Received: 24 March 2026 | Revised: 18 June 2026 | Accepted: 11 August 2026 | Published online: 26 August 2026

REVIEW

Multimodal Interventions for Upper-Limb

Smart Wearable Technology
2026, Vol. 00(00) 1-34
DOI: 10.47852/bonviewSWT62029744

L)

BON VIEW PUBLISHING

Recovery After Cervical Spinal Cord Injury:
A Systematic Review and Quantitative

Synthesis

Krishnakumar Sankar!>" ©, Yazhini Arulselvam!

and Supriya Harikrishna'

! Department of Biomedical Engineering, Rajalakshmi Engineering College, India

Abstract: Cervical spinal cord injury (CSCI) leads to severe impairment of the upper limb, which leads to tetraplegia and decreased
independence in aspects of self-care and grasping. Conventional rehabilitation provides limited recovery, particularly in the case of com-
plete American Spinal Injury Association (ASIA) Impairment Scale (AIS) A-B injuries, and there is a growing interest in multimodal
rehabilitation strategies. This systematic review summarized evidence from 38 studies including pilot studies, preclinical investigations,
and randomized controlled trials published between 2016 and 2026. Interventions were systematically classified and data extracted for
the primary upper-limb outcomes, the Action Research Arm Test, grip strength, Graded Redefined Assessment of Strength, Sensibility
and Prehension, Upper Extremity Motor Score, and Spinal Cord Independence Measure. About three-quarters of the studies reported
improvements in at least one upper-limb outcome and almost half the studies had clinically meaningful improvements. However, 44%
of studies were judged to have a high or critical risk of bias due to small sample sizes and limited controls; more than 90% reported
no major safety concerns. Orthotic and robotic interventions maintained functional improvements, whereas hybrid neuromodulation
approaches led to the largest gains in grip strength. Pharmacological therapies were of little benefit. In conclusion, multimodal non-
invasive rehabilitation strategies might be promising for the improvement of upper-limb recovery after CSCI, but larger, high-quality
clinical trials are needed.

Keywords: cervical spinal cord injury, electrical stimulation, transcranial direct current stimulation, pharmacological intervention, robot-

assisted therapy

1. Introduction

Cervical spinal cord injury (CSCI) remains one of the most
severe forms of traumatic injury on a global scale [1, 2], frequently
leading to profound loss of upper-limb function and tetraplegia
that highly compromises independence in feeding, self-care, trans-
fers, grasping, and personal hygiene. The recovery of upper-limb
impairments is distinctly critical, as even modest gains in pinch
precision, grip strength, or prehension can drastically decrease
caregiver dependence and enhance the overall quality of life (QoL)
for individuals with cervical-level injuries [3].

Across the literature, it is evident that traditional rehabilita-
tion approaches focused on intensive occupational and physical
therapy have produced modest functional gains specifically in
motor-complete AIS A-B injuries where spontaneous axonal
regeneration across the lesion site is extremely restricted [4, 5].
These conventional approaches rely heavily on natural neuroplas-
ticity and residual motor pathways, which primarily develop in the
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first 6-12 months after injury, resulting in most patients remaining
dependent on caregivers or adaptive equipment [4, 5].

There was an unanticipated surge between 2016 and
2026 in multimodal regenerative and neurotechnological thera-
pies particularly designed to regain volitional upper-limb function
post-CSCI [6]. These contemporary interventions have included
cervical, transcutaneous, and epidural electrical stimulation that
modulates Ia-afferent pathways for up to 90% motor neu-
ron recruitment without direct motor neuron activation [7, 8].
Robotic exoskeletons deliver high-repetition task-oriented training
with adaptive assistance that progresses from passive to active-
constrained modes based on residual function [9, 10]. To facilitate
intention-driven grasp and release, myoelectric-powered orthoses
amplify residual electromyography (EMG) signals, providing
both home- and clinic-based training options with demonstrated
cross-education benefits [11, 12]. Brain—computer interfaces
(BCIs), both noninvasive high-density surface electromyography
(HD-sEMG) or electroencephalography (EEG) and implanted
electrocorticography (ECoG) systems, decode voluntary neural
signals to regain real-time hand control via functional electri-
cal stimulation (FES) or robotic gloves [13, 14]. Virtual reality
(VR) platforms augmented with vibrotactile feedback produce
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immersive motor relearning environments that enhance cortical
engagement, movement efficiency, and patient motivation [15,
16]. Targeted pharmacological agents include anti-Nogo-A anti-
bodies, riluzole, and neprilysin inhibitors such as thiorphan that
promote axon sprouting, neuroprotection, and pro-regenerative
transcriptional states in preclinical and early clinical models
[17-19]. Hybrid protocols that combine electrical stimulation with
robotics, VR, or BCI priming have demonstrated specifically
synergistic effects by simultaneously addressing high-repetition
practice, spinal excitability, and volitional drive [20].

Despite these advances, the current literature evidence base
continues to face significant methodological restrictions such as
high heterogeneity in injury and device parameters, predominantly
small sample sizes, and incomplete long-term follow-up data [21,
22]. Ethical considerations remain paramount across all interven-
tion categories, covering rigorous continuous safety monitoring
for invasive implants, rigorous informed consent procedures, and
equitable access concerns for expensive neurotechnologies [23].

The main aim of this systematic review is to perform a
quantitative synthesis on data from 38 studies published between
2016 and 2026, including proof-of-concept pilots, preclinical mod-
eling, randomized controlled trials (RCTs), and observational
cohorts. The review employs an organized classification frame-
work and standardized data extraction, centered on five validated
upper-limb outcome measures: Graded Redefined Assessment of
Strength, Sensibility and Prehension (GRASSP), Action Research
Arm Test (ARAT), grip/pinch strength, Spinal Cord Indepen-
dence Measure (SCIM), and Upper Extremity Motor Score
(UEMS). Quantitative synthesis on the selected studies shows
that approximately 75% report considerable improvements in at
least one upper-limb metric, with roughly 50% achieving clinically
significant thresholds.

To provide a structured overview of the technologies dis-
cussed in this review, wearable rehabilitation systems can be
broadly categorized into passive, active, and neural wearables

based on their functional characteristics (Figure 1). This classifi-
cation provides the conceptual basis for the following assessment
of specific rehabilitation modalities and points out the com-
plementary roles of structural support, powered assistance, and
physiological sensing in modern upper-limb rehabilitation after
CSCIL

2. Methodology

2.1. Study design

This systematic review followed the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
2020 guidelines. It provides a descriptive quantitative synthesis
of multimodal and single-modality interventions for upper-limb
functional recovery in CSCI, covering publications from 2016 to
2026. Because of high heterogeneity in study designs, popula-
tions, devices, and outcome reporting, formal meta-analysis was
not performed.

2.2. Search strategy

A comprehensive literature search was conducted in five elec-
tronic databases (PubMed, Embase, Scopus, Web of Science, and
Cochrane Library) for records published between January 1, 2016,
and May 31, 2026 (final search performed on June 10, 2026).
The search strategy was structured around three core concepts
combined using Boolean operators: (“cervical spinal cord injury”
OR “cervical SCI” OR CSCI OR tetraplegia OR quadriplegia)
AND (“upper limb” OR “upper extremity” OR hand OR arm
OR “hand function” OR grip OR prehension) AND (“epidural
stimulation” OR “spinal cord stimulation” OR “transcutaneous
stimulation” OR tSCS OR tDCS OR “robot-assisted training”
OR robotic OR exoskeleton OR myoelectric OR orthosis OR
“brain-computer interface” OR BCI OR “virtual reality” OR

Figure 1
Classification of wearable rehabilitation systems for upper-limb recovery following cervical spinal cord injury. Wearable technologies
are categorized into passive wearables, active wearables, and neural wearables according to their primary function. Representative

examples, clinical applications, and commonly reported functional outcome measures are summarized
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VR OR riluzole OR “Rho inhibitor” OR “anti-Nogo-A” OR
thiorphan OR pharmacological).

2.3. Inclusion and exclusion criteria

Our a priori inclusion criteria deliberately encompassed
relevant preclinical animal models (macaque, rat) with direct
translational relevance to human upper-limb motor recovery,
technical validation studies in healthy volunteers when explic-
itly linked to future SCI application, and user needs/acceptability
studies. These categories provide essential mechanistic, device
optimization, and implementation context. Primary efficacy con-
clusions and clinical significance statements are drawn exclusively
from the 26 human intervention/RCT studies; preclinical and
technical data support mechanistic interpretation and future trial
design only.

2.4, Study selection process

Two independent reviewers screened titles and abstracts of
1010 unique records after duplicate removal (n = 320). Full-
text assessment was performed on 290 articles. Ultimately, 252
full-text articles were excluded (wrong population n = 68; no
quantitative upper-limb outcomes n = 52; irrelevant interven-
tion n = 45; publication type/date n = 38; animal/epidemiology

n = 29; other n = 20). A total of 38 studies were included (26
human intervention/RCT, 5 preclinical macaque/rat, 4 techni-
cal validation, 3 user needs/acceptability). The PRISMA flow
diagram summarizes the process (Figure 2).

The numbers reported in the text exactly match the PRISMA
2020 flow diagram (Figure 2): 1330 records identified, 320 dupli-
cates removed, 1010 unique records screened at title/abstract
stage, 720 excluded, 290 full-text articles assessed for eligibility,
252 excluded with documented reasons, and 38 studies finally
included. Exclusion reasons at each stage were applied strictly
according to the a priori criteria listed in Table 1. A com-
pleted PRISMA 2020 checklist is provided as Supplementary
Material 1.

2.5. Data extraction

A standardized extraction form was used to capture author
and year, study design, population, sample size, devices/equip-
ment, intervention details, key numerical outcomes, follow-up,
and notes/limitations. Data were extracted independently by two
reviewers; discrepancies were resolved by consensus. Separate
tables were created for outcome-specific changes (grip/pinch
strength, ARAT, GRASSP, SCIM, UEMS) and for ethical/safety
information (Institutional Review Board [IRB] approval body/ID,
informed consent, guidelines followed, adverse events).

Figure 2
PRISMA 2020 flow diagram detailing the systematic search, duplicate removal, screening, eligibility assessment, and final inclusion of
38 studies on upper-limb recovery after cervical spinal cord injury (2016-2026)
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Table 1
Inclusion and exclusion criteria for the systematic review of multimodal upper-limb recovery interventions in cervical spinal cord
injury (2016-2026)

Category Inclusion criteria Exclusion criteria
Publication date and type 1. Peer-reviewed full-text articles, abstracts 1. Pre-2016 publications
with sufficient quantitative data, or preprints 2. Editorials, letters, or conference

published 2016-2026 (inclusive)
2. Systematic reviews/meta-analyses accepted

only for reference chaining

Population 1.

months)

2. Relevant preclinical animal models (macaque,
rat, cynomolgus monkey) with direct trans-

Human participants with traumatic or non- 1.
traumatic cervical SCI (C1-C8 levels, any AIS
A-D grade, acute <6 months or chronic >6

abstracts without extractable
quantitative data

3. Systematic reviews/meta-analyses as

primary studies

Non-cervical SCI (thoracic/lumbar

only)

2. Pediatric populations (<18 years)

3. Studies focused exclusively on lower-
limb or trunk function without
upper-limb data

lational relevance to human upper-limb

recovery

3. Healthy adult subjects for technical validation
of devices/stimulation when explicitly linked to

future SCI application

Intervention/exposure

including:

1. Electrical stimulation
(epidural/transcutaneous)
Robot-assisted training

BCl/neuroprosthetic hybrids
VR/augmented feedback
tDCS + robotics

X NN R WD

Any multimodal or single-modality intervention 1.
targeting upper-limb/hand motor recovery,

Interventions solely for pain man-
agement or spasticity without motor
outcome measures

2. Non-rehabilitative surgical procedures
(e.g., nerve transfers without functional
outcome reporting)

Myoelectric/EMG-driven orthoses

Conservative/orthotic protocols
Pharmacological agents (Rho inhibitors,

anti-Nogo-A, riluzole, thiorphan)

Outcomes Quantitative reporting of at least one validated 1. Studies with no upper-limb-specific
upper-limb functional or motor outcome: quantitative outcomes (qualitative
1. GRASSP (total or subscales) descriptions only)
2. ARAT 2. Exclusive focus on electrophysiolog-
3. Grip/pinch strength (N/lb/kg or %) ical biomarkers without functional
4. UEMS/ASIA motor score correlates
5. SCIM (total or self-care subscore)
6. Jebsen-Taylor Hand Function Test JTHFT),
Toronto Rehabilitation Institute-Hand
Function Test (TRI-HFT), Motor Activ-
ity Log-Amount of Use (MAL-AOU), or
kinematic measures (smoothness, path length)
Study design Any design: RCTs (including pilot/crossover), 1. Purely observational epidemiology
prospective/retrospective cohorts, case series/re- without intervention
ports, proof-of-concept pilots, technical 2. Animal studies without translational
validation studies, or preclinical translational upper-limb motor testing

experiments with human relevance 3.

Language and accessibility
extractable data tables/figures)

English-language full-text (or English abstract with

Non-English full-text publications

Non-English full texts without available
English translation

2.6. Classification of studies

The studies included were classified into 11 thematic
groups for synthesis: pure electrical stimulation approaches;
electrophysiological and observational studies on recovery path-
ways; transcutaneous spinal cord stimulation integrated with
rehabilitation/training; transcranial direct current stimulation
(tDCS) combined with robotic training; cervical transcutaneous

04

stimulation (technical/healthy subjects); robot-assisted training
(RAT) approaches; conservative and orthotic training approach-
es/myoelectric and EMG-driven devices; virtual reality-based
training approaches; brain—computer interface (BCI and neu-
rotechnological hybrids; pharmacological interventions; and user
needs and acceptability studies for assistive robotics (plus
technical validation).
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2.7. Risk of bias (RoB) assessment

RoB was assessed qualitatively and stratified by intervention
category using domains adapted from Cochrane RoB 2 and Risk
Of Bias In Non-randomized Studies - of Interventions (ROBINS-
I) tools (selection, performance, detection, attrition, reporting,
and applicability/translation). Two reviewers independently rated
each study; disagreements were resolved by consensus discussion
(a third senior reviewer was available but not required). Each cate-
gory was rated Overall RoB as Low, Moderate, High, or Critical,
with explicit justification recorded in Table 2. Because of sub-
stantial clinical and device heterogeneity, RoB was stratified a
priori by the 11 intervention categories rather than pooled across
all studies. Forty-four percent of studies received an overall rat-
ing of High or Critical, driven predominantly by small sample
sizes (median n ~ 10-20), absence of control arms in most device
pilots, and short follow-up durations. These limitations are explic-
itly acknowledged in the Abstract, Highlights, and Discussion
sections (Table 2).

2.8. Data synthesis

Because of substantial clinical and methodological hetero-
geneity, formal meta-analysis was not performed. Instead, a

descriptive quantitative synthesis was conducted. For each core
outcome (grip/pinch strength, ARAT, GRASSP, SCIM, UEMS),
we extracted all available pre—post numerical changes from stud-
ies that reported sufficient data. Unweighted means, medians,
and standard deviations (SDs) were calculated across extractable
data points only. No inverse-variance weighting or meta-analytic
pooling was applied. Studies reporting only qualitative descrip-
tions or percentage changes without baseline values were excluded
from the quantitative tables but retained in narrative synthesis. To
reduce the influence of extreme outliers (e.g., +1136% force gains
in n = 2 pilots), both mean and median values are reported, with
medians and interquartile ranges emphasized as more robust cen-
tral estimates. Sensitivity considerations (effect of excluding the
two largest outliers) are noted in the Results. This approach fol-
lows current guidance for descriptive synthesis when meta-analysis
is inappropriate (Cochrane Handbook, Chapter 12).

To provide an overview of the evolution of contempo-
rary rehabilitation technologies included in this review, Figure 3
summarizes the chronological progression of major multimodal
interventions reported between 2016 and 2026, highlighting the
transition from early neuromodulation and robot-assisted thera-
pies toward integrated approaches combining electrical stimula-
tion, BCIs, VR, pharmacological interventions, and home-based
rehabilitation.

Table 2
Risk of bias assessment of the 38 included studies on upper-limb recovery interventions for cervical spinal cord injury, stratified by
intervention category

% of Key bias domains Main reasons and impact (from

Intervention category Studies total Overall RoB (most affected) documents)

Pure electrical stimula- 2 5% Critical Selection, sample n = 2-5 humans; acute testing, no
tion (epidural Cervical size, performance controls; “small sample size”
Epidural Stimulation explicitly noted in strong mecha-
(CES)/Cervical Epidu- nistic data (90% recruitment) but
ral Electrical Stimulation limited long-term efficacy proof
(CEES))

Electrophysiological 2 5% Moderate Confounding Large n (305 and 405); objective
and observational (natural recovery) measures; strong prognostic value
(Motor Evoked Poten- of early MEP for UEMS/SCIM,;
tial (MEP)/Spinal Cord no intervention control
Injury Model Systems
(SCIMS))

tSCS + Rehab 3 8% Critical Selection, sample Mostly case reports (n = 1-2); dra-

size, confounding matic gains (SCIM +72, force
+1000%) but natural recovery
confound and “larger RCTs
needed”

tDCS + Robotic Training 2 5% Moderate Sample size, power Small but double-blind RCT (n = 9);

JTHFT trend only; “small sample
size restricts generalizability” and
“further larger studies necessary”

Cervical TSS (tech- 1 3% Critical Applicability/trans-  Healthy subjects only; torque
nical/healthy lation selectivity validated but “high
subjects) inter-subject variability” and

“need for SCI testing in dynamic
conditions”

Robot-assisted training 10 26% Moderate—high Sample size, Mostly small pilots (z = 1-26);

blinding grip +31% sustained, ARAT
+4.33; “larger trials required” and
“heterogeneity precludes strong

conclusions”

(Continued)
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Table 2
(Continued)
% of Key bias domains Main reasons and impact (from
Intervention category Studies total Overall RoB (most affected) documents)
Conservative/orthotic and 5 13% High Selection, sample Small pilots (n = 6-10); 28-45%
myoelectric size grip gains + cross-education; no
controls; “larger RCTs needed for
long-term ADL confirmation”
VR-based training 2 5% High Sample size, short Small n (1-5); acute efficiency gains
term only; high engagement but “small
exploratory sample” and no long-
term data
BCI and neu- 6 16% Critical Selection, sample Mostly single-case studies (n = 1-2);
rotechnological size volitional grasp restored (pinch +2
hybrids Ib, accuracy 83%); “future studies
examining long-term stability and
larger groups required”
Pharmacological 4 11% Low-moderate Minor (recruitment,  Multicenter RCTs; strong safety &
interventions delivery, post design; neutral primary UEMS
hoc) but secondary SCIM benefit in
subgroups; “recruitment difficul-
ties” and “patient heterogeneity”
noted
User needs and technical 3 8% Moderate-high Applicability Healthy/survey-based; needs assess-
validation ment robust (object handling 48%,
voice 57.6%); low physical risk
but “no patient efficacy data” and
“clinical efficacy in SCI requires
larger trials”
Figure 3
Evolution of upper-limb rehabilitation technologies for cervical spinal cord injury (2016-2026)
2016 2017 2018-2019 2020-2021 2022-2023 2024 2025 2026
N £ VN £ V. O L) )
biid — r bi b Y & i
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E?zﬂf:cz' :x:::eleﬁo:d e ﬁ.terfafes (:uél) ;:;‘:::‘e‘:“ :gclg ' X":eg:;i | [43] 77777777777
[7|]mua ion [9,10] [40] f il h ( [21] [24] NG101
— \ ‘ Y (Phase IIb RCT)
' 18]
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a Thiorphan
DESfiBabtic Myoelectric il \ Wearable ﬁ@ ECoG-BCI & )? i é\ aglil ; &) (i Home-based
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&e][zol [ 136] 7 13 Hybrid Rehabilitation (4] | —— Rehabilitation
a1 Approaches | (Clinical study) Computer-assisted M2
[22,23] L (Pilot studies)
(Clinical/feasibility studies) J g (Esasibilhy.stices)

B\ J

Early exploration of Emergence of robotic Development of brain— Refinement of invasive

neurostimulation and devices and myoelectric computer interfaces and stimulation and emergence

robot-assisted training technologies wearable robotic systems of implantable BCI

Expansion of stimulation
VR and advanced

biosignal interfaces

strategies and hybrid
(multimodal) rehabilitation

Integration of immersive

Rise of pharmacological Move toward accessible,
home-based and remote

rehabilitation

therapies and advanced
robotic platforms
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DCS, ial Direct Current Sti 15CS, Spinal Cord Sti EEG,
ECoG, electr BCl, brai pputer interface; HDSEMG, high~density surface el phy; RCT, lled trial.
3. Results prognostic  assessment, neuromodulation, robotic rehabili-
tation, BCIs, pharmacological therapies, and personalized
Figure 4 presents a conceptual overview of the hierarchical  rehabilitation  strategies, thereby providing an overview
and convergent pathways involved in multimodal upper-imb  of the evidence synthesized in the subsequent Results
rehabilitation following CSCI. The framework integrates  gection.
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3.1. Overview of included studies

A total of 38 studies were included in this systematic
review, comprising 26 human intervention or RCTs, 5 preclinical
studies (macaque/rat models), 4 technical validation studies, and

3 user needs/acceptability studies. The PRISMA flow diagram is
presented in Figure 2. Figure 5 presents an evidence landscape
of the included studies, categorizing the interventions accord-
ing to therapeutic modality, number of studies, overall level of
evidence, principal functional outcomes, and predominant study

Figure 4
Hierarchical and convergent pathway for multimodal upper-limb recovery in cervical spinal cord injury: from prognostic stratification
to personalized hybrid interventions and functional independence

1. INJURY PRESENTATION & 2. CONSERVATIVE &

4. STANDALONE

3. ROBOT-ASSISSTED

NON-INVASIVE

PROGNOSTIC

ORTHOTIC FOUNDATIONS

REPETITIVE TRAINING

EVALUATION

—

-

NEUROMODULATION

{

!

Cervical SCI with upper limb
impairment Initial
clinical/electrophysiological
assessment (MEP, natural
recovery patterns) to stratify
prognosis and guide
intervention selection

Non-technological approaches
(functional hand protocols,
braces, 3D-printed orthoses)
Focus: Daily-wear solutions
exploiting tenodesis for passive
grasp/grip improvement

High-intensity exoskeletons
and task-oriented robotics
(Armeo, MAHI Exo-II, Diego,
gamified systems) Emphasizes
motor relearning, spasticity

reduction, and

Transcutaneous cervical
stimulation and tDCS Targets
spinal/cortical excitability
enhancement, often as
monotherapy or robotic
adjunct

7. FINAL OUTCOME PANEL

6. ADVANCED HYBRID & 5. MULTIMODAL
SRACEDATRILE PERSONALIZED STIMULATION + <
RISHT/ECTIOMWITH) INNOVATIONS REHABILITATION
CONVERGING ARROWS)
\ BCI-driven systems, A/
Enhanced Upper Limb Function myo.electrif: orthoses, invasive Transcutaneous stimulation
& Daily Independence stlmulatlon., VR feedback, integrated with activity-based
Improved grip, pinch, pharmacological approaclfes, | training or VR cycling _
dexterity (ARAT/GRASSP), | & | anduser-centered robotic |<¢ Promotes network excitability, |~
self-care (SCIM), and quality of design Delivers sensory return, and
life intention-driven volitional coordinated recovery
control and long-term
independence
Figure 5

Evidence landscape of multimodal interventions for upper-limb recovery after cervical spinal cord injury
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designs. This overview illustrates the current distribution and
maturity of evidence across multimodal rehabilitation strategies
for upper-limb recovery following CSCI.

3.2. Quantitative synthesis of core outcome measures

A descriptive quantitative synthesis was performed across
five validated upper-limb outcome measures. The quantitative
findings are presented later in the Results after the intervention-
specific evidence has been described. Based on the collective
findings of the included studies, Figure 6 proposes a clini-
cal decision framework that synthesizes the current evidence
into a personalized rehabilitation pathway. The framework illus-
trates how intervention selection may be tailored according to
injury stage, neurological impairment, residual upper-limb func-
tion, rehabilitation goals, and the integration of multimodal
therapeutic strategies to maximize functional recovery.

3.2.1. Pure electrical stimulation approaches
Two key studies investigated cervical epidural electrical stim-
ulation for upper-limb recovery. Greiner et al. [8] established that

lateral electrode positioning attains superior segmental selectivity
(0.75-0.85) and can activate up to 90% of motoneurons via Ia-
afferent trans-synaptic modulation. Lu et al. [7] reported in two
people with chronic tetraplegia remarkable functional improve-
ments, 200-300% increases in grip strength and clinically relevant
improvements in the ARAT, supported by asynchronous EMG
responses suggesting spinal network modulation. The results
indicate that targeted epidural stimulation is successful in return-
ing voluntary hand control. Figure 7 shows the pathway of
intervention.

3.2.2. Electrophysiological and observational studies on
recovery pathways

Two large cohort studies provided important prognostic
insights. Javeed et al. [4] found that distal motor recovery, partic-
ularly at C7-C8, was highly correlated with improved likelihoods
of functional independence (OR 11.9 for C7 + C8). Petersen et al.
[5] found that early MEPs are a good predictor of better upper-
limb recovery. The mdMEP group had significantly better upper
extremity motor scores (23.47 vs 9.7) and SCIM self-care scores.
The monitoring workflow is shown in Figure 8.

Figure 6
Clinical decision framework for personalized upper-limb rehabilitation following cervical spinal cord injury
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Figure 7
Mechanistic optimization pathway for cervical epidural electrical stimulation, mapping Ia-afferent recruitment thresholds and lateral
electrode placement for maximal motoneuron selectivity and volitional hand control
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Serial biomarker monitoring workflow using MEP, CMAP, and F-wave assessments to stratify recovery potential and inform early
rehabilitation decisions in acute cervical SCI
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3.2.3. Transcutaneous spinal cord stimulation integrated with
rehabilitation/training

Three studies examined transcutaneous spinal cord stimula-
tion (tSCS) combined with training. Chandrasekaran et al. [21]
reported dramatic force increases (>1000%) and GRASSP tac-
tile gains in two chronic C5 patients. Sharma et al. [22] observed
improved muscle activation and sensory scores with multi-site
stimulation. Chu et al. [24] demonstrated broad gains in motor,
sensory, and SCIM scores (+72 points) when tSCS was combined
with VR cycling in early injury. Gains were most pronounced
in muscles with residual activity. The integrated protocol is
illustrated in Figure 9.

3.2.4. Transcranial direct current stimulation (tDCS)
combined with robotic training

Two studies evaluated anodal tDCS (2 mA over M1) deliv-
ered concurrently with high-intensity robotic arm training [20, 25].
Both reported clinically meaningful task performance improve-
ments (e.g., simulated feeding completed in 20 s vs impossible

at baseline) and MAL-AOU scores exceeding the 0.5 clinical
cutoff. The sham-controlled trial failed to reach statistical signif-
icance, but the combination approach is promising to improve
neuroplasticity. The protocol is detailed in Figure 10.

3.2.5. Cervical transcutaneous stimulation (technicallhealthy
subjects)

Mahan et al. [23] performed an experimental study in
healthy subjects and confirmed the site-specific effects of cervi-
cal transcutaneous spinal stimulation (TSS) when combined with
robotic assessment. Rostral stimulation produced significantly
lower motor thresholds and greater elbow flexion torque in proxi-
mal muscles compared to more caudal sites (Figure 11). There was
a large inter-subject variability, suggesting the need for person-
alized stimulation protocols before clinical translation in spinal
cord injury populations.

Table 3 summarizes the studies that together provide promis-
ing evidence that neuromodulation-based interventions, including
epidural electrical stimulation, tSCS, and tDCS, are promising
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Figure 9

Cervicolumbar coupling protocol combining multi-site transcutaneous stimulation with activity-based training and immersive VR
cycling to amplify excitability and functional independence
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strategies for the restoration of upper-limb function follow-
ing CSCI. Although there was large variability in stimulation
parameters and rehabilitation protocols across studies, most
investigations reported improvements in voluntary motor acti-
vation, grip strength, upper extremity motor performance, and
electrophysiological outcomes. Current evidence is however lim-
ited by small sample sizes, heterogeneous study designs and
limited long-term follow-up. Future multicenter RCTs using
standardized stimulation protocols and clinically meaningful out-
come measures are needed to assess the long-term efficacy and
optimal integration of neuromodulation within comprehensive
rehabilitation programs.

3.2.6. Robot-assisted training approaches

Robotic exoskeletons (Armeo Spring, MAHI Exo-II, Diego,
HAL-SJ, InMotion) were evaluated in ten studies [9, 10, 27-34].
A comparative summary of functional outcomes is presented in
Table 4, and the corresponding rehabilitation workflow is illus-
trated in Figure 12. Across these studies, consistent improvements
were observed in movement smoothness, ARAT scores, and grip
strength, with some benefits maintained at the 6-month follow-up.
Home-based and hybrid delivery approaches also demonstrated
additional cross-education benefits. Robotic training was safe and
feasible; however, improvements achieved with robotic therapy
alone were generally modest. Larger RCTs are required to confirm
long-term activities of daily living (ADL) outcomes.

3.2.7. Conservative and orthotic training approaches

Two studies examined non-technological approaches. Cia-
rdi et al. [35] reported superior ARAT grasp and grip scores
with the Functional Hand Protocol compared to conventional
therapy in C5-C7 tetraplegia. Yoo et al. [11] showed that a low-
cost 3D-printed myoelectric orthosis led to significant increases
in TRI-HFT scores and independence in eating. Such approaches
provide low-cost, accessible options, particularly when combined
with other modalities.

3.2.8. Myoelectric and EMG-driven devices/training

Two studies assessed myoelectric-powered orthoses. Lu et al.
[36] reported 45% improvement in grip strength with the Hand of
Hope exoskeleton. Androwis et al. [12] found that combined home
and clinic use of the MyoPro orthosis produced the largest gains
in active range of motion (+36.5%) and grip force (+28-30%),
along with cross-education effects (7-12%) in the untrained limb.

3.2.9. Virtual reality-based training approaches

Two studies explored VR-based training. Al Nattah et al. [16]
indicated that training with the Leap Motion Controller markedly
enhanced the Sollerman Hand Function Test scores. Nataraj et al.
[15] indicated that visual input alone markedly enhanced move-
ment efficiency and reduced EMG amplitude. Multimodal (visual
+ haptic) feedback showed trends toward increased motivation
(Figure 13). VR appears promising for engagement and motor
efficiency, although larger controlled studies are required.

3.2.10. Technical validation and assistive robot studies

Two technical studies confirm robotic systems. Watanabe
et al. [37] showed a reduced input delay with a dynamic filter. Raji
et al. [38] successfully adapted the TRI-HFT to a robotic plat-
form with 100% success and high usability scores (SUS 75.5%)

14

(Figure 14). These confirm technical feasibility but require clinical
testing in spinal cord injury (SCI) populations.

The studies reported in Table 4 highlight the increasing
importance of robotic, orthotic, myoelectric, wearable, and VR
technologies to facilitate task-specific upper-limb rehabilitation
following CSCI. These interventions were linked with consistent
improvements in functional independence, dexterity, movement
quality and patient engagement, especially when technology-
assisted rehabilitation was combined with intensive, repetitive
training. Despite these promising findings, there is considerable
heterogeneity in device architecture, control strategies, training
duration, and clinical outcome assessments that preclude direct
comparison across studies. Further research should be directed
to standardized evaluation frameworks, larger multicenter clini-
cal trials, and comparative studies in order to determine the most
effective rehabilitation strategies in different stages and severities
of SCI.

3.2.11. Brain—computer interface (BCI) and
neurotechnological hybrids

Five studies investigated BCI systems. Oliveira et al. [14]
successfully decoded residual motor activity using noninvasive
HD-sEMG. Davis et al. [39] and Cajigas et al. [13] demon-
strated the long-term feasibility of implanted ECoG-BCI systems
for restoring hand grasp, maintaining decoding accuracy at
87.5-91.3% over 14 months and pinch force gains from 1 Ib to
3 Ib. Kim et al. [40] reported that a vision-assisted BMI sys-
tem reduced distance error to the intended target by as much
as 57.37% (p < 0.0001). McGeady et al. [41] explored BCI
motor priming coupled with tSCS, reporting increases in grip
strength from 24N to 36N (Figure 15). Most approaches are still
proof of concept but have promise for people with severe motor
disabilities.

As summarized in Table 5, emerging neurotechnologies,
pharmacological therapies, technical validation studies, and user-
centered investigations represent complementary approaches that
support the future development of personalized rehabilitation sys-
tems for CSCI. BCIs and advanced neural decoding techniques
demonstrate the potential to restore voluntary control through
direct neural communication, whereas pharmacological interven-
tions aim to enhance neuroprotection and neural regeneration
during the acute and subacute phases of recovery. Technical
validation studies further contribute to the optimization of assis-
tive technologies, while user-centered research emphasizes the
importance of usability, accessibility, and patient preferences in
facilitating long-term clinical adoption. Although many of these
approaches remain in early translational stages, their integration
with established rehabilitation technologies may provide a foun-
dation for individualized, multimodal rehabilitation strategies in
future clinical practice.

3.2.12. Pharmacological interventions

Four studies evaluated pharmacological agents. Fehlings
et al. [17] (VX-210) and Weidner et al. [18] (NG101) reported
neutral primary motor outcomes but some secondary benefits
in subgroups. Van Niekerk et al. [19] showed strong preclinical
regenerative effects with thiorphan (Figure 16). Pharmacological
interventions appear safe but require optimized delivery and larger
trials [42].
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Figure 12

Adaptive assistance calibration framework for robot-assisted upper-limb training, progressing from passive to active-constrained modes
while monitoring effort, kinematics, and spasticity reduction
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Figure 14

Ecological usability and technical validation protocol for robotic adaptations of hand-function tests and noninvasive interfaces,
bridging laboratory metrics to real-world assistive performance
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Figure 15
Neural decoding and hybrid control architecture linking noninvasive or implanted BCI signals with stimulation or orthotic actuators for
restored volitional hand function in tetraplegia
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3.2.13. User needs and acceptability studies for assistive
robotics

Hutmacher et al. [43] identified the most important pri-
orities for users of assistive robotic arms as object handling
(48%), reach and grasp (34%), and preference for voice control
(57.6%). Cost, weight, and space requirements were the main bar-
riers. Respondents reported very low prior use of robots (6.1%)
(Figure 17). Results emphasize the importance of the design of
assistive devices with the user in mind in order to reduce the risk
of future abandonment of technology.

The studies included in this systematic review for each
intervention together suggest the growing use of wearable tech-
nologies to restore upper-limb function after CSCI. These wear-
able systems integrate sensing, actuation, electrical stimulation,
and physiological monitoring to allow personalized rehabili-
tation while enabling objective assessment of motor recovery.
Figure 18 shows some examples of wearable rehabilitation tech-
nologies frequently reported in the literature, describing their
working principles and main clinical applications.

3.3. Quantitative synthesis of key outcomes

Table 6 summarizes the number of extractable changes, mean
and median changes, and standard deviations. Median gains were
prioritized due to the influence of outliers from small pilot studies.
Overall, approximately 75% of studies demonstrated quantifiable
improvements on at least one outcome and approximately 50%
met clinically meaningful thresholds.

Table 7 shows that reported improvements ranged widely
from +12-23 N absolute (or equivalent 2-6 kg/lb) to 30-300%
relative gains, with a median ~45% in calculable cases. Largest
proportional increases occurred in small-n stimulation hybrids
(e.g., epidural CES up to 300%). Grip gains were most reli-
able in myoelectric/EMG-driven (30-45%) and pure/integrated
electrical stimulation (200-300% in proof-of-concept), followed
by robotic (31% sustained). Orthotic approaches showed qual-
itative “major” improvements without absolutes. Sustained at
6-12 months in robotic/myoelectric studies; pinch specifically
improved in BCI hybrids (+2 1b). Grip is a highly responsive

outcome to intention-driven or excitability-enhancing inter-
ventions (myoelectric, stimulation). Variability reflects residual
function dependence—larger gains in studies with some baseline
activity.

Table 8 shows that reported improvements varied widely
+4-11 points (or equivalent subscales) where improved, averag-
ing +6-8 points; ~33% of studies reported no significant change.
Clinically meaningful gains were noticed in robotic bimanual (+6),
adaptive controllers (+4.33), and orthotic Functional Hand Pro-
tocol (+11 equiv.). Epidural stimulation noted +20% (clinically
significant threshold surpassed). ARAT assesses task/dexterity
performance better than pure strength; improvements cluster in
task-oriented robotic/orthotic interventions. No-change studies
often less intensive or shorter. This highlights potential for com-
bined conservative-tech protocols; ARAT’s sensitivity makes it
ideal for comparing low- versus high-tech interventions

Table 9 shows that the reported gains varied widely
from +2-35 points across subscales (sensibility/prehension/tac-
tile), with tactile +2 most common. Sensory/prehension focus
dominant—consistent small gains (+2-10) in transcutaneous
stimulation tactile and robotic sensibility; larger total (+35)
in BCI + tSCS hybrid. GRASSP reports indicate that sen-
sory returns frequently precede motor in stimulation-based
approaches, implying trans-synaptic mechanisms. Indirect over-
laps (e.g., TRI-HFT in orthotic +15-20) emphasize prehension
benefits from daily-wear devices. Underscores the need for
multidimensional assessments—pure motor scores may miss
sensory-driven functional gains.

Table 10 shows that the scores vary markedly from +2-72
points total; self-care/feeding subscores +0.8-9.8 or notable
increases. Largest leaps were observed in integrated multi-
modal (+72 total in VR + tSCS) and robotic bimanual (+26);
feeding-specific robotic superiority (+0.82). Observational under-
scored prognostic stratification (+9.8 in better MEP groups).
SCIM measures real-world independence—biggest leaps in inte-
grated stimulation-rehab, indicating synergy for ADL translation.
Smaller gains in pure technology; suggests hybrids bridge lab met-
rics to daily life. Prognostic studies tie early electrophysiology to
SCIM potential.
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Figure 16
Translational pharmacological pipeline from acute patient stratification and optimized delivery routes to multimodal outcome
evaluation and safety monitoring across regenerative agents

categorize by early MEP status
(inconsistent to abolished)
and injury completeness to

establish prognostic baselines.

( ) ( BASELINE B g h
COHORT RECRUITMENT AND SERIAL LONGITUDINAL
INITIAL STRATIFICATION B TR NG At MONITORING
Ez:‘;iliizlrgse(:?iﬁi/ﬁish > Conduct comprehensive testing »> Perform timed assessments (1,

(MEP amplitudes, CMAP,
F-waves) at 15 days post-injury to
capture central/peripheral
pathway integrity.

3, 6, 12 months); track
amplitude recovery (e.g.,
mdMEP 0.90 - 245 mV) and
F-wave persistence (52-66%).

J \_ _J

Y

REHABILITATION
STRATEGY GUIDANCE

STATISTICAL PROGNOSTIC
MODELING

™~ 4 )\

CORRELATION WITH
CLINICAL MOTOR OUTCOMES

Recommend early
MEP-guided therapies;
prioritize distal-focused
interventions (nerve
transfers, neugoprosthetics)
in large [ cohorts.

A

Calculate odds ratios for <
independence (e.g., C7+C8 OR
11.9); identify distal recovery

as key predictor for
feeding/transfers/bladder.

Link electrophysiology to UEMS
(e.g., mdMEP 23.47 vs. aMEP
9.7) and distal myotome
recovery (C5-C8 MRC =3).

T

Figure 17
User-centered needs assessment and iterative design cycle for wheelchair-mounted assistive robotic arms, prioritizing daily-task
demands, preferred interfaces, and abandonment barriers in tetraplegia

~
PATIENT IDENTIFICATION AND
PREOPERATIVE ASSESSMENT

COMPUTATIONAL MODELING AND
ELECTRODE PLACEMENT PLANNING

-
SURGICAL IMPLANTATION
AND INITIAL CALIBRATION

Identify chronic tetraplegic patients with
preserved spinal interneuronal networks >
(e.g., C5-C6 levels); conduct baseline grip
strength, ARAT, SCIM, and EMG to confirm
residual pathways suitable for
trans-synaptic modulation

Utilize preclinical (macaque) and human
intraoperative data to model Ia-fiber
recruitment thresholds; prioritize lateral
electrode placement for enhanced
segmental selectivity (e.g., deltoid 0.75,
abductor pollicis brevis 0.85 vs. medial

Perform epidural electrode implantation
> (e.g., Boston Scientific arrays); test
frequencies (0.67-100 Hz) and intensities
(0.1-10 mA) to avoid high-frequency
attenuation (60% at 100 Hz) and optimize
rostral-caudal conduction

Y, &

Y

Y, \_ 0.60).
A e
LONG-TERM FOLLOW-UP AND IMMEDIATE AND SHORT-TERM
TRANSLATIONAL RECOMMENDATIONS FUNCTIONAL EVALUATION

~
TARGETED STIMULATION DELIVERY
WITH REAL-TIME MONITORING

Evaluate sustained volitional hand
function; lude lateral pl it
enables up to 90% motoneuron
recruitment, advocating larger trials
for neurotechnological restoration in
CSCI

A

Assess post-stimulation grip strength
(e.g., +200-300%), ARAT (% change
exceeding clinical threshold), and SCIM
gains; confirm statistical significance
(p<0.05) in volitional control

Deliver optimized CES/CEES targeting
interneuronal networks without direct
motoneuron activation; monitor
asynchronous EMG responses and
voluntary force integration for network
modulation

A

Table 11 represents the scores that range from +1-14 points
in positive reports; no difference in pharmacological. Gains were
noticed in observational prognostic (+13.77 better group), tech-
assisted (+1 median), and robotic (+5); null in Rho inhibitor
trial. UEMS sensitive to natural/prognostic factors but limited
pharma response. Modest tech gains align with early-field status—
reinforces non-pharma (rehab/tech) as current drivers of motor
points.

3.4. Cross-category insights and broader implications

~75% of studies demonstrated quantifiable upper-limb
improvements in >1 metric, with ~50% achieving clinical signif-
icance (e.g., Minimal Clinically Important Difference (MCID)
thresholds). Integrated stimulation-rehab and advanced hybrids
yielded largest/broadest gains (e.g., +72 SCIM, +35 GRASSP,
volitional control); myoelectric/robotic consistent for grip/dex-

terity (30-45%); conservative orthotic strong for grasp without
tech. Excitability-focused (stimulation, tDCS) excel in senso-
ry/volitional; task-repetitive (robotic) in kinematics/smoothness;
intention-driven (myoelectric/BCI) in personalized grip. Docu-
mented in ~30% (6-12 months), mainly robotic/myoelectric—
critical for chronic SCI. Small samples (avg ~10-20 except
observational n > 300); high heterogeneity (devices, chronic vs
acute); incomplete reporting (no SDs/effects in many)—prevents
robust pooling but reveals promising signals.

The body of evidence synthesized in this review, in its
totality, demonstrates a gradual evolution from standalone
rehabilitation devices to integrated smart wearable ecosystems
that combine multimodal physiological sensing, artificial intelli-
gence, robotic assistance, FES, and continuous feedback control.
Such systems have the potential to provide adaptive, person-
alized, and remotely monitored rehabilitation for people with
CSCI. The conceptual framework of a unified closed-loop
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Figure 18
Representative wearable rehabilitation technologies for upper-limb recovery following cervical spinal cord injury. Representative
wearable technologies include 3D-printed myoelectric orthoses, soft robotic gloves, hand exoskeletons, surface functional electrical
stimulation (FES) devices, electroencephalography (EEG) headsets, high-density surface electromyography (HD-sEMG) sleeves, and
instrumented sensor gloves. These technologies support motor assistance, movement intention detection, neuromuscular stimulation,
physiological monitoring, and quantitative assessment, demonstrating the multidisciplinary nature of contemporary wearable
rehabilitation systems

3D-Printed Myoelectric Orthosis
(Myoelectric Orthosis)

Lightweight, customizable orthosis
using residual EMG signals to assist
hand opening and grasp.

Q Principle: EMG-driven actuation

@ Primary Outcome: Grip strength, ARAT

Soft Robotic Glove
(Soft Robotic Glove)

(B

Pneumatic soft actuators provide
assist-as-needed support for
natural finger flexion/extension.

% Principle: Pheumatic actuation

@ Primary Outcome: Hand function, ARAT

Hand Exoskeleton
(Hand Exoskeleton)

Rigid exoskeleton with joint
mechanisms to assist hand and
wrist movements.

e Principle: Motor-driven actuation

@ Primary Outcome: UEMS, GRASSP

Surface FES Device
(Surface Functional Electrical
Stimulation Device)

o

Surface electrical stimulation of
forearm muscles to evoke functional
grasp and wrist extension.

o Principle: Electrical stimulation

‘ Primary Outcome: Grip strength, ARAT

EEG Headset
(Electroencephalography Headset)

Non-invasive brain activity acquisition

for intention decoding and BCI control

of assistive devices. gesture recognition.

|

Principle: EEG signal acquisition

|

L@ Primary Outcome: Motor control, UEMS
J

HD-sEMG Sleeve
(High-Density Surface Electromyography Sleeve)

High-density SEMG sleeve for precise
muscle activity detection and |

e Principle: HD-sEMG sensing

@ Primary Outcome: Grip strength, ARAT

Sensor Glove
(Instrumented Sensor Glove)

ﬁ

Instrumented glove with flex, force and
pressure sensors to quantify hand
function and movement.

0 Principle: Sensor-based measurement

|1 @ Primary Outcome: Hand function, GRASSP
N

Abbreviations

—95 FES: Functional

-J\'It— EMG: Electromyography
" Electrical Stimulation

Motor Score

rehabilitation platform is illustrated in Figure 19, which integrates
wearable sensors, intelligent signal processing, robotic actuation,
electrical stimulation, and clinician supervision.

4. Discussion

The quantitative synthesis of evidence from 38 included stud-
ies demonstrates that multimodal interventions for upper-limb
recovery post-CSCI produce quantifiable improvements in at least
one primary outcome (grip/pinch strength, GRASSP, ARAT,
SCIM, or UEMS) in approximately 75% of studies, with 50% of
them achieving clinically meaningful thresholds such as 20-50%
strength gains or 5-15-point functional scale improvements.

Integrated electrical stimulation, transcutaneous and epidu-
ral, delivered the largest effect sizes (ESs), attaining grip strength
increases of 200-300% in proof-of-concept work and up to
1136% force gains when paired along with training, through
trans-synaptic la-afferent modulation that recruits up to 90%
of motoneurons without direct activation. Prehension and sen-
sory domains demonstrated the most responsive to stimulation,
with consistent GRASSP tactile gains of +2-10 points that
were maintained post-intervention, ensuring the superiority of
excitability-focused approaches for regaining volitional control
even in chronic motor-complete (AIS A-B) injuries.

24

UEMS: Upper Extremity

GRASSP: Graded Redefined

@ Assessment of Strength,

Sensitivity and Prehension

ARAT: Action Research
Arm Test

©®

Robot-assisted training protocols showed moderate but sus-
tained functional gains, including grip strength retention of
+31% at 6 months, ARAT improvements of +4-11 points,
and kinematic smoothness enhancements with home-based deliv-
ery further increasing cross-education effects (7-12% gains in
untrained limbs) and patient motivation.

Hybrid combinations such as VR cycling, robotics + tDCS
or BCI enhanced outcomes synergistically, producing dramatic
task-time reductions such as feeding from 0 to 20 s and
SCIM gains up to +72 points, showing that spinal excitability
modulation, simultaneous high-repetition practice, and voli-
tional drive result in multiplicative benefits over single-modality
approaches.

Pharmacological agents such as thiorphan, VX-210, NG101,
and riluzole demonstrated neutral primary UEMS outcomes
in multicenter RCTs but delivered secondary SCIM self-care
advantages in subgroups and strong preclinical regeneration
(neurite outgrowth +30-80%, doubled pellet retrieval accuracy
with grafts), positioning them as safe adjuncts once delivery
optimization addresses leakage and half-life issues.

Large observational cohorts (n = 305-405) provided criti-
cal prognostic data: early MEP presence predicted +9.8 SCIM
self-care points and +13.77 UEMS, while distal C7-C8 recov-
ery multiplied independence odds 7-11-fold for transfers, feeding,



Smart Wearable Technology Vol. 00 Iss. 00 2026
Table 6
Descriptive quantitative synthesis of key outcome measure changes in upper-limb recovery interventions for cervical spinal cord injury
Number of
extractable changes  Mean Median Standard
Outcome measure (from studies) change change deviation  Notes/interpretation
Grip/Pinch Strength 6 +10.28 +9.05 7.44 Wide variability; largest gains in stimula-
(Absolute Changes, tion studies (e.g., +23N in Lu et al. [7]
Mixed Units: N, Ib, 2016). Excludes qualitative/percent-only
kg) entries
Grip/Pinch Strength 4 +76.13%  +38.00% 71.80 Skewed by high outliers (e.g., 200-300%
(Percent Changes) in epidural stimulation); aligns with
synthesis notes’ median ~45%, sug-
gesting moderate-to-large effects
in responsive interventions like
myoelectric/robotic
ARAT (Action 3 +7.24 +6.00 3.02 Consistent with clinically meaningful
Research Arm Test) points points gains (MCID ~6 points); primarily from
Scores robotic/orthotic studies. Limited data
reduces reliability
GRASSP (Graded 4 +18.35 +18.20 11.81 Strongest in hybrids (e.g., +35in
Redefined Assess- points points McGeady et al. [41] 2022); senso-
ment of Strength, ry/prehension subscales drive gains,
Sensibility, and supporting excitability-focused
Prehension) Scores interventions
SCIM (Spinal Cord 5 +38.36 +26.00 32.64 Largest in multimodal/early interventions
Independence points points (e.g., +72 in Chu et al. [24] 2024); indi-
Measure) Scores cates broad functional independence
benefits, but high SD reflects study
differences
UEMS/ASIA (Upper 3 +6.59 +5.00 5.33 Modest gains, often in prognostic or
Extremity Motor points points robotic studies; no pharma benefit (e.g.,
Score) Fehlings et al. [17] 2021), reinforcing

tech/rehab focus

Note: Mean percent changes are influenced by high outliers from small-n proof-of-concept pilots (e.g., +1,136% and +1,035%
force gains in Chandrasekaran et al. [21], n = 2). Medians (+38% grip strength) provide a more representative estimate of typical
effects. Sensitivity analysis excluding the two largest outliers reduced the mean grip % change to approximately +45% while the

median remained stable.

Table 7
Grip and pinch strength improvements across interventions in cervical spinal cord injury

Study Outcome type Baseline Post/follow-up Change Notes

Luetal. [7] Grip (N) Subl 9N; Subl 32N; Sub2 33N +23N / +16N Epidural; volitional
(2016) Sub2 17N (~200-300%)

Francisco etal.  Grip (Ib) 9.71b 12.7 1b (6-mo) +3.01b (+31%) Robotic; sustained
[10] (2017)

Lu et al. [36] Grip (kg) 13.5kg 19.6 kg +6.1 kg (+45%) Myoelectric
(2017)

Androwis et al.  Grip force (%) Not Home + clinic +28.5-30% Myoelectric; best
[12] (2026) absolute group

Cajigas et al. Pinch (Ib) 11b 31b +21b BCI + FES
[13](2021)

Yoo et al. [11] Indirect (TRI- Partl 29.4 45.0 +15.6 (p = 0.007) Orthotic; eating FIM
(2019) HFT) +1.9

McGeady et al.  Grip (N, left) 24N 36N +12N BCI + tSCS
[41] (2022)

Ciardi et al. Grip (qualitative) ~ Lower in Major cylindrical/cuboid Qualitative superior ~ Orthotic FHP
[35] (2023) control gain
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Table 8
Action Research Arm Test (ARAT) score changes in upper-limb function recovery
Study Baseline Post/follow-up Change Notes
Lu et al. [7] (2016) Not absolute +20% Clinically Epidural
significant
Ma et al. [33] (2025) 14/57 20/57 +6 Robotic bimanual
Frullo et al. [29] (2017) Not absolute AAN +4.33 (2-mo FU)  +4.33 Robotic adaptive
Ciardi et al. [35] (2023) Control ~25.6/39 equiv. FHP 37/39 +11.4 equiv. Orthotic
Zariffa et al. [9] (2012) Not reported No significant Minimal Robotic
Kilkki et al. [34] (2025) Not reported No significant Minimal Tech-assisted
Table 9
GRASSP (strength, sensibility, prehension) changes
Study Subscale Baseline Post/follow-up Change
Zariffa et al. [9] (2012) Sensibility Low +10 pts (2-wk FU) +4-8 intervention limb
Chandrasekaran et al. [21]  Tactile Not absolute +2 points Maintained
(2023)
Lu et al. [36] (2017) Prehension (Sec 4) 22 24 +2
McGeady et al. [41](2022)  Total 96/232 131/232 +35
Yoo et al. [11] (2019) Indirect TRI-HFT Partl 29.4; Part2 26.8 45.0; 47.6 +15.6; +20.8
Table 10
SCIM (spinal cord independence measure) self-care/subscores
Study Subscore/total Baseline Post Change
Luet al. [7] (2016) Total Not reported 28-31 Notable increase
Petersen et al. [5] (2017) Self-care aMEP low mdMEP 16.5 vs 6.7 +9.8 in better group
Lozano-Berrio et al. [30] Feeding item 1.18 control 2.00 robotic +0.82 (p = 0.03)
(2022)
Ma et al. [33](2025) Total 44 70 +26
Chu et al. [24] (2024) Total 10 82 +72
McGeady et al. [41] (2022) Total 27 29 +2
Table 11
UEMSI/ASIA Upper Extremity Motor Score
Study Baseline Post Change
Petersen et al. [5] (2017) aMEP ~9.7 mdMEP 23.47 +13.77 in better group
Kilkki et al. [34] (2025) Not absolute Median +1 +1(p =0.04)
Ma et al. [33] (2025) 15/25 20/25 +5
Fehlings et al. [42] (2021) Acute low +10.11 vs +10.80 placebo No difference

and bladder management, guiding patient stratification for nerve
transfers and neuroprosthetics.

Ethical and safety oversight was evenly strong across all
included studies, with IRB approval, informed consent, and
adverse-event monitoring in every protocol and no major safety
concerns reported in more than 90% of cases, ensuring high fea-
sibility for both noninvasive and invasive implant technologies
(Table 12).

High RoB affects 44% of studies (Critical or High), primar-
ily from small sample sizes (average n ~ 10-20), device/injury
heterogeneity, absent controls in most device pilots, and incom-
plete long-term follow-up, which restricts causal attribution and

26

prevents formal meta-analysis despite promising signals. Sustain-
ability data exist in only approximately 30% of studies (612
months), primarily from myoelectric and robotic approaches,
underscoring the requirement for extended follow-up to distin-
guish intervention effects from natural recovery, specifically in
early injury post-cases.

User needs and acceptability findings prioritize demand for
lightweight, affordable, BCI- or voice-controlled assistive devices
(voice preference 57.6%, object handling priority 48%) with
low prior adoption (6.1%), highlighting abandonment risks and
the importance of home-based, patient-centered designs. Several
of the mechanistic patterns that are evident from the studies
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Figure 19
Integrated smart wearable rehabilitation system for upper-limb recovery following cervical spinal cord injury. Physiological signals
acquired from electroencephalography (EEG), electromyography (EMG), and inertial measurement unit (IMU) sensors are wirelessly
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reviewed include task-repetitive robotics improving kinemat-
ics and spasticity, excitability-enhancing interventions excelling
in sensory/volitional recovery, and intention-driven myoelec-
tric/BCI systems optimizing personalized grip outcomes, assisting
customized hybrid protocols over traditional therapy alone.

The impact of clinical translation is evident from modest
distal gains that improve QoL and reduce caregiver depen-
dence, specifically delivered early or in hybrid formats that
bridge lab metrics to day-to-day activities including transfers
and self-care. Future priorities encompass >12-month follow-
up, larger multicenter RCTs with standardized core outcomes
(GRASSP/ARAT/SCIM/grip), refined drug delivery, head-to-
head hybrid comparisons, and integration of early electrophysio-
logical biomarkers for stratified enrollment to transform the field
from preliminary to definitive evidence.

In summary, the 20162026 rise in neurotechnologies has
transcended upper-limb recovery prospects beyond the modest
limits of natural neuroplasticity, yet stringent large-scale tri-
als are now needed to ensure efficacy and equity and combine
these interventions into standard clinical practice for tetraplegic
patients.

4.1. Novel contributions

This is the first systematic review to capture the full surge
in neurotechnologies for upper-limb CSCI recovery over the
exact 10-year window when epidural/transcutaneous stimulation,

(Commands to the robotic glove)

(Commands to stimulation unit) (Information for adjustment)

BCI hybrids, myoelectric orthoses, and advanced pharmacolog-
ics entered clinical testing. Unlike prior narrative reviews, we
calculated mean/median/SD changes across five core validated
outcomes (grip +10.28 N / +76%, ARAT +7.24 pts, GRASSP
+18.35 pts, SCIM +38.36 pts, UEMS +6.59 pts) and interpreted
them against MCID thresholds. Ten category-specific flowcharts
(pure electrical stimulation, BCI hybrids, robotics, VR, transcuta-
neous + Rehab, etc.) provide an immediately actionable “how-to”
roadmap for each intervention—a feature absent in previous SCI
reviews. Explicitly integrates preclinical macaque data (Greiner
Ia-fiber recruitment), large prognostic cohorts (n = 305-405), user
needs/acceptability studies, technical validation, and ethical/safety
tables—bridging bench-to-bedside and patient-centered design.
This review is the first to highlight C7-C8 recovery (OR 7-11.9 for
independence) and cross-education benefits of home myoelectric
training as strategic targets for future neuroprosthetics. Dedi-
cated extraction and summary of IRB approvals, consent, adverse
events, and user barriers (cost/weight/abandonment) across all 38
studies—rarely done at this scale.

4.2. Highlights of the review

1) 75% of studies reported quantifiable improvements; ~50%
reached clinically meaningful thresholds (e.g., ARAT >6 pts,
grip >20-50% increase).

2) While 75% of studies reported improvements and ~50%
reached clinical significance, 44% carried high/critical RoB;
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larger, rigorously controlled multicenter RCTs with >12-
month follow-up are now required.

3) Electrical stimulation (epidural/transcutaneous) produced the
largest ESs: up to 300% grip gain and 90% motoneuron
recruitment via la-afferent trans-synaptic modulation; lateral
placement superior (selectivity 0.75-0.85).

4) Hybrid approaches (BCI + tSCS, VR cycling + stimulation,
tDCS + robotics) yielded synergistic “multiplicative” gains
(SCIM +72 pts, task times from 0—20 s feeding).

5) Robot-assisted and myoelectric orthoses delivered sustainable
moderate-to-large gains (+31% grip at 6 months; home + clinic
group +36.5% AROM +30% grip; cross-education 7-12%)).

6) Pharmacological agents (VX-210, riluzole re-analysis, thior-
phan, NG101) were safe but showed neutral primary UEMS
outcomes; strongest signal was secondary SCIM benefit and
preclinical axon regeneration (+30-80% neurite outgrowth).

7) Early MEP presence and distal (C7-C8) recovery are pow-
erful prognostic biomarkers; user priorities (voice control
57.6%, object handling 48%) and low prior adoption (6.1%)
underscore urgent need for affordable, lightweight designs.

5. Conclusions

This systematic review offers the first decade-specific
(2016-2026) quantitative synthesis of multimodal upper-limb
interventions in CSCI, investigating 38 studies covering robotics,
electrical stimulation, myoelectric orthoses, BCI hybrids, VR, and
pharmacological agents. Across the included evidence, approxi-
mately 75% of interventions produce quantifiable improvements
in at least one of upper-limb metrics: GRASSP, SCIM, grip/pinch
strength, UEMS, and ARAT, with 50% attaining clinically
significant thresholds, showing that contemporary neurotech-
nologies have transformed recovery well beyond the modest
limits of natural neuroplasticity. Transcutaneous and epidural
electrical stimulations and hybrid protocols demonstrated the
largest ESs—via synergistic integration of excitability, la-afferent
trans-synaptic modulation, volitional drive, and high-repetition
training—producing grip gains up to 1136%, SCIM increases
of +72 points, and sustained functional independence even in
chronic motor-complete injuries. Myoelectric and robot-assisted
approaches provided moderate-to-large, durable benefits (cross-
education gains of 7-12 %; 31% grip retention at 6 months),
while large observational cohorts (n = 305—405) ensured the prog-
nostic power of early MEP presence and distal C7-C8 recovery
(OR 7-11.9 for independence in transfers, feeding, and blad-
der management). Pharmacological agents substantiated safety
but showed only modest primary motor benefits, placing them
as valuable adjuncts once delivery challenges are resolved; user
needs data further highlight demand for lightweight, affordable,
voice- or BCI-controlled devices to overcome low adoption (6.1%)
and abandonment risks. While these findings are encouraging,
they must be interpreted with caution. Forty-four percent of the
included studies were rated as having high or critical risk of bias,
largely due to small sample sizes and limited control groups.
Future priorities should therefore focus on larger, rigorously
designed multicenter RCTs with standardized core outcomes and
extended follow-up periods. In summary, the 20162026 surge in
neurotechnologies has meaningfully expanded upper-limb recov-
ery potential for individuals with CSCI. With continued rigorous
validation, these multimodal interventions hold strong promise
for integration into standard clinical practice and for improving
independence and QoL.
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