outcome hierarchy from a person with AIS A thoracic SCI using an exoskeleton primarily
for standing, exercise and participation. Similarly, incomplete cervical SCI may justify
high-repetition reach-to-grasp training, whereas severe tetraplegia may require assistive
hand technology for activities of daily living. Figure 1 summarizes key neurophysiologi-
cal concepts commonly invoked in robotic rehabilitation, including task-oriented practice,
sensorimotor feedback, spinal locomotor circuitry, cortical reorganization, embodiment
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and assist-as-needed control. It should be interpreted as a conceptual map rather than as
evidence of a single mechanistic pathway [27,28].

1. Task-oriented repetition

* High-dose, goal-directed practice
* Supports motor learning \ /

N
4, Spinal locomotor circuits

o Activates locomotor pattern generation

¢ Supports stepping-related coordination

J
'3 R
2. Sensorimotor feedback Robotic rehabilitation 7723, 5. Cortical reorganization
e Visual, auditory, and haptic feedback as structured i L * May promote adaptive network changes
¢ Guides error correction sensorimotor practice ¢ Supports task-specific reorganization

3. Proprioceptive and / \
visuomotor input

® Enhances body and movement awareness

¢ Supports movement planning

~

6. Assist-as-needed control
and embodiment
o Adaptive support encourages active effort

Y * May enhance engagement and
R body ownership )

)

Conceptual summary; mechanisms and clinical effects vary by injury level, AIS grade,
residual function, dose, and time since injury.

Figure 1. Key neurophysiological concepts relevant to robotic rehabilitation in spinal cord injury.
The figure summarizes concepts commonly discussed in the robotic rehabilitation literature, includ-
ing task-oriented repetition, sensorimotor feedback, spinal locomotor networks, cortical reorgani-

zation, embodiment and assist-as-needed control.

Timing and dose further influence the biological plausibility of robotic therapy. Early
after SCI, circuits may be particularly responsive to patterned activity, although medical
instability, pain, orthostatic intolerance and skin vulnerability may restrict the safe inten-
sity of training. In the chronic stage, plasticity remains possible but usually requires
stronger task salience, sufficient repetition and careful avoidance of maladaptive compen-
sation. Robotic devices are useful when they transform an otherwise brief therapeutic at-
tempt into a measurable training episode with controlled assistance and feedback. The
relevant dose should not be described only as minutes on a device. It should also include
active repetitions, effort, error, feedback frequency, progression, rest, autonomic load and
transfer to unassisted tasks.

The distinction between passive movement and active intention is equally important.
Movement generated without attention or voluntary drive may provide range of motion
and sensory input, but it is less likely to drive task-specific learning than training that
requires anticipation, error detection and correction. For this reason, modern robotic pro-
tocols increasingly emphasize active participation, adaptive resistance and meaningful
goals. Electromyographic triggering, impedance control, virtual tasks and therapist-se-
lected difficulty can help align assistance with residual capacity. These features are espe-
cially relevant in incomplete SCI, where the therapeutic objective is to amplify residual
control rather than replace it. A severity-based framework should therefore ask not only
whether a robot can move the limb, but whether the patient can participate in the move-
ment in a way that matches the intended mechanism.
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3. Upper Limb Robotics in SCI
3.1. Clinical Goals in Tetraplegia

Upper limb function is the decisive determinant of independence for many individ-
uals with cervical SCI. Small gains in shoulder control, elbow extension, wrist stabiliza-
tion, hand opening or grasp timing can change the ability to eat, groom, use a phone,
operate a wheelchair, transfer, write or manage personal care. This explains why rehabil-
itation goals in tetraplegia are often highly specific. A person may not need global arm
recovery to experience meaningful functional change. The ability to bring the hand to the
mouth, stabilize the wrist during a grasp or release an object reliably can have a dispro-
portionate effect on autonomy and caregiver burden [29,30]. Robotic upper limb therapy
should therefore be evaluated not only by impairment scales, but also by whether it im-
proves activities that matter in daily life.

Clinical goal setting should begin with neurological level, residual voluntary control,
sensibility and compensatory strategies. Individuals with incomplete cervical SCI may be
candidates for restorative training aimed at selective strengthening, coordination and dex-
terity. Those with more severe motor loss may require technology that provides move-
ment assistance, enables repetitive practice despite weakness or supports compensatory
activities of daily living. The distinction is not absolute. Even assistive robots can provide
therapeutic practice if the person actively attempts the task, and even restorative systems
may serve compensatory goals by improving endurance or movement confidence. For this
reason, upper limb robotic prescription in tetraplegia should be framed around reach,
grasp, release, manipulation, bimanual coordination and task integration.

Clinical goal setting in tetraplegia should also consider the interaction between prox-
imal control and distal dexterity. A person who cannot stabilize the shoulder or elbow
may fail to use a technically preserved grasp during real activities, while a person with
good proximal control but poor finger opening may need a distal hand device rather than
a large workspace robot. Robotic assessment can be helpful because it quantifies move-
ment smoothness, workspace, speed, force and compensatory trunk motion. These met-
rics should be interpreted alongside clinical observation and patient-selected activities. A
therapy target such as feeding requires reaching, wrist orientation, grasp timing, endur-
ance and object manipulation, so a device that trains only one component may need to be
combined with conventional occupational therapy.

3.2. Main Robotic Systems

Several robotic systems have been studied or adopted for upper limb rehabilitation,
although SClI-specific evidence is far less extensive than stroke evidence. Representative
upper limb platforms should be distinguished according to the degree of robotic assis-
tance, the limb segment targeted, the residual voluntary function required and the in-
tended therapeutic mechanism. Armeo Spring and Armeo Power are not clinically equiv-
alent: the former primarily supports gravity-assisted task-oriented practice when residual
proximal movement is present, whereas the latter provides powered assistance when ac-
tive movement is severely limited and the target is assisted mobilization or active-assisted
practice. ALEX-type and Diego systems mainly address proximal arm support, bilateral
practice or workspace exploration, while Amadeo, Hand of Hope and Gloreha or soft
glove systems are more distal or hand-focused. End-effector platforms such as InMotion
and ReoGo provide guided, quantifiable reaching trajectories. Table 1 provides a compar-
ative clinical summary and highlights why device selection should be driven by target
function, residual voluntary control and intended mechanism rather than by device avail-
ability alone [10,28,31-34].
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Table 1. Representative upper limb robotic systems for spinal cord injury rehabilitation.

Robotic Sys-

Device T
tem/Citations evice 1ype

Most Relevant

T F i
arget Function SCI Population

Training Princi-

ple Clinical StrengthsMain Limitations

Gravity-support
upper limb exo-
skeleton

Armeo Spring
[10,31,32,34]

Shoulder, elbow,
wrist and hand-
oriented reaching
tasks

Incomplete cervi-
cal SCI with resid-
ual proximal vol-
untary movement

Large three-di-
mensional work-
space, task en-
gagement and ob- ited specificity for
jective movement fine distal dexter-
data ity

Requires some re-

Gravity-sup-
y-sup sidual active

ported, high-repe-
tition virtual task
practice with
graded assistance

movement; lim-

Powered upper

A P 1
rmeo Power [10] limb exoskeleton

Severe cervical
SCI with very lim-

. ited active move-
Assisted shoulder,

ment, includin
elbow and arm 5

selected motor-
complete or sen-
sory-incomplete
profiles when the
target is assisted
mobilization

mobilization; ac-
tive-assisted
reaching

Useful when grav-
ity support alone Risk of excessive
is insufficient;
may support
ROM, pain con-

Powered assis-
tance, passive or
active-assisted

passive participa-
tion; limited SCI-
specific controlled

ROM training and .. )
. trol, spasticity evidence and need
task-oriented
. management and for careful param-
practice

early practice ex- eter adjustment
posure

Robotic upper
limb exoskeleton
or bilateral arm-

ALEX/ALEx-type
upper limb exo-

Complete or in-
complete cervical
SCI when bilateral
practice, proximal
control or assisted

Bilateral or unilat-
eral arm training,
reaching and coor-

Device-specific
May support coor-SCI evidence re-
dinated bilateral mains limited; re-
practice and struc-quires careful po-

Robotic assistance,
symmetrical or
asymmetrical bi-
lateral training

skeleton [10] . dinated upper . tured high-dose sitioning, ROM
training system . movement expo- and task-oriented ..
limb movement o o\ training tolerance and goal
sure is clinically  repetition .
selection
relevant
Shoulder and el- Cervical SCI with Dynamic unload- Facilitates arm ele-Less specific for

Dynamic arm-
weight support
and robotic upper
limb training sys-
tem

Diego [10]

bow movement,
reaching, work-
space exploration weakness requir-
ing arm-weight
support

partial proximal
control or severe

and task simula-
tion

ing, virtual feed- vation and re- intrinsic hand
back and high-  peated goal-di-  function; clinical
repetition task-ori-rected movements transfer depends
ented reaching  with adjustable  on task integra-
practice support tion

Robotic hand and
finger rehabilita-
tion device

Amadeo [10]

Cervical SCI with
Finger flexion, ex- impaired finger
tension, isolated movement, re-
finger movement duced hand open-
and hand sen- ing or limited se-
sorimotor training lective finger con-
trol

Passive, active-as- Highly specific for Does not train
sisted or robot-as- distal hand and  proximal arm po-
sisted finger finger training;  sitioning; requires
movement with  useful when distal adequate hand fit,
sensor-based feed-dexterity is the  joint range and

back main target skin tolerance

Planar reaching, Incomplete cervi-

Robotic guidance, Precise kinematics

InMotion ARM Less ecological for
" End-effector ro-  wrist control and cal SCI requiring resistance and and well-estab- &
WRIST or HAND . | . . complex ADL and
botic platform selected hand controlled repeti- performance lished motor- .
[10,28,33] . . L . . _bimanual tasks
movements tive practice quantification learning paradigm
. Cervical SCI with . Links motor inten-Requires reliable
Electromyogra- Hand opening, Intent-driven as- .
Hand of Hope . . detectable volun- tion to movement EMG signals and
phy-triggered closing and grasp sistance coupled . 4
[10,28] e s tary forearm or . and may reinforce appropriate hand
hand exoskeleton initiation . to EMG activity
hand activation agency range
Incomplete cervi- Guided reaching Structured proxi-

End-effector up-

ReoGo [10,28,34] per limb robot

Reaching trajecto-
ries and arm
transport

mal weakness or
poor coordination

cal SCI with proxi-with adjustable

Limited direct
training of fine
manipulation

mal arm practice
assistance and vis-and reproducible

ual feedback trajectories
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Compliant assis-

. . . .. . Variable force out-
Chronic cervical tance during ob- Activity-oriented

Wearable or semi- Finger flexion, ex- put, fitting con-

Gloreha and soft . SCI with impaired ject manipulation, distal hand sup- : .
. wearable hand ro- tension and func- straints and lim-

robotic glove sys- . grasp and pre-  grasp-release port, comfort and | .

bot/soft actuator tional grasp-re- . . ) ., ited evidence for
tems [10] . served arm posi- practice or home- potential portabil-

glove lease assistance . | . . . long-term neuro-

tioning capacity oriented task ity
. recovery
training

Abbreviations: ADL, activities of daily living; EMG, electromyography; ROM, range of motion; SCI,

spinal cord injury.

The most important prescription question is not which device is technologically su-
perior. It is which device matches the target function, the available residual movement
and the expected mechanism of improvement. A shoulder-elbow robot may be poorly
matched to a patient whose main goal is pinch release. A hand exoskeleton may be insuf-
ficient for someone who cannot position the arm in space. An electromyography-triggered
device may be useful when voluntary activation is present but too weak to produce func-
tional motion. A gravity-supported exoskeleton may be preferable when proximal weak-
ness limits repetition. The clinical reasoning must also consider pain, spasticity, joint
range, skin integrity, fatigue and the ability to understand feedback.

The main upper limb platforms differ more in therapeutic logic than in brand iden-
tity. Exoskeleton or gravity-supported systems can enlarge the reachable workspace and
enable repeated functional tasks. End-effector devices may standardize trajectories and
quantify kinematics with high precision. Electromyography-triggered hand systems link
intention to grasp assistance and may be particularly attractive when small voluntary sig-
nals are present. Soft gloves and portable hand robots are still evolving, but they address
a clinically important gap between laboratory training and daily use. Table 1 summarizes
representative systems and highlights why device selection should follow the impaired
task, the available voluntary signal and the desired therapeutic endpoint.

Clinical availability should be distinguished from research maturity. Some platforms
listed in Table 1 are used in specialized rehabilitation services or routine technology-ena-
bled therapy programs, whereas other systems remain mainly within pilot studies, de-
vice-specific research protocols or highly specialized laboratories. Availability also varies
by country, reimbursement pathway, staff training and maintenance infrastructure. This
distinction is important because evidence derived from a research-grade system may not
automatically translate into routine clinical delivery, and evidence from stroke cohorts
should be extrapolated to cervical SCI only when the underlying motor, sensory and func-
tional constraints are comparable.

3.3. Current Evidence

Current evidence for upper limb robotics in SCI is encouraging but not definitive.
Early studies with Armeo Spring and other devices showed feasibility, safety and possible
gains in arm function in subacute cervical SCI [35,36]. Chronic SCI studies have reported
improvements in kinematics, movement quality and selected functional outcomes, but
sample sizes are small and many designs lack control groups [37,38]. Trials using assist-
as-needed robotic therapy suggest that adaptive assistance is feasible, although superior-
ity over other intensive approaches is not established [39]. Pilot randomized evidence in
tetraplegia indicates that robotic therapy can be comparable or additive to conventional
occupational therapy, but robust conclusions about long-term activities of daily living re-
main limited [40,41].

The field is constrained by heterogeneity. Studies include different injury levels, AIS
grades, time since injury, devices, training intensities and outcomes. Some trials focus on
impairment-level measures, while others emphasize task performance, self-perception or
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independence. Follow-up is often short, which makes it difficult to know whether gains
persist or translate into home activities. Another limitation is that many upper limb ro-
botic technologies were developed for stroke, then adapted to SCI. Cervical SCI has dis-
tinct patterns of sensory impairment, autonomic instability, hand intrinsic weakness, te-
nodesis use and compensatory strategies. Future trials should therefore be SCI-specific
and should include outcomes such as the Graded Redefined Assessment of Strength, Sen-
sibility and Prehension, Spinal Cord Independence Measure, goal attainment, device-de-
rived kinematics, participation and caregiver time [42—44].

4. Lower Limb Robotics and Exoskeletons
4.1. Restorative Versus Assistive Gait Robotics

Lower limb robotic rehabilitation in SCI includes a wide spectrum of approaches that
should not be treated as interchangeable. A wearable exoskeleton used for overground
standing and walking has a different clinical purpose from a treadmill-based robotic or-
thosis used to deliver repetitive stepping with body-weight support. The first may func-
tion as assistive mobility, therapeutic exercise or a participation tool. The second is more
often used as a restorative gait training platform or as a way to provide task-specific loco-
motor input during inpatient or outpatient rehabilitation. The distinction between assis-
tive and restorative robotics is therefore a clinical distinction, not simply a technical one
[45,46].

Restorative gait robotics aim to improve the person’s own walking capacity. They are
most relevant when residual voluntary control, sensory feedback and balance potential
can be trained. This profile is more common in AIS C or AIS D injuries, especially when
the lesion is incomplete and the patient can participate actively in stepping. Assistive ex-
oskeletons may also produce training effects, but their immediate goal can be upright mo-
bility, loading, exercise, participation or psychological benefit. In motor-complete thoracic
SCI, the expectation of independent community ambulation should be cautious because
walking speed, energy expenditure and environmental demands remain major barriers.
The same device can therefore be restorative for one individual and mainly assistive or
health-promoting for another. Figure 2 presents this taxonomy.

ASSISTIVE ROBOTICS

RESTORATIVE ROBOTICS

Primarily focused on mobility support and compensation LOWER LIMB Primardy focused on locomotor training and neurofunctional reconery
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Figure 2. Taxonomy of assistive and restorative lower-limb robotic approaches in spinal cord injury.
The figure distinguishes assistive mobility, verticalization, therapeutic exercise, gait restoration, lo-

comotor retraining and secondary complication prevention.
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This distinction has practical implications for trial interpretation. A study that enrolls
people with motor-complete thoracic SCI and measures independent walking may appear
disappointing even if the intervention improves upright tolerance, exercise exposure or
satisfaction. Conversely, a study in incomplete SCI may miss meaningful recovery if it
records only device-assisted steps and not unassisted walking, balance confidence or en-
durance. The clinical question should be framed before the device or robotic strategy is
chosen. Is the robot being used as a therapeutic stimulus, a mobility aid, an exercise de-
vice, a standing platform or a bridge toward conventional gait training? Each answer im-
plies different candidates, safety thresholds, outcome measures and expectations.

4.2. Wearable Exoskeletons

Wearable exoskeletons such as ReWalk, Ekso and Indego have expanded the possi-
bilities of overground robotic walking after SCI. They typically provide powered hip and
knee movement, require assistive devices such as crutches or a walker and depend on
user training for balance, weight shifts and safety. ReWalk has been widely studied in
thoracic motor-complete SCI and is often discussed as a personal mobility exoskeleton.
Ekso systems have been used in rehabilitation settings across a broad range of neurologi-
cal conditions and SCI profiles. Indego is modular and emphasizes portability; because of
its lightweight modular design, it may also be considered a potentially practical assistive
option in selected users. The Hybrid Assistive Limb, known as HAL, is important because
it uses bioelectrical signals to support voluntary movement intention and has been stud-
ied in incomplete SCI, although regulatory availability differs across countries [47-50].

Candidate selection is central. Wearable exoskeleton training requires adequate up-
per limb strength, trunk control, bone health, joint range, body dimensions and cardio-
vascular tolerance. Contraindications may include unstable fractures, severe osteoporosis,
uncontrolled spasticity, pressure injuries, severe contractures, orthostatic intolerance or
inability to follow instructions. Even when safety criteria are met, real-world use can be
limited by donning and doffing time, supervision needs, transport, stairs, uneven terrain,
falls risk, device maintenance and cost. These issues explain why clinic-based training
outcomes may not translate directly into community ambulation. Table 2 summarizes rep-
resentative lower limb systems and their practical implications [51-54].

Table 2. Representative lower limb robotic and exoskeleton systems used in spinal cord injury re-
habilitation.

Robotic Ap- Training Environ-_ . Candidate SCI = Potential Ad- Practical Limita-
iy s Examples Primary Goal . .
proach/Citations ment Profile vantages tions
Thoracic SCI with Standing, ste Cost, supervision,
anding, - , supervision,
Wearable pow- Overground clini- Upright mobility, adequate upper . & Step” Pervisic
ReWalk, Ekso, , o ping, participationspeed, terrain lim-
ered exoskeletons cal or selected per-exercise and gait limb and trunk ca- . ) .
Indego . . . and cardiometa- its and donning
[45-48,51,53,54] sonal use practice pacity, selected in-, . L. .
bolic activation  time
complete SCI

Bioelectrically as-
sisted exoskeleton

Hybrid Assistive treadmill-based

Overground or May reinforce ac- Availability, cali-

Voluntary inten- Incomplete SCI
Y P tive participation bration and heter-

tion-linked gait ~ with detectable bi-

Limb rograms in spe- and sensorimotor ogeneous regula-
[47-50,53] p. g p assistance oelectrical signals . & &
cialized centers coupling tory access

Incomplete SCI or High dose, sym- Transfer to com-

Treadmill robotic Treadmill with ~ Repetitive loco- P .. & 5Y . .
. . . early gait training metry and re- munity walking
orthosis Lokomat body-weight sup- motor input and . .
. . when overground duced therapist may be incom-

[17,18,49,51-54] port gait restoration L. .

practice is unsafe physical load plete
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Body-weight-sup-
port robotic sys-
tems

Treadmill or over-

ground body-

weight-support  Clinical gait labor- Safe stepping, bal-
systems, includingatory or therapy ance and progres-

Broad SCI profiles Flexible integra-

. . . Labor intensive
depending on as- tion with manual

. when not robot-
sistance and thera-cues and over-

Andago- or gym sive loading . ized
17,18,51,52,54 t t d task
[17,18,51,52,54] RYSEN-type sys- pist suppor ground tasks

tems

Incomplete SCI
Repetiti tep- di truc-
. Treadmill-like ro- . P e oeb  TICCCHE STHC Kinematic repeti- .

End-effector gait G-EO-type or ping trajectories tured stepping Less direct control

robots [48,53]

footplate systems

botic stepping
with distal control

ti d adjusta-
and gait-phase  without full exo- lon and adjusta

practice skeleton align-
ment

of proximal joints
ble assistance P J

Hybrid robotics
with FES
[11,17,53]

Exoskeleton o

Incomplete or

r Specialized reha- Active muscle re- complete SCI with

Biological activa- Fatigue, timing
tion, afferent in- complexity and

ait robot plus . . cruitment and ro- stimulable mus- L .
it robot pl itment and timulabl
bilitation settings . . . put and metabolic stimulation toler-
FES botic assistance  cles and intact
<kin demand ance

Abbreviations: FES, functional electrical stimulation; SCI, spinal cord injury.

Training intensity also differs across wearable systems. Some programs, including
those provided with Ekso-NR, begin with sit-to-stand practice, static balance and weight
shifting before progressing to straight walking, turns and variable surfaces. Others remain
confined to highly supervised indoor sessions. These differences matter because exoskel-
eton walking is a complex motor task that requires the user to coordinate upper limb sup-
port, trunk alignment, device timing and environmental attention. Fatigue can appear in
the shoulders and wrists even when the legs are powered by the device. This means that
a walking distance achieved in a laboratory should not be equated with practical commu-
nity mobility unless speed, terrain, supervision and recovery time are also considered.

Long-term adherence is therefore a practical outcome, not a secondary detail. Home-
based or personal exoskeleton use may extend training dose beyond the clinic, but it also
transfers part of the safety burden to users, caregivers and community therapists. Device
abandonment can occur because of discomfort, shoulder or wrist fatigue, slow walking
speed, setup burden, limited environmental accessibility, insufficient technical support or
reimbursement barriers. Future studies should report not only walking distance and ses-
sion number, but also sustained use, reasons for discontinuation, caregiver time, adverse
events and whether device-assisted gains transfer to meaningful home or community ac-
tivities.

4.3. Locomotor Robotic Systems

Locomotor robotic systems such as Lokomat use treadmill-based robotic guidance
with body-weight support to deliver repeated stepping cycles. The therapeutic rationale
is based on task-specific locomotor input, symmetrical practice, adjustable guidance and
reduced therapist burden. Body-weight support systems can also be used without a ro-
botic orthosis, and end-effector devices can reproduce stepping trajectories through distal
foot plates. These approaches are attractive in inpatient and early outpatient rehabilitation
because they allow individuals with weakness to practice stepping safely before over-
ground gait is feasible [55,56]. They also make it possible to standardize intensity, dura-
tion and kinematics, although excessive guidance may reduce active participation if not
adjusted carefully.

The main limitation of treadmill-based RAGT is that the practiced task may differ
from real-world walking. Community ambulation requires variable speed, turning, ob-
stacle negotiation, attention, endurance, balance reactions and environmental decision-
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making. Robotic stepping can support foundational components, but it should be embed-
ded in a broader gait rehabilitation program that includes overground practice when fea-
sible. In incomplete SCI, the combination of robotic stepping, strength training, balance
training and task-specific overground practice is often more clinically plausible than reli-
ance on one modality. Device-derived parameters, including guidance force and active
contribution, may help clinicians progress training, but these metrics require standardi-
zation before they can guide prescription across centers [57-59].

Therapist input remains essential even when a robotic system provides the mechan-
ical stepping pattern. The therapist adjusts body-weight support, monitors skin and auto-
nomic responses, encourages active effort, manages spasticity and decides when to reduce
guidance. The patient must learn to tolerate upright posture, interpret feedback and trans-
fer gains to less constrained tasks. For this reason, RAGT should be considered a compo-
nent of a multimodal locomotor program rather than a replacement for skilled rehabilita-
tion. Its strongest role may be to make high-dose stepping feasible while preserving ther-
apist attention for decision-making, cueing and individualized progression.

4.4. End-Effector Devices

End-effector devices represent a distinct category within lower limb robotic systems
because they guide gait through distal footplates or trajectory-controlled stepping plat-
forms rather than by controlling the entire limb through a joint-aligned exoskeleton. This
design can support repetitive, task-specific stepping, gait-phase practice, proprioceptive
input, balance-related stepping and locomotor training while reducing some of the align-
ment constraints associated with full exoskeleton systems. Early clinical descriptions and
systematic reviews contextualized end-effector systems within RAGT for SCI and related
neurological populations [60,61].

In clinical practice, end-effector devices may be especially relevant for incomplete
SCI when overground stepping is not yet safe, reproducible or sufficiently intensive. Their
distal-control architecture may facilitate repeated stepping trajectories and adjustable as-
sistance, but it provides less direct control of hip, knee and pelvic motion than exoskele-
ton-based systems. Therapist supervision therefore remains essential to monitor trunk or
pelvic compensations, adapt body-weight support and integrate gains into overground
walking. Feasibility and SCI-specific studies, including pilot work on neurophysiological
outcomes, suggest potential benefits for gait ability, lower limb strength, balance, propri-
oception and functional ambulation, but available evidence remains limited by small sam-
ples and heterogeneous protocols [62-65]. End-effector robots should therefore be consid-
ered as components of a multimodal locomotor program rather than as stand-alone sub-
stitutes for individualized gait rehabilitation.

4.5. Current Evidence and Limitations

The evidence for lower limb robotics is broader than for upper limb robotics, but it
remains heterogeneous. Meta-analyses and systematic reviews suggest that RAGT may
improve selected walking and functional outcomes in SCI, especially in incomplete le-
sions, but effects vary by outcome measure, time since injury, intervention dose and study
design [66—68]. Exoskeleton studies show feasibility, high user interest and improvements
in training performance over time. Walking speed, however, often remains below thresh-
olds required for efficient community ambulation. This limitation is not trivial. A device
that allows a person to walk in the clinic may still be impractical for independent daily
mobility if speed, terrain adaptability and setup demands are unfavorable [69-71].

Secondary health benefits may be clinically important even when independent am-
bulation is not achieved. Standing, stepping and upright exercise can influence cardiomet-
abolic load, spasticity, bowel function, pain, body image and participation. Yet these ef-
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fects are not uniform and should not be overgeneralized. The strongest current message
is that lower limb robotic systems are feasible and potentially valuable when selected for
the right patient and goal. The evidence does not support a universal prescription model.
High cost, limited access, staff training needs and reimbursement barriers further restrict
implementation. Future trials should separate restorative gait outcomes from assistive
mobility, exercise and non-motor outcomes, because each requires different metrics and
different expectations [72-75].

The most defensible interpretation is that lower limb robotics can expand the reha-
bilitation menu, but cannot remove the physiological and environmental barriers that de-
termine walking in SCI. Complete injuries may gain standing, exercise, bowel-related rou-
tines, spasticity relief, mood benefits or participation experiences without achieving inde-
pendent walking. Incomplete injuries may gain more direct locomotor recovery, espe-
cially when robotic training is combined with overground practice and progressive reduc-
tion in assistance. These different benefit profiles should be communicated clearly to pa-
tients before training starts.

5. Beyond Motor Recovery: Sensory and Non-Motor Effects of Robotics

Robotic rehabilitation in SCI should not be evaluated only through motor recovery.
Many individuals live with sensory impairment and secondary health conditions that
strongly influence quality of life, participation and healthcare use. Spasticity, neuropathic
pain, cardiovascular deconditioning, orthostatic intolerance, bowel dysfunction, bone
loss, pressure injury risk, fatigue and psychological distress can be as disabling as the mo-
tor deficit itself [76-78]. Robotic technologies may influence these domains through re-
peated movement, upright loading, rhythmic afferent input, exercise intensity, social par-
ticipation and perceived agency. The evidence is uneven, so each outcome should be in-
terpreted according to standardized levels of certainty rather than inferred from device
exposure alone.

Sensory effects deserve explicit consideration. Proprioceptive input, load-related af-
ference, cutaneous stimulation from device interfaces and visual feedback may support
body-schema updating and sensorimotor recalibration during robot-assisted therapy.
Sensory preservation may also moderate response because patients with residual propri-
oception or cutaneous feedback can often use error information more effectively during
active practice. However, sensory outcomes are rarely primary endpoints in SCI robotics
studies, and changes in sensibility, proprioception, pain interference and embodiment are
often measured inconsistently. Future protocols should include formal sensory examina-
tion and patient-reported sensory or body-perception measures when sensory recovery
or sensory compensation is part of the therapeutic rationale.

Spasticity is one of the most frequently discussed non-motor targets. Repetitive step-
ping, stretching, reciprocal movement and upright loading may transiently reduce muscle
tone in selected individuals, possibly through modulation of spinal excitability and recip-
rocal sensorimotor activation [79,80]. The effect is not uniform, and fatigue, pain, inappro-
priate speed or poor alignment may worsen spasms in some patients. For this reason,
spasticity should be monitored before and after robotic sessions using clinician-rated and
patient-reported measures. Recent dose-oriented evidence also suggests that wearable
powered overground exoskeleton training may reduce spasticity in a dose-dependent
manner, although these findings require prospective confirmation and should not be over-
generalized [81].

Pain outcomes require even greater caution. Neuropathic pain after SCI is biologi-
cally heterogeneous and may be influenced by sensory deafferentation, central sensitiza-
tion, sleep, mood, physical conditioning and functional participation. Robotic training
may help some individuals by increasing movement, changing attention, improving self-
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efficacy or reducing musculoskeletal overload from prolonged sitting. It may also aggra-
vate pain if harnesses, orthoses, straps or repetitive loading irritate joints and soft tissues
[82,83]. Robotics should therefore not be framed as an analgesic intervention, but as a pos-
sible component of a broader pain management strategy when mechanical triggers are
avoided.

Cardiovascular, metabolic, bowel, bladder, bone and pressure-related outcomes
should be monitored directly rather than inferred from step counts or training exposure
alone. Exoskeleton walking can increase heart rate and oxygen consumption compared
with sitting, although intensity varies widely and may remain moderate [84-86]. Upright
posture, trunk movement and scheduled activity may influence bowel routine efficiency,
whereas bladder effects are less consistently supported and should be discussed cau-
tiously [87,88]. Robotic standing and stepping provide mechanical loading, but whether
the dose is sufficient to preserve or restore bone mineral density remains uncertain [89].
Quality of life, participation, psychological and embodiment effects may be highly mean-
ingful because upright interaction, visible progress and technological agency can influ-
ence self-efficacy, motivation and perceived identity [90-93]. Table 3 therefore classifies
the strength of evidence as moderate, limited, preliminary or mechanistically plausible,
avoiding stronger claims than the available data support.

Table 3. Sensory and non-motor domains potentially influenced by robotic rehabilitation in spinal

cord injury.

Non-Motor Do-
main/Citations

Proposed Mechanism

Evidence Level

Most Relevant Robotic
Approaches

Clinical Interpretation

Sensory effects [20-28]

Proprioceptive, load-re-
lated, cutaneous and
visual feedback; body-
schema updating

Mechanistically plausi-
ble; preliminary clinical
evidence

RAGT, body-weight
support, upper limb ro-
botics, VR/BCI-linked
systems

Measure sensory
change directly; sensory
preservation may mod-
erate response

Spasticity [78-81]

Rhythmic afferent in-
put, stretching, recipro-

Preliminary to moder-

Robotic gait training,
exoskeleton walking,

May improve transi-
ently in selected pa-
tients and should be

cal stepping and active  ate FES-hybrid stepping monitored with tone
movement and goal-based
measures
Activity, mood, sleep, - Potential indirect bene-
. . . . Exoskeleton training, . .
Neuropathic pain attention and possible . . . fit, but pain may also
. Limited upper limb robotics, .
[79,82,83,90,93] modulation of sensory . worsen with pressure
. multimodal programs .
input or fatigue
Cardiovascular and Upright exercise, mus- Moderate for physio- Overground exoskele-  Useful as part of struc-

metabolic health
[73,75,77,84-86,89]

cle pump activation and
increased energy ex-
penditure

logical load, limited for
long-term outcomes

tons, intensive RAGT,
FES cycling plus robot-
ics

tured exercise prescrip-
tion rather than isolated
exposure

Orthostatic tolerance

Repeated verticalization

Standing exoskeletons,
body-weight support

Monitor blood pressure,

[84,86,39] a}’ld autonomic adapta-  Limited and gradual upright symptoms and injury
tion . level carefully
training
Upright posture, trunk Exoskeleton walking Promising domain, but
Bowel function [87,88]  movement, stepping Preliminary and repetitive gait ro- protocols and measures

and increased activity

botics

need standardization
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Bone health [75,89]

Mechanical loading and
weight-bearing expo-
sure

Indirect and limited

Standing frames, exo-
skeletons and robotic

stepping

Dose may be insuffi-
cient for major bone ef-
fects in chronic severe
osteoporosis

Pressure injury risk
[78,91]

Reduced sitting time
and pressure redistribu-
tion

Mechanistically plausi-
ble

Verticalization, exoskel-
eton standing and mo-
bility programs

Requires skin checks
because devices can cre-
ate focal pressure

Quality of life and par-
ticipation
[56,59,78,92,93]

Agency, upright inter-
action, visible progress
and social engagement

Preliminary to moder-
ate

Wearable exoskeletons
and goal-oriented up-
per limb robotics

Highly patient-specific
and best captured by
participation and satis-
faction outcomes

Psychological and em-
bodiment effects
[26,57,92,93]

Body ownership, self-
efficacy, motivation and
perceived upright iden-
tity

Preliminary

BClI-linked systems, VR
robotics and over-
ground exoskeletons

Clinically meaningful
but vulnerable to expec-
tation bias

Abbreviations: BCI, brain-computer interface; FES, functional electrical stimulation; RAGT, robot-

assisted gait training; SCI, spinal cord injury; VR, virtual reality.

6. Robotics Combined with Advanced Neurotechnologies

One possible future direction for robotic rehabilitation in SCI is the integration of
robotic systems with adjunctive neurotechnologies, although this approach remains at an
early stage of clinical validation. Functional electrical stimulation (FES) can activate para-
lyzed muscles, provide afferent input and increase metabolic demand. When combined
with robotics, FES may reduce passive movement, increase active muscle recruitment and
create a closer coupling between intention, stimulation and movement [94,95]. Hybrid
systems that combine exoskeletons with FES are conceptually attractive because they can
distribute work between external actuators and biological muscle. However, current evi-
dence is still mainly derived from small, heterogeneous or proof-of-concept studies, and
superiority over well-dosed robotic or conventional rehabilitation alone has not yet been
established. The practical challenge is synchronization. Stimulation timing, fatigue, spas-
ticity, skin tolerance and individualized muscle responses must be managed carefully.

Virtual reality and gamification can increase engagement and provide meaningful
feedback during repetitive training. This is important because robotic therapy can other-
wise become monotonous. A virtual environment can convert reaching, grasping or step-
ping into goal-directed tasks, while performance scores can support motivation and pro-
gression. In SCI, virtual feedback may also contribute to embodiment by linking at-
tempted movement to visible consequences. However, gamification should not replace
clinical reasoning. A game that increases repetitions without targeting a relevant activity
may improve engagement but not necessarily function. The best designs are those that
connect therapeutic tasks with real-world goals, such as reaching for objects, navigating
obstacles or controlling posture during dual-task walking [96,97].

Brain—computer interfaces (BCls) and brain-machine interfaces (BMlIs) provide a
more direct link between neural intention and robotic action. Experimental systems have
enabled exoskeleton or orthotic control from cortical signals, and some multimodal train-
ing protocols combine electroencephalography, virtual reality, tactile feedback and ro-
botic gait assistance [98-100]. These approaches are mechanistically compelling, but their
clinical role remains preliminary because most evidence comes from experimental or
highly specialized settings. These approaches are attractive because they link neural in-
tention with robotic action, but their implementation remains technically demanding be-
cause of signal quality, calibration time, cognitive load, reliability, cost and specialized
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infrastructure requirements. Current evidence supports feasibility and scientific promise
more strongly than routine clinical implementation.

Non-invasive brain stimulation may modulate cortical excitability and thereby in-
crease responsiveness to robotic training. Transcranial direct current stimulation has been
paired with robot-assisted arm training in chronic incomplete cervical SCI, with proof-of-
concept evidence suggesting possible benefit [101]. Repetitive transcranial magnetic stim-
ulation and spinal stimulation approaches are also being explored as ways to alter excita-
bility and promote training-induced plasticity [102,103]. Pilot work in spinal cord lesions
further supports the feasibility of pairing robot-assisted rehabilitation with non-invasive
neuromodulation, although evidence remains preliminary and protocols require valida-
tion [104]. The general principle is to pair neuromodulation with task-specific practice so
that excitability changes occur in a behaviorally relevant context. The optimal stimulation
site, timing, dose and responder profile remain uncertain. Accordingly, these combined
protocols should currently be interpreted as hypothesis-generating strategies rather than
established therapeutic standards.

Artificial intelligence (AI) and machine learning are beginning to influence robotic
rehabilitation through adaptive control, prediction of responders and personalized pro-
gression. Algorithms can use kinematic, electromyographic, physiological and clinical
data to estimate performance, fatigue or assistance needs. In theory, this could support
the transition from fixed protocols toward more adaptive rehabilitation models, but this
potential requires prospective validation before routine clinical use [105-107]. The same
data streams could support digital rehabilitation records, home monitoring and bench-
marking across centers. These possibilities require rigorous validation, transparency and
governance. A black-box model that changes assistance without understandable clinical
logic may create safety and ethical concerns.

Clinical deployment of these systems also raises regulatory and ethical questions. Al-
supported or closed-loop robotics require transparent performance metrics, cybersecurity
safeguards, privacy-preserving data governance and clinician oversight of any algorithm-
driven dose progression. Explainability is particularly important when assistance levels,
progression rules or risk alerts are generated from multidimensional sensor streams.
Without prospective validation, audit trails and bias monitoring, adaptive systems may
amplify inequities or create safety responsibilities that are difficult to assign. These re-
quirements should be considered part of clinical readiness rather than optional technical
refinements.

Closed-loop rehabilitation should be interpreted broadly. It can mean a robot that
adjusts assistance based on force output, a BCI that triggers movement based on motor
intention, an FES system that responds to gait phase or an artificial intelligence platform
that recommends dose progression. The common feature is feedback-driven personaliza-
tion. Figure 3 illustrates how robotics can be combined with FES, virtual reality, BCI or
BMI systems, non-invasive brain stimulation and Al-driven adaptation. The most clini-
cally responsible position is cautious optimism. These combinations are promising and
scientifically aligned with neuroplasticity, but many remain immature for routine pre-
scription outside specialized centers [108-113].
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Figure 3. Adjunctive neurotechnologies that may be combined with robotic rehabilitation in spinal
cord injury. These approaches include functional electrical stimulation, virtual reality, gamified
feedback, brain-computer or brain—-machine interfaces, non-invasive brain stimulation and artificial
intelligence-assisted adaptive control. They should be interpreted as promising adjuncts rather than

routine clinical standards.

Taken together, combined approaches integrating robotics with FES, virtual reality,
BCI/BMI systems, non-invasive brain stimulation and Al-driven adaptation should be
viewed as biologically plausible and potentially valuable adjuncts rather than validated
routine standards. The available evidence remains largely preliminary, with frequent lim-
itations related to small sample sizes, heterogeneous protocols, short follow-up, special-
ized settings and limited comparative data against well-dosed robotic-only or conven-
tional rehabilitation programs. Their clinical use should therefore remain cautious, goal-
directed and restricted to carefully selected patients, with predefined safety criteria, fea-
sibility outcomes, regulatory oversight, explainable control logic and clinically meaning-
ful endpoints rather than assumptions based on technological novelty alone.

7. A Clinical Framework for Personalized Robotic Rehabilitation in SCI
7.1. Stratification by SCI Severity

A severity-based framework for robotic rehabilitation should start with injury level
and AIS grade because these variables shape both biological potential and clinical priori-
ties. In the chronic stage, motor-complete or sensory-incomplete cervical SCI, usually AIS
A or AIS B, often requires goals focused on assistance with activities of daily living, upper
limb compensation, prevention of secondary complications, verticalization and quality of
life. Robotic hand or arm devices may be used to increase practice opportunities, but ex-
pectations for major voluntary recovery should be cautious unless residual pathways are
demonstrable. Wearable lower limb exoskeletons may be considered for standing and ex-
ercise if upper limb strength, trunk control and safety criteria are adequate, but caregiver
and environmental demands must be explicit [114,115].

Complete thoracic SCI creates a different profile. Upper limb function is usually pre-
served, so lower limb exoskeletons may be feasible for upright exercise, standing practice,
participation and secondary health benefits. The goal is often not independent community
walking, although selected individuals may achieve supervised or limited personal use.
The prescription should therefore define whether the primary target is exercise, bowel
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routine support, spasticity modulation, bone loading, psychological benefit or social par-
ticipation. Ambulation metrics remain relevant, but they should not be the only markers
of success. For many individuals with chronic complete thoracic SCI, the key question is
whether the program provides benefits that justify time, cost and assistance needs
[116,117]. For many individuals with motor-complete SCI, the most realistic exoskeleton-
related outcomes may be supervised upright exercise, standing exposure, participation
experience or secondary health benefits rather than independent community ambulation.

Incomplete cervical SCI, usually AIS C or AIS D, is one of the most important popu-
lations for upper limb restorative robotics. Residual descending motor control and sen-
sory feedback can support task-oriented reach-to-grasp training, hand opening practice,
robotic assistance and feedback-based motor learning. The goals often include dexterity,
strength, coordination, self-care and independence in activities of daily living. The clinical
prescription should identify whether the limiting factor is proximal weakness, distal hand
control, sensory loss, spasticity, pain or endurance. This distinction determines whether a
proximal arm robot, hand exoskeleton, electromyography-triggered device, soft glove or
combined occupational task program is most appropriate [118,119].

Incomplete thoracic or lumbar SCI is the group in which restorative gait robotics may
have the clearest rationale. If voluntary lower limb activation is present, robotic gait sys-
tems can provide high-dose stepping while preserving safety and repetition. Wearable
exoskeletons may support overground task practice, confidence and balance progression.
Treadmill-based systems may be valuable when overground walking is not yet safe. The
expected targets include gait restoration, endurance, balance, neuroplasticity and com-
munity mobility when feasible. Time since injury matters. Early training may exploit
spontaneous recovery and heightened plasticity, while chronic training may focus on mo-
tor relearning, conditioning and prevention of deconditioning [120,121].

Severity stratification should be understood as a starting point rather than a substi-
tute for individualized assessment. Two people with the same AIS grade can differ in sen-
sory preservation, autonomic tolerance, spasticity, hand dominance, cognition, pain and
social support. These differences may completely change device suitability. The practical
advantage of a severity-based framework is that it prevents clinicians from applying the
same expectation to all patients. It encourages a distinction between restitution, substitu-
tion, conditioning and participation. It also makes it easier to explain why a person may
receive a robot for exercise or upright experience rather than for walking recovery.

A further implication is that contraindications should be treated as modifiable or
non-modifiable rather than as a simple exclusion list. Limited range of motion, decondi-
tioning or orthostatic intolerance may improve with preparation. Severe osteoporosis, un-
stable skin or unsafe cognition may require alternative strategies. This distinction allows
clinicians to create a pathway toward robotic use when appropriate while avoiding unsafe
enthusiasm.

7.2. Stratification by Rehabilitation Goals

Goal-based stratification complements severity stratification. Hand dexterity should
direct clinicians toward upper limb exoskeletons, end-effector systems, soft robotic gloves
or electromyography-triggered hand assistance. Upright mobility should lead to wearable
exoskeleton evaluation, provided that safety criteria are met. Recovery-oriented goals
should prioritize assist-as-needed robotics, high-repetition task practice and active partic-
ipation. Cardiovascular conditioning may justify overground exoskeletons, intensive
RAGT or FES-cycling combinations. Spasticity management may justify repetitive gait ro-
botics or upright stepping when clinically appropriate. Community ambulation requires
the strictest scrutiny because it depends on speed, endurance, balance, device usability,
environment and caregiver availability [122,123].

https://doi.org/10.3390/brainsci16070732



Brain Sci. 2026, 16, 732

19 of 32

A personalized prescription should define the expected therapeutic target before the
intervention begins. For example, a patient may train with an exoskeleton to increase
walking independence, improve exercise tolerance, reduce sitting time or enhance partic-
ipation. These are distinct targets and should be measured differently. Walking independ-
ence may require the 10-Meter Walk Test, 6-Minute Walk Test, Walking Index for Spinal
Cord Injury, balance tests and real-world step counts. Exercise conditioning may require
heart rate, perceived exertion and metabolic metrics. Participation may require goal at-
tainment, community activity and satisfaction. Compared with existing locomotor prac-
tice guidance, the present framework adds a robotic prescription layer that links AIS
grade, injury level, residual function, safety screening, device choice and outcome moni-
toring [124,125] (see table 4).

Table 4. Proposed severity-based and goal-oriented clinical prescription framework for robotic re-

habilitation in spinal cord injury.
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Early incom-
plete SCI
[51,52,55,72,116—
122,124,125]

High-dose re-
covery-oriented

practice and

prevention of
deconditioning

Treadmill Motor score,
Medical stability RAGT, body- Stepping inten-  Avoid excessive = WISCIII,
and ability to weight support, sity, motor re- guidance that 10MWT, 6MWT

contribute ac- progressive covery and con-  reduces active and device-de-
tively overground ro-  fidence effort rived active par-
botics ticipation

Abbreviations: 6BMWT, 6-Minute Walk Test; 1I0MWT, 10-Meter Walk Test; ADL, activities of daily
living; ASIA, American Spinal Injury Association; AIS, ASIA Impairment Scale; ARAT, Action Re-
search Arm Test; EMG, electromyography; GRASSP, Graded Redefined Assessment of Strength,
Sensibility and Prehension; QoL, quality of life; RAGT, robot-assisted gait training; SCI, spinal cord
injury; SCIM, Spinal Cord Independence Measure; WISCI II, Walking Index for Spinal Cord Injury
1L

Residual function is the operational bridge between severity and device selection. A
person with trace hip activation but poor balance may need treadmill-based robotic step-
ping before overground exoskeleton training. A person with strong shoulder flexion but
weak hand opening may need a distal device rather than proximal gravity support. A
person with complete thoracic SCI and excellent upper limb strength may be a candidate
for supervised exoskeleton walking, while a person with severe osteoporosis may not be
safe despite strong motivation. The framework should therefore be applied as a clinical
reasoning aid, not as a validated algorithm or checklist that automatically assigns devices
[126].

Goal stratification should be revisited throughout rehabilitation. A person who ini-
tially uses a device for verticalization may later train for endurance, or a patient who be-
gins with dexterity practice may shift toward compensatory assistance when recovery
plateaus. This dynamic view is important because SCI rehabilitation is not a single epi-
sode. It is a long-term process in which goals change with medical stability, family roles,
employment, equipment access and personal identity. Robotic prescription should there-
fore include review points, stopping rules and criteria for escalation or transition to an-
other device [127].

Outcome domains must mirror the selected goal. A trial of hand robotics focused on
feeding should not be judged only by grip strength. An exoskeleton program prescribed
for cardiometabolic conditioning should record exercise intensity and tolerance rather
than only walking independence. A program prescribed for participation should include
goal attainment, satisfaction and real-world activity. This alignment is also important for
reimbursement and health policy, because a device may appear ineffective if evaluated
with endpoints that do not match the reason it was prescribed.

7.3. Proposed Prescription Matrix and Iterative Dose Adaptation

The proposed prescription matrix begins with injury level and AIS grade because
these variables shape both biological potential and clinical priorities. Cervical injuries usu-
ally require explicit consideration of upper limb, hand function and activities of daily liv-
ing, whereas thoracic and lumbar injuries more often shift the focus toward standing, gait,
exercise and participation. AIS A/B profiles should be interpreted cautiously as motor-
complete or sensory-incomplete categories rather than as a single complete-injury group,
while AIS C/D profiles generally indicate incomplete injury with greater residual motor
potential. Residual voluntary function should then be examined at the joint and task level,
because this information is more clinically informative than global severity alone. Robotic
therapy must match the movement that can be attempted, assisted, trained or substituted.

The clinician should then identify the dominant rehabilitation goal. A goal may be
hand dexterity, ADL support, upright mobility, gait restoration, endurance, spasticity
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management, cardiometabolic conditioning, bowel routine support, participation or qual-
ity of life. Time since injury modifies expectations and dose. In early and subacute reha-
bilitation, robotics may be used to increase safe repetitions while recovery is evolving. In
chronic SCI, robotics may still improve task performance, conditioning, participation or
self-efficacy, but restorative claims should be individualized. Safety screening follows.
Bone density, skin integrity, orthostatic tolerance, autonomic risk, spasticity, pain, range
of motion, cognition, cardiopulmonary status and anthropometry must be assessed before
exoskeleton use or intensive RAGT. A practical safety, contraindication and feasibility
checklist for this screening step is provided in Supplementary Table S3. Environmental
feasibility then determines whether the intervention is clinic-based, home-based, commu-
nity-oriented or primarily experimental. The final step is outcome monitoring, which
should be aligned with the selected goal [128]. Suggested goal-specific outcome domains,
measurement tools, device-derived metrics and monitoring time-points are summarized
in Supplementary Table S4.

Figure 4 presents the proposed framework as a simplified 2 x 2 clinical reasoning
matrix rather than as a rigid algorithm. The matrix organizes prescription logic according
to injury level and AIS grade, and links each profile to dominant rehabilitation priorities,
candidate robotic strategies and outcome domains. The central prescription gates empha-
size residual voluntary function, primary rehabilitation goal, time since injury, safety
screening and environmental feasibility. The lower reassessment loop indicates that ro-
botic prescription should be iterative, response-guided and modifiable over time accord-
ing to tolerance, progression, changing goals and clinically meaningful outcomes [129].

This framework has not yet undergone prospective validation. Its immediate role is
to make prescription logic explicit and testable. Future validation should include Delphi
consensus procedures, prospective cohort studies, multicenter pragmatic trials, imple-
mentation registries and responder-profiling studies. Such work should evaluate whether
framework-guided prescription improves goal concordance, safety, adherence, outcome
selection, cost-effectiveness and patient-reported relevance compared with device-availa-
bility-driven selection.

SAFETY SCREENING BEFORE PRESCRIPTION

@ Skin %- Autonomic risk ﬂ Spasticity @ Pain @3 Cognition
AIS A/B AIS C/D

Priority:  dexterity recovery

Priority: ADL support

Strategy: hand devices, e

T - h i
upper-imb robotics Strategy: arm/hand robotics

/ PRESCRIPTION ™\,
CERVICAL 4 GATES \

Outcomes: SCIM, GRASSP ® Residual function Outcomes: GRASSP, ARAT, SCIM

® Goal

® Time since injury
Priority: standing and ® Safety

v Priority:  gait restoration
participation

® Environment
Strategy: exoskeletons,
standing systems

Strategy: robotic gait training

THORACIC/ s
Outcomes: upright time, Outcomes: 10MWT, 6MWT,
participation wiscii
ENVIRONMENTAL FEASIBILITY
é;\ Accessibility ;‘% Staff P Device availability @ Funding
REASSESS AND ADAPT DOSE
—p E Adjust — {i Progress — G Revise

Conceptual clinical reasoning aid; not a validated decision rule.

Figure 4. Simplified prescription matrix for personalized robotic rehabilitation in spinal cord injury.

The matrix is intended as a conceptual clinical reasoning aid and not as a validated decision rule.

https://doi.org/10.3390/brainscil16070732



Brain Sci. 2026, 16, 732

22 of 32

8. Challenges and Future Perspectives

The future of robotic rehabilitation in SCI depends on moving from access to intelli-
gence. Many centers now have at least some robotic technology, but fewer have structured
methods to identify responders, adjust dose or evaluate long-term value. Responder pro-
filing will require integration of neurological classification, physiological measurements,
imaging, device-derived metrics, autonomic status, patient goals and environmental con-
text [130,131]. These measurements may include corticospinal excitability, electromyo-
graphic activation patterns, sensory preservation, gait variability, kinematic smoothness
or measures of autonomic regulation. They should not be used to deny access prema-
turely, but they may help align expectations and personalize protocols.

Al may support personalization if it is used responsibly. Adaptive controllers can
reduce assistance when the patient improves, detect fatigue and vary task difficulty. Pre-
dictive models may estimate which patients are likely to benefit from a given strategy.
Digital platforms may support home robotics, telerehabilitation and remote monitoring.
Yet these innovations raise ethical, regulatory and economic issues. Data privacy, cyber-
security, algorithmic bias, lack of explainability, device abandonment, unequal access and
unclear reimbursement can undermine clinical benefit [132,133]. Home robotics is partic-
ularly attractive for long-term dose, but it requires safety, usability, technical support and
caregiver integration. At present, Al-driven adaptive robotics should be considered a de-
cision-support and dose-adjustment concept rather than an independently validated pre-
scription tool.

Soft robotics may reduce barriers by creating lighter, more comfortable and more
task-specific devices. Soft gloves, wearable actuators and textile-based systems could sup-
port daily hand assistance or high-repetition home practice without the bulk of rigid ro-
bots. For lower limbs, lighter exosuits and hybrid devices may improve portability and
energy efficiency. The main challenge is to preserve enough mechanical support and reli-
ability for people with severe weakness while maintaining comfort and affordability
[134,135]. The distinction between assistive technology and therapeutic robotics may be-
come less rigid as devices move into daily life.

Real-world implementation knowledge is equally important. Robotic programs re-
quire trained staff, maintenance, screening pathways, emergency procedures, outcome
dashboards and realistic patient education. Cost-effectiveness studies are needed because
the purchase price of a robot is only one part of implementation. Staff time, throughput,
reimbursement, patient travel, caregiver involvement and long-term use determine value
[136,137]. Pragmatic trials and multicenter registries could capture real-world outcomes
better than small single-center studies. Equity should remain central. A robotic device or
program that benefits only a small group with access to specialized centers may widen
rehabilitation disparities [138,139].

From a real-world implementation perspective, the adoption of robotic rehabilitation
in SCI also depends on costs, workforce training, organizational sustainability and terri-
torial diffusion. Robotic programs require substantial upfront investment, dedicated
spaces, maintenance contracts, device-specific staff training, safety procedures, patient
throughput planning and reimbursement pathways. These requirements may limit diffu-
sion outside highly specialized rehabilitation centers, particularly in rural, community-
based or resource-limited services. Sustainable implementation should therefore be eval-
uated not only through technological performance or impairment-level outcomes, but also
through pragmatic indicators such as the number of eligible patients, therapist time per
session, donning and doffing time, equipment downtime, caregiver involvement, ad-
verse-event preparedness, cost per clinically meaningful outcome and feasibility of tran-
sition to outpatient, home-based or community programs. Staff training should include
neurological screening, fitting procedures, emergency release, fall prevention, skin pro-
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tection, autonomic monitoring, fatigue and spasticity management, and criteria for pro-
gression or discontinuation. Without these organizational conditions, robotic technologies
risk remaining high-visibility but low-reach interventions; with appropriate training, re-
imbursement models and stepped-care pathways, they may be integrated more realisti-
cally into specialized-center initiation, outpatient follow-up and selected supervised home
or community use.

Future research should also improve the language used to report robotic interven-
tions. Studies should describe not only device name and session duration, but assistance
level, active contribution, progression rules, therapist input, adverse events, dropouts and
home transfer. Standardized reporting would make trials more comparable and help cli-
nicians reproduce protocols. Registries could complement randomized trials by capturing
rare adverse events, durability, device abandonment and participation outcomes in real-
world settings.

Economic evaluation will become unavoidable as robotic programs expand. A device
that improves impairment but requires high staffing, expensive maintenance and limited
throughput may be difficult to justify without clear patient selection. Conversely, a device
with modest impairment effects may be valuable if it reduces caregiver burden, increases
activity or prevents complications. Ethical implementation should consider not only cost,
but also who gains access, who is excluded by anthropometric or cognitive criteria and
whether rural or under-resourced patients can benefit from digital or home-based models.

Training and credentialing also need attention. Safe robotic practice requires
knowledge of neurological examination, device mechanics, emergency release proce-
dures, fall prevention, autonomic dysreflexia, skin protection and fatigue management.
Programs should define who can screen, fit, supervise and progress each device. This is
not administrative detail. It directly affects safety, reproducibility and patient trust. As
devices become more portable, training standards will be needed for home caregivers and
community therapists as well as specialized centers.

Long-term surveillance should also record why patients stop using devices, because
abandonment can reflect poor fit, pain, fatigue, logistics, cost, stigma, limited support or
a goal that changed after the initial prescription in everyday clinical reality over time.

This patient-first interpretation also makes outcome selection more coherent, because
the same device can legitimately target impairment, activity, participation or prevention
depending on the clinical profile.

A structured prescription conversation should therefore include expected benefits,
realistic limitations, safety conditions, training burden and the measures that will define
success for that individual.

Such transparency is especially important when high-cost technologies are intro-
duced into rehabilitation pathways that already differ across regions, payers and levels of
specialist expertise.

Personalization should also protect patients from therapeutic inflation, where the
symbolic value of walking or advanced technology overshadows the practical value of
independence, comfort and participation.

The most defensible robotic program is consequently one that can explain why a de-
vice was selected, why a given dose was chosen and why the outcome measures reflect
the patient goal.

9. Limitations

This review has limitations. First, it is a narrative synthesis rather than a systematic
review, and no formal risk-of-bias assessment was performed. Although the search strat-
egy was structured and reported in the Supplementary Material, selection bias cannot be
excluded. Second, the evidence base is heterogeneous across SCI level, AIS grade, time
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since injury, device class, intervention dose, control condition and outcome measure,
which limits direct comparison across studies. Third, SCI-specific evidence remains lim-
ited for several technologies, and some mechanistic or implementation insights are ex-
trapolated from stroke rehabilitation or broader neurorehabilitation cohorts. Fourth, sen-
sory and non-motor outcomes are clinically important but often supported by prelimi-
nary, indirect or mechanistically plausible evidence rather than definitive trials. Finally,
the proposed prescription framework has not yet been prospectively validated and should
be interpreted as a structured clinical reasoning model that requires empirical testing.

10. Conclusions

Robotic rehabilitation has become an important component of contemporary SCI
care, but its clinical value depends on appropriate prescription. Upper limb robots, lower
limb exoskeletons, treadmill-based systems and hybrid neurotechnologies serve different
purposes and should not be selected only by availability or novelty. Injury level, AIS
grade, residual voluntary and sensory function, time since injury, safety and the person’s
priorities must shape the therapeutic plan. The framework proposed in this review em-
phasizes severity-based clinical reasoning and recognizes that robotics may support neu-
rorecovery in selected incomplete injuries while also providing exercise, verticalization,
assistance, participation and selected non-motor benefits in other profiles. Current evi-
dence supports feasibility and selected benefits, but remains heterogeneous and requires
more SCl-specific trials. The next phase of the field should be defined by prospective
framework validation, adaptive dosing, transparent outcome monitoring, explainable
control systems and equitable implementation.

A mature robotic rehabilitation program should define success by whether the se-
lected device advances a goal that is meaningful, safe, measurable and concordant with
the patient’s neurological profile and lived priorities.
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botic rehabilitation domains in spinal cord injury; Supplementary Table S3: Safety, contraindica-
tions, and feasibility checklist before robotic rehabilitation prescription in spinal cord injury; Sup-
plementary Table S4: Suggested out-come monitoring matrix for goal-oriented robotic rehabilitation
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