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(Review Paper)

Abstract—Twisted String Actuators (TSAs) have emer-5
ged as a compelling soft actuation paradigm for wearable6
robotic systems, offering high force output within a com-7
pact, lightweight, and mechanically compliant form factor.8
This systematic review provides a comprehensive analy-9
sis of TSA-based wearable devices reported in the liter-10
ature between 2013 and 2026, synthesizing 34 functional11
prototypes identified through a structured search of Sco-12
pus and Google Scholar databases. Devices are catego-13
rized according to two orthogonal frameworks: anatomi-14
cal target segment and primary application domain. The15
review examines the biomimetic foundations of TSA oper-16
ation, its analogy to the human musculoskeletal system,17
and the key mechanical design decisions governing ac-18
tuator configuration, force transmission strategy, degrees19
of freedom, structural substrate, and sensing modality. A20
progressive shift from rigid toward soft and hybrid ar-21
chitectures is identified across the review period, con-22
sistent with user acceptance requirements in clinical and23
industrial settings. Intent-driven control strategies fusing24
surface electromyography and inertial measurement units25
have emerged as the dominant paradigm for assistive and26
augmentation devices. Persistent open challenges include27
the non-linear kinematics of TSA force-displacement rela-28
tionships, the near-total absence of long-term mechanical29
durability data, and the lack of real-world clinical validation.30
Notable anatomical gaps, particularly at the shoulder and31
cervical complex, are identified as high-priority directions32
for future development. Collectively, the findings position33
TSA-based wearables as a rapidly maturing technology34
with strong potential for translation into mainstream reha-35
bilitation and human augmentation platforms.36
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I. INTRODUCTION 39

THE rapid proliferation of wearable technology has funda- 40

mentally altered the landscape of human-machine inter- 41

action, transitioning from simple monitoring devices to active, 42

force-multiplying systems. In contemporary research, wearable 43

devices have become ubiquitous, serving as essential tools 44

in fields ranging from clinical rehabilitation to industrial er- 45

gonomics. However, actuation remains one of the most conse- 46

quential design decisions at this layer of the system: pneumatic, 47

hydraulic, electric, shape memory alloy (SMA), variable stiff- 48

ness actuator (VSA), and tendon-driven, each present a distinct 49

profile of power density, control precision, weight, backdriv- 50

ability, and compliance, and no single paradigm is uniformly 51

superior across these criteria. Among the compliant, remotely- 52

actuated options, the Twisted String Actuators (TSA), though 53

currently less common in wearable devices than conventional 54

rotary motors or Bowden-cable tendon drives, have emerged as 55

a highly effective solution. The growing interest in TSA-based 56

wearable devices is driven by their unique ability to provide sig- 57

nificant linear force within a compact, lightweight, and flexible 58

form factor, making them ideal for integration into the soft fabric 59

of wearable garments. 60

A defining characteristic of the TSA mechanism is its me- 61

chanical adaptability, which allows it to be tailored to the specific 62

biomechanical demands of different regions of the human body. 63

Unlike bulky traditional motors that are difficult to mount on 64

the extremities, the slender profile of TSAs enables their appli- 65

cation across diverse anatomical segments. In the upper limbs, 66

TSAs are frequently utilized in robotic gloves and exoskeleton 67

to facilitate grasping and reaching movements. For the lower 68

limbs, they provide the high-torque assistance required for gait 69

stabilization and knee support during locomotion. Furthermore, 70

recent innovations have seen the integration of TSAs into trunk- 71

based systems, such as lumbar exoskeletons designed to reduce 72

spinal compression during heavy lifting. This versatility is a key 73

focus of our study, as we analyze how the TSA’s scalability 74

allows it to serve as a modular solution for the entire human 75

kinetic chain. 76
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While several existing reviews in the literature have addressed77

the broader field of soft robotics and wearable exosuits [1], [2],78

[3], a dedicated synthesis focusing exclusively on the diverse79

implementations of TSA mechanisms is still missing. Previous80

surveys often categorize actuators by their material composition81

or general power source, frequently overlooking the nuanced82

mechanical advantages and specific control challenges inherent83

to string-based twisting and coiling. This systematic review fills84

that gap by providing a comprehensive analysis of the current85

state of the art, focusing specifically on devices that exploit the86

TSA mechanism. We categorize these technologies according87

to their target anatomical regions and functional objectives,88

spanning four primary pillars: augmentation for performance en-89

hancement in healthy users, assistive technology for the elderly90

and mobility-impaired, clinical rehabilitation for recovery, and91

haptic feedback for immersive teleoperation and virtual reality.92

By synthesizing recent advancements this paper provides a93

roadmap for the future of compliant, high-performance wearable94

systems.95

A. Actuation Technologies for Wearable Robots: A96

Comparative Rationale97

Before motivating the focus of this review on TSA-based98

devices specifically, it is necessary to situate the TSA within99

the broader landscape of actuation technologies available for100

wearable robotics, since the choice of actuator is rarely dictated101

by a single dominant advantage but rather by a trade-off among102

several jointly decisive criteria: power density, control precision,103

weight (assessed both at the joint and system-wide), portability,104

backdrivability, compliance, dominant material class, and the105

wearable domains, exoskeletons and haptics, in which each106

technology is predominantly reported.107

Power density and control precision jointly capture raw ac-108

tuation performance, force or torque per unit mass, and how109

accurately that output can be commanded in closed loop. Weight110

and portability separate joint-side mass from the burden of aux-111

iliary hardware (compressors, batteries, control units) needed112

for untethered use. Backdrivability and compliance both de-113

scribe safety-relevant softness, but are distinct: backdrivability114

is the ease of external, unpowered motion, while compliance115

is intrinsic passive elasticity under load. Material and wearable116

application, finally, indicate practical constraints on cost and117

manufacturability, and the domains where each technology is118

predominantly deployed.119

A comparable actuator classification was previously con-120

ducted by the authors in the context of elbow exoskeleton121

design [1], and is extended here to the broader set of criteria122

and wearable domains relevant to TSA-based devices specifi-123

cally. Pneumatic actuators offer low joint-side weight and high124

compliance from air’s compressibility, but poor system-level125

portability due to external compressors, and only moderate126

control precision. Hydraulic actuators achieve the highest power127

density and precision through an incompressible fluid, at the cost128

of the highest weight and lowest backdrivability and compliance,129

confining them to stationary use. Geared electric motors deliver130

high power density and precision via high-ratio gearboxes,131

but the same gearing reduces backdrivability, typically requir- 132

ing added series elastic actuation to restore compliance. SMA 133

actuators reach the lowest weight and high material-intrinsic 134

compliance through thermally driven phase change, but their 135

slow thermal cycling limits power density and precision. VSAs 136

pair a conventional drive with a dedicated stiffness mechanism, 137

achieving high, tunable compliance and precision comparable 138

to electric motors, at the cost of added weight and complexity. 139

Bowden-cable and TSA actuators, treated together as tendon 140

actuators, both displace the motor from the joint and pull only, 141

but differ in transmission: Bowden cables use a fixed-radius 142

spool for a linear, precisely mapped ratio, while the TSA’s ratio is 143

a nonlinear function of twist angle, trading precision and stroke 144

for a lighter, gearless mechanism and higher compliance. 145

Table I summarizes this comparison across all eight tech- 146

nologies and criteria. It shows that TSAs and Bowden-cable 147

actuators occupy adjacent positions in the design space, both 148

prioritizing low joint-side weight and remote actuation, but 149

trading a predictable, linear transmission for a lighter, gearless 150

mechanism with higher intrinsic compliance. This clarifies that 151

the rationale for the sustained research interest in TSA-based 152

wearable devices surveyed in this review rests on this specific 153

trade-off, compactness and compliance at the expense of stroke 154

and control linearity, rather than on a blanket superiority over 155

pneumatic, hydraulic, or electric actuation, each of which re- 156

mains the preferred choice in application contexts where its 157

own advantages, respectively compliance under high system 158

weight tolerance, maximal power density, or control bandwidth, 159

dominate the design requirements. 160

B. Materials and Methods 161

A systematic literature search was conducted to provide a 162

comprehensive overview of the current state of TSA technology 163

in wearable applications. The primary database used for this 164

review was Scopus, selected for its robust indexing of peer- 165

reviewed literature across engineering and applied sciences. The 166

search query was defined using Boolean operators as follows: 167

TITLE-ABS-KEY (twisted AND string AND actuator OR ac- 168

tuators OR TSAs OR TSA) AND TITLE-ABS-KEY (wearable 169

OR exoskeleton OR haptics). Only publications written in En- 170

glish and published between 2013 and 2026 were considered. 171

This initial search yielded a total of 70 publications. A screen- 172

ing process was then applied to identify studies relevant to 173

the scope of this review. The primary inclusion criterion was 174

the presence of a functional wearable TSA prototype. Based 175

on this criterion, 27 papers were selected from the Scopus 176

results. The remaining were excluded from the main analysis as 177

they focused on preliminary investigations without prototypes, 178

purely theoretical or mathematical modeling, review articles, or 179

extended analyses of previously published systems. However, 180

selected continuation studies of prior prototypes were retained 181

as supporting references where relevant. 182

To ensure broader coverage, an additional search was con- 183

ducted using Google Scholar. This supplementary search iden- 184

tified 7 additional relevant studies that were not indexed or 185

retrieved through the Scopus query. 186
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TABLE I
COMPARISON OF ACTUATION TECHNOLOGIES FOR WEARABLE ROBOTS

Fig. 1. Number of publications retrieved from the initial Scopus search
(total: 70 publications) by year from 2013 to 2026. The figure represents
the complete initial Scopus search results before screening and inclu-
sion of the 34 functional TSA-based wearable prototype studies.

In total, 34 papers describing functional TSA-based wearable187

prototypes were included in this systematic review. These stud-188

ies were further categorized based on anatomical application189

(upper limbs, trunk, or lower limbs) and primary function (hap-190

tics, assistance, augmentation, or rehabilitation). This structured191

classification enables a detailed comparison of key perfor-192

mance metrics, including force output, system weight, and de-193

grees of freedom (DOFs), across different TSA-based wearable194

systems.195

In addition to the selection process, a temporal analysis of196

the publications retrieved from Scopus was conducted to exam-197

ine the evolution of research activity in TSA-based wearable198

systems. The distribution of documents by year, as shown in199

Fig. 1, indicates a generally increasing trend from 2013 to200

2025, highlighting the growing interest in this field. A more201

pronounced rise in the number of publications can be observed202

after 2020, suggesting an acceleration in research and develop-203

ment of wearable TSA technologies. The relatively low number204

of publications in 2026, with only one paper identified at the205

time of data collection, is due to the fact that the year is206

still ongoing and does not yet represent a complete dataset.207

Therefore, this value should not be interpreted as a decline in208

research activity but rather as a limitation associated with the209

current temporal scope of the analysis. For context, a recent210

comprehensive review on TSA by [4] reported a total of 177211

publications covering modeling, design innovations, application212

advances, and future challenges. In comparison, the present213

study identifies only 34 papers that report functional wearable214

TSA prototypes. This contrast highlights the gap between the215

broader body of TSA research and its practical implementation216

in wearable systems, underscoring the relatively limited number217

of studies that have progressed to validated, application-oriented218

prototypes.219

Fig. 2. Biomimetic comparison between biological actuation and TSA
operation. (a) In the human arm, muscles contract via the sliding fila-
ment theory, pulling tendons to actuate joints through agonist-antagonist
pairs. (b) The TSA replicates this logic: a motor twists strings to generate
linear shortening and a pulling force, analogous to muscle contraction
and tendon transmission respectively.

II. ANATOMY-BASED CLASSIFICATION 220

A. Comparative Working Principles: Human Musculature 221

Vs. TSA 222

1) Qualitative Analogy TSA and Human Muscle: The 223

integration of TSAs into wearable systems is largely driven by 224

their biomimetic characteristics, as they closely replicate the 225

functional dynamics of the human musculoskeletal system. In 226

biological systems, movement is initiated by the nervous system, 227

which sends electrical impulses to muscle fibers. According to 228

the sliding filament theory, these signals cause actin and myosin 229

filaments to slide past one another, resulting in a macroscopic 230

contraction or shortening of the muscle belly. This contraction 231

exerts a tensile force on tendons passive, fibrous connective 232

tissues that serve as biological ‘strings‘. Because muscles are 233

unidirectional actuators (capable only of pulling), joints are 234

typically managed by agonist-antagonist pairs (e.g., the biceps 235

and triceps) to achieve bidirectional rotation and stabilization 236

[5], [6], [7]. 237

The TSA mechanism operates on a remarkably similar me- 238

chanical logic, converting rotational energy into high-tension 239

linear displacement. In this setup, a motor provides the rotational 240

input, twisting a pair of high-strength strings (the mechanical 241

equivalent of muscle fibers). As the twisting progresses, the he- 242

lical geometry of the strings causes the overall length to shorten, 243

generating a potent pulling force. Just as tendons transfer muscle 244

contraction to the skeletal frame to actuate a joint, the contracting 245

TSA strings pull on the structural components of the wearable 246

device to provide assistance or augmentation [8]. This shared 247

“contract-and-pull” principle is summarized in Table II and 248

illustrated in Fig. 2, highlighting the synergy between human 249

physiology and TSA-based robotic architecture. 250

2) Force-Displacement Behavior of the TSA and Com- 251

parison With the Muscle Force-Length Relationship: The 252

comparison above captures the qualitative analogy between TSA 253
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TABLE II
COMPARISON OF TSA AND HUMAN BODY EQUIVALENT

Fig. 3. Both panels are plotted against the relative change in length
from a reference length (ΔL/Lref, %) to allow direct shape comparison.
Comparison between (a) the TSA force-displacement curve at constant
input torque and (b) the classical skeletal muscle active force-length re-
lationship. The TSA curve is monotonically decreasing, while the muscle
curve is bell-shaped, with a two-slope ascending limb (reflecting the
transition from double to single actin-filament overlap), a plateau, and
a descending limb determined by actin-myosin filament overlap.

contraction and muscle contraction, but a rigorous biomimetic254

assessment must also examine whether the TSA reproduces one255

of the most defining quantitative signatures of skeletal muscle:256

the active force-length relationship. In muscle physiology, the257

force a muscle can actively generate is not constant but de-258

pends on its instantaneous length, following a characteristic259

bell-shaped curve with an ascending limb, a plateau region260

(optimal actin-myosin filament overlap), and a descending limb,261

as filament overlap increases and then decreases away from the262

optimal sarcomere length [9] (Fig. 3(b)).263

To evaluate whether an equivalent relationship exists for the264

TSA, we derive the quasi-static force-displacement behavior of265

the actuator from its kinematic model. Following the formulation266

of Godler and Sonoda [10], for a TSA with ns = 2 strings267

twisted about a motor rotation θ, with string radius rs, offset268

A between the string attachment point and the TSA axis, and269

reference (untwisted) string length l0s, the actuator contraction270

is given by271

ΔL(θ) = l0 −
√

l20s − (A+ rsθ)2, (1)

where l0 =
√

l20 s −A2 is the reference motor-to-load distance.272

Differentiating the kinematic relationship and applying the prin-273

ciple of virtual work under the assumption of ideal (100% ef-274

ficient) mechanical transmission yields the instantaneous trans-275

mission ratio between the TSA translation velocity v and the276

motor angular velocityω, which in quasi-static conditions equals277

the ratio between the motor torque τt and the output pulling force278

Fz:279

κ(θ) =
v

ω
=

rs(A+ rsθ)√
l20s − (A+ rsθ)2

=
τt
Fz

. (2)

For a constant input torque τt, (2) can be inverted to express 280

the output pulling force directly as a function of the twist angle, 281

Fz(θ) =
τt

κ(θ)
, (3)

which, combined with (1), defines the TSA force-displacement 282

curve Fz(ΔL) under fixed input torque, i.e., the TSA equivalent 283

of a muscle activated at a fixed level. As the strings twist and 284

the actuator contracts, the transmission ratio κ(θ) increases 285

monotonically, which causes the output force Fz to decrease 286

monotonically with contraction at constant torque; in practice, 287

the sharp rise predicted by (3) near θ → 0 is bounded by the 288

motor’s finite stall torque rather than growing without limit. 289

To illustrate this behavior quantitatively, (1)–(3) were evalu- 290

ated numerically using the TSA geometric parameters reported 291

in [4] (rs = 0.30 mm, A = 0.75 mm, l0s = 49 mm), under an 292

illustrative constant input torque τt (not specified in [4]), selected 293

to demonstrate the qualitative shape of the force-displacement 294

relationship. The twist angle θ was swept from the untwisted 295

configuration up to the onset of the geometric singularity in 296

(2), and the resulting force values were normalized to their 297

maximum for direct comparison with the muscle force-length 298

curve. To enable a direct, unit-consistent comparison between 299

the two systems addressing the mismatch between an absolute 300

sarcomere length and a relative TSA displacement both x-axes 301

were re-expressed as a relative length change from a reference 302

length: ΔL/l0 (%) for the TSA, using the untwisted reference 303

length l0, andΔL/Lopt (%) for the muscle, using the mid-plateau 304

optimal sarcomere length Lopt. The sharp rise predicted near 305

θ → 0 was capped to reflect the finite stall torque of a real 306

actuator, analogous to the convention adopted in [4], where 307

displacement is held constant beyond θmax. Fig. 3(a) shows the 308

resulting force-displacement curve, plotted against the corre- 309

sponding relative contraction ΔL(θ)/l0 from (1), expressed as 310

a percentage of the reference length for direct comparison with 311

the muscle curve in panel (b). 312

The comparison shows that the TSA does not reproduce the 313

bell-shaped force-length relationship characteristic of muscle. 314

Physiologically, the descending limb of the muscle curve stems 315

from a progressive loss of actin-myosin cross-bridge overlap 316

at supra-optimal sarcomere lengths, and the ascending limb 317

stems from insufficient overlap at sub-optimal lengths, both 318

molecular-scale phenomena without a mechanical analogue in 319

string twisting. In contrast, the TSA’s force decay with con- 320

traction is a purely geometric/mechanical-advantage effect: as 321

θ increases, the helix angle grows and the transmission ratio 322

between rotational input and translational output increases, so 323

that a constant motor torque translates into a progressively 324

smaller pulling force. Consequently, the TSA has no “optimal 325
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Fig. 4. Anatomical illustration highlighting principal joint regions of the
human body, categorized into upper limb, trunk, and lower limb. Joints
marked in red (shoulder and cervical) indicate regions where TSA-based
wearable devices have not yet been reported in any literature, represent-
ing potential gaps and opportunities for future development.

length“ of maximum force output analogous to the muscle’s326

optimal sarcomere length instead, its maximum force is always327

obtained at or near the untwisted configuration, and it decreases328

as contraction proceeds toward the overtwisting limit.329

To summarize, TSA reproduces the muscle’s qualitative330

contract-and-pull actuation logic and, similarly to muscle, ex-331

hibits a load-dependent force-displacement relationship rather332

than a constant force output. However, the underlying mecha-333

nism and the shape of this relationship differ substantially from334

the muscle force-length curve: the TSA behavior is monotonic335

and governed by transmission-ratio kinematics (1)–(3), whereas336

the muscle behavior is non-monotonic and governed by molec-337

ular filament overlap. This distinction should be kept in mind338

when using the TSA as a biomimetic muscle-like actuator, par-339

ticularly in control strategies that rely on muscle-inspired force340

modulation, and it defines the precise scope of the biomimetic341

analogy proposed in this work.342

B. Anatomical Implementation of TSA-Based Wearables343

TSA-based wearable devices can be systematically organized344

according to the anatomical segment they target. This anatomy-345

based classification is not merely descriptive, it directly reflects346

the distinct biomechanical requirements, force magnitudes, and347

range-of-motion constraints that govern design decisions. Three348

primary anatomical domains emerge from the literature: (A) the349

upper limb, encompassing the fingers, wrist, elbow, and shoulder350

(B) the trunk, covering the lumbar, thoracic, and cervical and (C)351

the lower limb, addressing the ankle, knee, and hip (Fig. 4). The352

timeline in Fig. 5 illustrates the chronological progression of353

device development across these three segments, and a consoli-354

dated device-level overview is provided in Table III.355

1) Upper Limb. Fingers and Hand: The upper extremities356

require actuators that are high-precision and low-profile so as not357

to hinder the natural dexterity of the hand. In finger and hand ap-358

plications, TSAs replicate the pulling action of human flexor ten-359

dons, routing strings along the dorsal or palmar surface of a glove360

substrate to drive individual finger joints. Early haptic research361

exemplified by the ExoTen-Glove [24] demonstrated how TSAs362

could render contact stiffness and grip force at the fingertips for363

immersive teleoperation; the minimalist Fingertip Device [22],364

weighing only 8.6 g, later showed that even sub-newton haptic 365

rendering is achievable with a rigid TSA module at the fingertip 366

level. The research focus subsequently shifted toward grip assis- 367

tance and rehabilitation: the BRAG [18] and the MGlove-TS [13] 368

target patients with weakened hand function and provide the 369

essential flexion force needed to perform ADLs such as grasping 370

a cup or pinching a pen, while the MO-TSA [14] extends this 371

approach to a three-finger configuration augmented with touch 372

sensing for more nuanced object interaction. Multi-finger dexter- 373

ity is further addressed by the FLEXotendon Glove [21], which 374

combines thumb adduction-abduction with index and middle 375

finger flexion-extension, achieving up to 26.7 N of assistive force 376

across tracked and compliant actuation paths. The AWARD [17] 377

and the Hand Exoskeleton [16] complement these platforms by 378

targeting four- and five-finger flexion-extension respectively, the 379

latter relying on muscle sensing for intent detection rather than 380

conventional force feedback. The Glove [12] advances the state 381

of the art further by incorporating dual-TSA modules per finger 382

to increase available force, achieving 17.95 N in a paired con- 383

figuration, alongside IMU sensing for closed-loop rehabilitation 384

control across all five fingers including adduction-abduction. By 385

2025, innovations such as the Fabric-integrated TSA-Glove [11] 386

have further reduced bulk by weaving the TSA mechanism 387

directly into wearable textile substrates, combining mechanical 388

function with social discretion. Finally, the Sixth Finger [15] 389

departs from the conventional orthotic paradigm entirely by 390

providing a supernumerary rigid digit capable of 35.1 N of 391

assistive force, expanding the functional workspace of users 392

with single-hand impairment beyond what biological anatomy 393

permits. The Active Modular Hand Orthosis [20] complements 394

these platforms by providing flexion-extension support across 395

multiple finger joints, bridging the boundary between hand and 396

wrist assistance. 397

2) Upper Limb. Wrist: For the wrist, the literature high- 398

lights a clear trend toward multi-degree-of-freedom support that 399

encompasses not only flexion-extension but also adduction- 400

abduction and pronation-supination. The Compliant Robotic 401

Wrist Orthosis [29] was among the first to demonstrate all three 402

motion planes in a single TSA-driven device. Subsequent work, 403

including the Smart Flexible Wrist Exoskeleton [28] and the 404

3-DoF Lightweight TSA Wrist Exoskeleton [27], has refined 405

the mechanical architecture and integrated force and Inertial 406

Measurement Units (IMU) sensing for closed-loop rehabilita- 407

tion control. 408

3) Upper Limb. Elbow: Elbow-focused devices demon- 409

strate that TSA systems can be both intuitive and powerful 410

enough to support full arm movements. The Assistive Device 411

for Arm Rehabilitation [36] and the Elbow Exoskeleton [8] 412

are among the earliest wearable TSA implementations, estab- 413

lishing the feasibility of string-driven elbow flexion-extension 414

within both soft and rigid structural frames respectively. The 415

sEMG-Driven Soft ExoSuit [34] later incorporated surface elec- 416

tromyography to decode muscle activation and trigger assistance 417

proportionally, removing the need for explicit user commands. 418

The EMG-based Elbow Exoskeleton [32] builds on this intent- 419

detection paradigm within a rigid frame, demonstrating that 420

sEMG-driven control is architecture-agnostic and transferable 421
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Fig. 5. Chronological development of TSA-based wearable devices identified in this review, categorized according to their primary anatomical
target (upper limb, trunk, and lower limb). The timeline illustrates the evolution and diversification of TSA-based wearable prototypes from 2013 to
2025.

across structural substrates. The Soft Elbow [31] further re-422

fined structural compliance, while the WeaRo [30] extended423

the scope to combined arm and lumbar assistance, targeting the424

full kinematic chain involved in industrial handling tasks. The425

De-localized Haptic device [33] occupies a distinct niche within426

this segment, employing a rigid TSA module at the elbow not427

for motion assistance but to render grounded force feedback at a428

location spatially separated from the point of haptic interaction,429

demonstrating the versatility of TSA actuation beyond conven-430

tional assistive applications.431

4) Trunk: The trunk serves as the biomechanical core of432

human physical labor, and TSA-based devices in this segment433

are designed primarily to prevent long-term spinal injury during434

sustained or repetitive exertion. The SpiRo [40] system rep-435

resents a significant step forward by combining assistive and436

rehabilitative functions in a lumbar-thoracic orthosis: EMG and437

motion sensing are used to detect trunk flexion onset and activate438

TSA contraction in a coordinated anti-gravity strategy. The439

Active Soft Brace [41] addresses the lateral plane specifically,440

employing pressure, displacement, and stretch sensing to resist441

coronal-plane trunk deviations, making it particularly relevant442

for scoliosis rehabilitation where sagittal-plane-only support is443

insufficient. The Soft Exosuit [39] takes a different approach by444

targeting the L5/S1 junction directly through soft-knitted textile445

integration and sEMG feedback, reducing lumbar compressive446

loads during sustained forward flexion without constraining the447

thoracic spine. The Rigidable Exosuit [38] introduces a variable- 448

stiffness architecture in which the normally compliant TSA sub- 449

strate can be selectively stiffened on demand via IMU-triggered 450

locking, offering a tunable balance between mobility and pos- 451

tural support across different task phases. The WeaRo [30] 452

platform advances these concepts further by targeting complex 453

industrial handling tasks, coupling lumbar support with upper- 454

limb assistance and distributing the mechanical load across the 455

full thoracolumbar region. Finally, the TSA-FRJ based SRL [37] 456

departs from the conventional orthotic form factor by providing 457

a supernumerary robotic limb anchored at the trunk, using a rigid 458

frame and force sensing to deliver supplementary manipulation 459

capability that offloads the upper extremities entirely during 460

bimanual or high-load tasks. 461

5) Lower Limb. Hip: Lower-limb applications prioritize 462

high torque and energy efficiency to assist with weight-bearing 463

activities. The TSA-based Hip Exoskeleton [45] is the primary 464

example of string-driven actuation providing auxiliary power 465

to the hip joint during lifting tasks, distributing compressive 466

loads that would otherwise be borne entirely by the lumbar 467

spine and hip musculature. The Lever-based TSA Exoskele- 468

ton [44] advances this concept by incorporating a mechanical 469

lever amplification stage between the TSA output and the hip 470

joint, achieving a higher effective torque from the same motor 471

while integrating sEMG, IMU, and force sensing for coordinated 472

intent detection during dynamic lifting. The Soft Exosuit [39], 473
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TABLE III
OVERVIEW OF TSA-BASED WEARABLE DEVICES BY ANATOMICAL SEGMENT. F/E = FLEXION-EXTENSION; AD/AB = ADDUCTION-ABDUCTION; P/S =

PRONATION-SUPINATION.

which also appears in the trunk segment, provides simulta-474

neous hip and lumbar assistance through a continuous soft-475

knitted garment, demonstrating that multi-joint coverage across476

anatomically adjacent segments is achievable within a single477

TSA-driven platform. Across all three devices, the core design478

challenge remains consistent: routing string conduits along the479

thigh without impeding the full range of hip flexion-extension480

during locomotion.481

6) Lower Limb. Knee: In the knee segment, the Soft Knee482

Exosuit [50] remains a benchmark for specialized TSA-based483

assistance, specifically targeting climbing activities in which484

the actuator’s high gear-reduction ratio delivers the large knee485

extension torques required. More recent developments, such486

as the Soft Exoskeleton [48], have broadened the scope to487

general walking assistance, employing sEMG and IMU sen-488

sors to synchronize TSA contraction with the gait cycle and489

thereby reduce the metabolic cost of locomotion for elderly490

users or those recovering from orthopedic injury. The Knee491

Exosuit [46] extends this walking-assistance paradigm into a492

hybrid rigid-frame architecture, retaining joint-axis alignment493

through a structural knee brace while relying entirely on TSA494

strings for force transmission, with fused EMG and IMU signals495

driving the intent-detection layer.496

7) Lower Limb. Ankle: The ankle represents the most re-497

cently addressed lower-limb segment within the TSA wearable498

literature. The Ankle Exoskeleton [51] targets plantar flexion499

assistance during running, employing a rigid structural frame500

grounded at the shank and a force-sensed TSA transmission501

to deliver timely push-off augmentation synchronized with the 502

running gait cycle; at 3.5 kg, it occupies the heavier end of 503

the reviewed device spectrum, reflecting the high output forces 504

demanded by running biomechanics. The Soft Ankle Exoskele- 505

ton [52] addresses the rehabilitation context with a contrasting 506

design philosophy: a fully soft substrate that conforms to the 507

ankle-foot complex without constraining the joint axis, prioritiz- 508

ing compliance and comfort for clinical populations undergoing 509

plantar flexion recovery. Together, these two devices establish 510

the initial boundaries of TSA-based ankle assistance, though the 511

broader ankle-foot complex, including dorsiflexion support and 512

foot drop correction, remains a largely open design space within 513

the TSA literature. 514

III. MECHANICAL DESIGN AND CONTROL 515

The mechanical design of a TSA-based wearable system 516

involves a cascade of interdependent decisions that span actuator 517

configuration, structural architecture, force transmission strat- 518

egy, and sensing modality. These choices are tightly coupled: a 519

decision to increase the number of actuated degrees of freedom 520

inevitably affects system weight, routing complexity, and control 521

bandwidth. This section examines the dominant design patterns 522

that have emerged across the reviewed literature. 523

A. Actuator Configuration and Force Transmission 524

TSA converts the rotary motion of a DC motor into linear con- 525

traction by twisting a pair (or bundle) of strings wound around 526



8 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 00, NO. 0, 2026

the motor shaft. As the motor rotates, the strings intertwine,527

reducing their effective length and generating a pulling force on528

the attached load. This mechanism is inherently backdrivable529

at low loads, lightweight, and mechanically simple, making it530

well suited for wearable applications where mass and profile are531

primary constraints.532

The key design parameters of a TSA are string material, string533

diameter, initial string length, and the number of strands. Longer534

strings produce greater stroke at the cost of slower response;535

thinner strings reduce mass but lower the maximum transmissi-536

ble force. In practice, reviewed devices have achieved assistive537

forces ranging from 7 N in early grip-assistance gloves [18] to538

80 N in haptic finger exoskeletons [24], with the MGlove-TS539

reaching 18 N across five fingers simultaneously [13]. Force540

output is further modulated by the gear ratio of the driving541

motor and, critically, by the non-linear contraction kinematics542

of the TSA: contraction rate and output force both vary with the543

instantaneous twist angle, requiring compensation in the control544

law.545

Routing strategy determines how the linear stroke generated546

by each TSA module is transferred to the target joint. Two547

approaches dominate. In direct routing, the string exits the motor548

spool and attaches directly to a rigid cuff or fingertip thimble,549

maintaining a short, low-friction path. This approach is used in550

most finger and wrist devices, where the joint and the actuator551

module can be co-located on the dorsum of the hand. In tendon552

routing, the string is guided through low-friction sheaths or553

pulleys to reach a remote attachment point, enabling the motor554

to be placed proximally on the forearm or torso to reduce distal555

mass. The WeaRo exosuit [30], for example, mounts all motors556

at the trunk and routes tendons distally to the arm and lumbar557

region, keeping the total device weight at 5.2 kg while covering558

multiple joints. Tendon routing introduces friction and hysteresis559

that must be accounted for in force estimation.560

The placement of TSA modules embedded in the substrate561

versus externally mounted represents a further design trade-562

off. Embedded actuators, as in the Fabric-integrated TSA-563

Glove [11], reduce snag risk and improve wearability but com-564

plicate maintenance and replacement. External modules allow565

modular reconfiguration across tasks but increase the overall566

system profile.567

B. Degrees of Freedom568

The number of actuated DoFs varies considerably across569

the reviewed devices, from single-DoF supports to five-DoF570

hand exoskeletons. At the minimal end, devices such as the571

Soft Knee Exosuit [50], the Ankle Exoskeleton [51], the Soft572

Ankle Exoskeleton [52], and all elbow-segment devices includ-573

ing the sEMG-Driven Soft ExoSuit [34], the Soft Elbow [31],574

the EMG-based Elbow Exoskeleton [32], and the WeaRo [30]575

target a single flexion-extension axis, simplifying routing and576

control at the cost of functional coverage. Hip devices includ-577

ing the TSA-based Hip Exoskeleton [45] and the Lever-based578

TSA Exoskeleton [44] similarly restrict actuation to the sagittal579

plane, reflecting the dominant mechanical demand of lifting580

and locomotion tasks. Trunk devices such as the SpiRo [40],581

the Soft Exosuit [39], and the Rigidable Exosuit [38] address 582

flexion-extension of the lumbar spine, while the Active Soft 583

Brace [41] uniquely targets the lateral (coronal) plane. At the op- 584

posite extreme, multi-DoF wrist devices the Compliant Robotic 585

Wrist Orthosis [29], the Smart Flexible Wrist Exoskeleton [28], 586

and the Lightweight Flexible TSA Wrist Exoskeleton [27], each 587

actuate three independent axes: flexion-extension, adduction- 588

abduction, and pronation-supination. Hand exoskeletons span 589

the widest range: the Active Modular Hand Orthosis [20] covers 590

two fingers, the MO-TSA [14] and Fabric-integrated TSA- 591

Glove [11] address three, the AWARD [17] targets four, and 592

the ExoTen-Glove [24], BRAG [18], Hand Exoskeleton [16], 593

and Glove [12] extend to all five. The FLEXotendon Glove [21] 594

and MGlove-TS [13] further incorporate adduction-abduction 595

at the thumb and inter-finger axes respectively, approaching 596

the full kinematic complexity of the human hand. Multi-DoF 597

systems require careful mechanical routing to ensure that indi- 598

vidual string paths remain independent and do not cross-couple 599

joint torques, typically addressed through finger-specific routing 600

channels embedded in a glove substrate with each TSA module 601

assigned to one motion axis. 602

C. Sensing and State Estimation 603

Effective control of TSA-based wearables requires knowledge 604

of the device state and the user’s intent. The following sensing 605

modalities are represented in the reviewed literature: 606

Proprioceptive sensing encompasses motor encoders and 607

string displacement sensors that track actuator state. In the TSA, 608

the relationship between motor angle and string contraction is 609

non-linear; therefore, several works have incorporated lookup 610

tables or real-time kinematic solvers to estimate end-effector 611

displacement from motor position alone. Displacement sensing 612

is a core feedback element in the BRAG [18], the FLEXotendon 613

Glove [21], the AWARD [17], and the Elbow Exoskeleton [8], 614

where linear displacement sensors provide direct observation of 615

string contraction independently of the motor angle. 616

Inertial Measurement Units (IMUs) are widely used to esti- 617

mate joint angles and trunk orientation without the need for rigid 618

kinematic linkages. Their lightweight and low-power character- 619

istics make them well suited for wearable integration, and they 620

appear across a wide range of reviewed devices including the 621

Smart Flexible Wrist Exoskeleton [28], the Lightweight Flexi- 622

ble TSA Wrist Exoskeleton [27], the Soft Knee Exosuit [50], 623

the Glove [12], the SpiRo [40], the Rigidable Exosuit [38], 624

the WeaRo [30], the Soft Elbow [31], the Lever-based TSA 625

Exoskeleton [44], the Soft Exoskeleton [48], and the Knee 626

Exosuit [46]. Magnetic disturbances and drift accumulation 627

remain practical limitations common to all IMU-based imple- 628

mentations. 629

Surface electromyography (sEMG) provides a direct window 630

into the user’s motor intent by recording the electrical activity of 631

superficial muscles before mechanical movement occurs. Its use 632

as a feedforward control signal as demonstrated in the sEMG- 633

Driven Soft ExoSuit [34] enables proactive assistance that is 634

temporally synchronized with user intention rather than lagging 635

behind it. sEMG is similarly employed in the Fabric-integrated 636
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TSA-Glove [11], the Soft Elbow [31], the WeaRo [30], the637

SpiRo [40], the Soft Exosuit [39], the Lever-based TSA Ex-638

oskeleton [44], the Soft Exoskeleton [48], the Knee Exosuit [46],639

and the EMG-based Elbow Exoskeleton [32]. The Hand Ex-640

oskeleton [16] employs a generalized muscle sensor rather than641

surface electrodes, offering an alternative acquisition strategy for642

hand muscles where electrode placement is anatomically con-643

strained. Challenges shared across all sEMG implementations644

include electrode placement sensitivity, sweat-induced signal645

degradation, and the need for per-session calibration.646

Force and pressure sensors are employed at the human-device647

interface to measure the interaction forces between the user and648

the exoskeleton. These signals are essential for impedance and649

admittance control schemes, ensuring that the device does not650

apply forces that conflict with the user’s voluntary effort. Force651

sensing is a central feedback element across a broad range of652

devices spanning all anatomical segments. In the finger and653

hand segment, reported output forces vary considerably with654

device purpose and scale: the Fingertip Device [22] renders655

0.45 N of cutaneous feedback from an 8.6 g module, the656

BRAG [18] delivers 7 N of grip assistance across five fingers,657

the MO-TSA [14] provides 8 N across a three-finger config-658

uration, the AWARD [17] achieves 13.55 N over four fingers,659

the Glove [12] generates 9.02 N per single TSA and 17.95 N660

in its dual-TSA configuration, the MGlove-TS [13] reaches661

18 N across all five fingers simultaneously, the FLEXotendon662

Glove [21] produces 26.7 N across the actuated thumb and finger663

axes, the Sixth Finger [15] delivers 35.1 N through its rigid664

supernumerary digit, and the ExoTen-Glove [24] achieves 80 N665

at the fingertips for high-fidelity haptic rendering. Force sensing666

is equally present in devices for which output force values were667

not reported, including the Active Modular Hand Orthosis [20],668

the De-localized Haptic device [33], the Hip Exoskeleton [45],669

the Lever-based TSA Exoskeleton [44], the TSA-FRJ based670

SRL [37], and the Ankle Exoskeleton [51], where it serves671

primarily as a closed-loop safety and control signal rather than a672

characterization metric. The Active Soft Brace [41] extends the673

sensing palette further by incorporating pressure, displacement,674

and stretch sensors simultaneously, providing a multi-modal675

picture of coronal-plane trunk loading that no single transducer676

type could capture alone.677

D. Structural Substrates678

Wearable exoskeletons are broadly classified into three struc-679

tural categories: rigid, soft, and hybrid. Rigid exoskeletons680

provide strong structural support and precise kinematic control681

but tend to be heavier and expensive, owing to their construction682

from materials such as Polylactic Acid (PLA), metal, or carbon683

fibre. They are designed for tasks requiring greater strength684

and stability, making them well suited for rehabilitation and685

augmentation applications. Soft exoskeletons prioritise comfort686

and flexibility through the use of lighter, compliant materials687

such as textiles or polymers. They offer less mechanical force688

output but greater adaptability to the human body, and are689

generally more breathable and comfortable for prolonged use690

making them especially beneficial for assistive applications.691

Hybrid exoskeletons occupy the middle ground: they employ 692

a rigid structural frame for mechanical support while relying on 693

a soft actuation system to transmit force, balancing flexibility 694

with structural stability [53]. 695

Because all devices surveyed in this review employ TSA, the 696

actuation mechanism is inherently soft and string-based in every 697

case. A TSA generates force through the contraction of twisted 698

strings driven by a compact motor, with no rigid transmission 699

elements such as gears or linkages between the motor and the 700

load. This means that no device in this survey can be classified 701

as fully rigid: the moment a TSA is adopted as the actuation 702

strategy, the system acquires at least one inherently soft and 703

compliant force-transmission pathway. The relevant structural 704

distinction across the reviewed literature is therefore not rigid 705

versus soft, but rather soft versus hybrid where soft devices pair 706

a textile or silicone substrate with TSA actuation, and hybrid 707

devices pair a rigid structural frame with the same soft TSA 708

actuation. 709

Soft-substrate devices combine a conformable textile or sil- 710

icone base layer with TSA strings routed along or through 711

the garment and anchored at sewn attachment points or cuffs. 712

Because there is no external joint structure, these devices are 713

inherently tolerant of anatomical variation across users and pos- 714

tures, and they impose minimal restriction on degrees of freedom 715

that are not being actively assisted. The majority of devices 716

reviewed including the MGlove-TS [13], the Fabric-integrated 717

TSA-Glove [11], the sEMG-Driven Soft ExoSuit [34], and the 718

Soft Knee Exosuit [50] fall into this category. The dominant 719

limitation is compliance-induced uncertainty: a soft substrate 720

deforms under load, making the relationship between string 721

contraction and joint angle non-linear, posture-dependent, and 722

sensitive to donning tightness. Closed-loop sensing is therefore 723

required to observe the output state independently of the actu- 724

ator. A further concern is anchor slippage: if the garment shifts 725

under the TSA reaction force, the effective moment arm changes 726

unpredictably, requiring either mechanically stiff embedded an- 727

chor zones or adaptive control compensation. 728

Hybrid devices retain a rigid structural frame to constrain 729

the assisted joint axis and ground the TSA reaction forces 730

predictably, while the actuation itself remains soft through the 731

use of twisted strings. This is precisely the definition of a hybrid 732

exoskeleton: a hard material for structural support combined 733

with a soft material actuator for the actuation system. The rigid 734

frame recovers the kinematic predictability of a conventional 735

exoskeleton, the mechanical advantage of the TSA at the joint 736

can be computed analytically and remains stable across pos- 737

tures, while the string transmission preserves the low mass 738

and mechanical simplicity that distinguish TSA-based designs 739

from motor-and-gearbox alternatives. The Assistive Device for 740

Arm Rehabilitation [36] and the Elbow Exoskeleton [8] are 741

representative examples, constraining motion to a single flexion- 742

extension axis through a rigid linkage while using TSA strings 743

as the sole force-transmission element. 744

Table III reflects this distribution clearly: rigid-frame (hybrid) 745

constructions are concentrated in elbow and wrist devices where 746

joint axis alignment is biomechanically critical, while fully soft 747

substrates dominate hand, knee, and trunk applications where 748
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conformability and low weight take priority. The progressive749

shift toward soft and hybrid architectures from 2021 onward is750

consistent with the broader wearable robotics literature, in which751

user acceptance studies have repeatedly identified device weight,752

bulkiness, and donning difficulty as primary barriers to clinical753

adoption, factors that the inherent softness of TSA actuation754

directly addresses, regardless of whether the structural substrate755

is textile or rigid.756

E. Control Challenge757

The TSA’s non-linear force-displacement relationship is the758

primary control challenge shared across all reviewed devices.759

Because the string contraction rate and output force both depend760

on the instantaneous twist angle, a constant motor velocity761

produces a decreasing contraction speed over time. Accurate762

force or position control therefore requires either a model-based763

compensator or an outer feedback loop from a force or displace-764

ment sensor.765

A second challenge arises from the backdrivability of soft sub-766

strates. Unlike rigid exoskeletons with well-defined kinematics,767

soft wearables exhibit compliance at the human-device interface768

that varies with limb posture, garment fit, and user anatomy. This769

makes it difficult to predict the effective mechanical advantage770

at the joint from actuator state alone, motivating the use of771

redundant sensing (e.g., IMU plus sEMG) to close the control772

loop from the output side rather than relying exclusively on773

motor-side measurements.774

Intent detection adds a further layer of complexity in assis-775

tive applications. Threshold-based sEMG triggers are simple to776

implement but susceptible to noise and inter-session variability.777

More robust approaches combine sEMG with kinematic cues,778

for example, the WeaRo controller fuses EMG and IMU sig-779

nals to distinguish task-relevant arm motions from incidental780

movement [30], but this increases the computational load and781

the calibration burden on the user. Rehabilitation applications782

face an additional requirement: the control law must modulate783

assistance as a function of patient recovery progress, demanding784

adaptive or patient-in-the-loop control architectures that remain785

an open research problem across the reviewed literature.786

F. Limitations and System-Level Trade-Offs787

While the preceding sections establish the mechanical ver-788

satility of TSA-based wearables, a critical assessment of the789

technology’s limitations relative to conventional geared trans-790

missions is necessary to contextualize its future development791

trajectory, revisiting the comparative framework introduced in792

Table I.793

a) Efficiency: Reported transmission efficiencies for TSAs794

vary considerably with load, twist angle, and string configura-795

tion. Single-string TSAs operating under steady load have been796

measured at efficiencies approaching 90% [54], comparable to or797

better than the approximately 60% reported for high-reduction-798

ratio planetary gearsets and the 70–80% typical of harmonic or799

cycloid drives [55]. Unlike a gearbox, whose efficiency curve is800

largely load-independent and characterized once at the design801

stage, TSA efficiency is coupled to the instantaneous twist angle802

and degrades non-uniformly as the actuator approaches the 803

overtwisting limit discussed in Section I-A. This makes TSA 804

efficiency harder to guarantee across the full operating range 805

of a wearable device, even where its best-case performance is 806

competitive with geared alternatives. 807

b) Weight and system-level footprint: At the joint, TSA offers 808

a clear weight advantage: Table III shows device masses as 809

low as a few hundred grams for finger- and hand-level devices, 810

an order of magnitude below what a comparable geared ac- 811

tuator would require at the same output force. However, this 812

advantage is partly illusory at the system level: TSA requires 813

either a co-located motor (adding local mass back) or remote 814

placement with tendon routing, which introduces sheath friction, 815

hysteresis, and routing complexity, as discussed for the WeaRo 816

exosuit [30] in Section I-A. A fair weight comparison must 817

therefore account for the full drivetrain, not just the joint-side 818

mass. 819

c) Complexity and cost: Mechanically, TSA is simpler and 820

cheaper than a precision gearbox: it has no meshing teeth, 821

requires no lubrication, and can be manufactured from low- 822

cost, off-the-shelf string material, which likely contributes to 823

its attractiveness for research prototypes and low-cost assistive 824

devices. This simplicity comes at the cost of control complexity, 825

however, since the non-linear force-displacement relationship 826

(Section I-A, (1)–(3)) demands either a model-based compen- 827

sator or closed-loop sensing that a geared actuator with near- 828

linear kinematics does not require. String durability is a further 829

and largely unquantified cost factor: unlike metal gear teeth, 830

strings are subject to progressive wear, fraying, and eventual 831

failure under cyclic loading, and none of the reviewed devices 832

report long-term fatigue or replacement-interval data, leaving 833

the effective lifecycle cost of a TSA-based device an open 834

question for clinical or industrial deployment. 835

d) Net assessment: Relative to harmonic or planetary geared 836

actuation, TSA trades a well-characterized, load-independent 837

efficiency and linear transmission for lower joint-side weight, 838

lower cost, and higher intrinsic compliance, at the expense 839

of non-linear kinematics, load-dependent efficiency, and un- 840

resolved long-term durability. This positions TSA not as a 841

strictly superior actuation technology but as the preferred choice 842

specifically in applications, such as the compact, low-power 843

wearable devices surveyed in this review, where joint-side mass 844

and compliance dominate the design requirements over peak 845

efficiency and long-term mechanical predictability. 846

IV. CONTROL ALGORITHM 847

The control architecture of a TSA-based wearable device 848

governs how the actuator interacts with the human body, how 849

assistive forces are generated and regulated, and how the system 850

responds to voluntary user effort. Across the literature, control 851

strategies can be broadly divided into two fundamental cat- 852

egories: active interaction control, in which onboard sensing 853

and real-time computation continuously modulate the actuator 854

output, and passive interaction control, in which the mechanical 855

compliance of the transmission itself governs the force-motion 856

relationship without closed-loop intervention. Most practical 857
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TSA-based wearables adopt one of these paradigms or combine858

elements of both within a layered architecture.859

860

1) Active Interaction Control: Active interaction control861

relies on sensors, actuators, and real-time feedback loops to862

continuously regulate the forces and motions exchanged at the863

human-robot interface. The controller monitors one or more864

physical quantities, such as joint position, interaction force,865

muscle activation, or inertial orientation and adjusts motor com-866

mands accordingly, enabling the device to adapt dynamically to867

the user’s intent and the mechanical demands of the task.868

The majority of TSA-based wearables surveyed in Table III869

operate under active control schemes. Position-based strategies,870

in which motor shaft angle is regulated to track a desired871

string displacement and thereby prescribe joint motion, are872

predominant in rehabilitation-oriented devices where a repeat-873

able trajectory must be enforced. The Compliant Robotic Wrist874

Orthosis [29], the Smart Flexible Wrist Exoskeleton [28], and875

the 3-DoF Lightweight TSA Wrist Exoskeleton [27] exemplify876

this approach, augmenting position feedback with IMU sensing877

to close the loop over joint-space coordinates rather than motor-878

space coordinates. Force and torque control strategies, which879

directly regulate the interaction force at the human-robot inter-880

face via dedicated in-series sensors, are employed where safety881

margins or task-proportional assistance must be explicitly en-882

forced: the ExoTen-Glove [24] and the Fabric-integrated TSA-883

Glove [11] regulate fingertip contact force for haptic rendering884

and grip assistance respectively, while the Hip Exoskeleton [45]885

modulates joint-level torque in proportion to the measured load886

during lifting. Intent-driven strategies, which infer voluntary887

effort from sEMG or IMU signals and use this estimate to trigger888

or scale TSA contraction, are prevalent in assistive devices889

targeting naturalistic daily activities: the sEMG-Driven Soft890

ExoSuit [34], the Soft Elbow [31], the WeaRo [30], and the891

SpiRo [40] all adopt variants of this approach across elbow,892

arm, and trunk segments.893

2) Passive Interaction Control: Passive interaction control894

manages the human-robot interface through mechanical de-895

sign alone, without real-time computational force modulation.896

Compliance is instead built into the transmission or structural897

elements of the device through springs, elastic substrates, or the898

inherent backdrivability of the TSA mechanism itself, so that the899

device yields to external forces in a physically stable and ener-900

getically passive manner. This approach is inherently safe, since901

a passive system can only store or dissipate energy and cannot902

inject destabilizing forces into the interaction. Passive control903

has no user intent detection, has minimal to no sensor, and works904

as mechanical support rather than powered or adaptive assistant.905

The complexity is also low, like in elbow exoskeleton [8]. Passive906

control strategies are therefore not merely a design simplification907

but a deliberate safety and comfort mechanism.908

V. APPLICATION AREA909

The TSA mechanism is not merely a product of modern910

soft robotics, its fundamental mechanical principles have been911

utilized since antiquity to actuate early technological systems.912

Historically, the storage and release of energy through twisted913

Fig. 6. Examples of wearable devices across three application do-
mains: (a) augmentation: a robotic exoskeleton suit aiding a person
in lifting and carrying heavy supplies, (b) rehabilitation: a lower-limb
exoskeleton supporting a patient in relearning walking motion using
parallel bars, and (c) haptics: a user equipped with a VR headset and
haptic glove interacting with a virtual environment through simulated
touch feedback.

fibers were foundational to the development of torsion siege 914

engines, such as catapults, and primitive machining tools like 915

pump drills. As documented by Gaponov et al. [8], these an- 916

cient applications laid the groundwork for understanding how 917

torsional strain can be converted into linear displacement a 918

principle that remains the core of modern TSA research. 919

With the contemporary shift toward compliant and light- 920

weight robotic systems, these ancient mechanical concepts have 921

been reimagined through the lens of modern materials science. 922

The evolution from rigid, heavy-duty siege engines to miniatur- 923

ized, bio-compatible wearable actuators represents a significant 924

paradigm shift in engineering. As illustrated in Fig. 6, TSA- 925

based wearable systems have been explored across a broad range 926

of applications, including haptic feedback, human augmenta- 927

tion, assistive technologies, and rehabilitation. As categorized 928

in Table II, modern TSA-based wearables now serve a dual 929

purpose: they bridge the gap between human biological capa- 930

bilities and mechanical assistance, offering versatile solutions 931

for both healthy individuals and those suffering from physical 932

impairments. 933

A. Augmentation 934

Human augmentation represents the most prominent applica- 935

tion domain for TSA-based wearable devices. These systems are 936

specifically engineered to enhance the physical performance of 937

healthy users such as hikers, climbers, or industrial workers who 938

operate in high-exertion environments [56] By providing sup- 939

plementary force during strenuous activities, TSA-based wear- 940

able devices allow users to exceed their natural physiological 941

limits while maintaining a high degree of mobility [57]. Unlike 942

traditional electric motors, the compliance of TSAs ensures that 943

the augmentation is “bio-inspired,“ moving in harmony with the 944

user’s natural musculoskeletal structure rather than resisting it. 945

In industrial and military sectors [58], the primary objective 946

of augmentation is the mitigation of both acute and chronic 947

injuries. Workers frequently engage in repetitive tasks, such as 948

overhead reaching or heavy lifting, which lead to minor ailments 949

like muscle fatigue and tendon strain [59]. Over time, these 950

can escalate into severe musculoskeletal disorders, including 951

spinal compression or ligament tears.A significant trend in recent 952

literature is the development of lumbar and knee assistance 953

systems for lifting and climbing tasks. For example, the Soft 954
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Knee Exosuit [50] was specifically designed to provide climbing955

assistance, while the TSA-based Exoskeleton for Hip Joint As-956

sistance [45] aims to alleviate the physical burden during heavy957

lifting tasks. More recently, the WeaRo system [30] has emerged958

as a state-of-the-art solution for general handling task assistance,959

demonstrating the technology’s evolving maturity in supporting960

complex industrial workflows. These devices not only enhance961

endurance but also serve a critical protective role by reducing962

the risk of chronic spinal compression and ligament injuries.963

B. Assistive964

While augmentation focuses on performance enhancement,965

assistive applications are dedicated to restoring autonomy in966

performing ADLs. As the global population ages, there is an967

increasing demand for technologies that compensate for the968

natural decline in muscle mass and joint stability. TSA-based969

wearables provide the necessary torque to assist in fundamental970

movements, such as standing from a seated position or grasping971

objects. Because TSAs are inherently “soft“ and lightweight,972

they are uniquely suited for elderly users who may find tradi-973

tional, rigid exoskeleton frames too heavy or intimidating to use974

in a domestic setting [60].975

Furthermore, these devices offer transformative potential for976

individuals living with permanent physical disabilities. By pro-977

viding active assistance, TSA-based systems enable users to per-978

form essential tasks such as eating, opening doors, or navigating979

stairs without the constant need for a human caregiver. The pri-980

mary goal is to improve the overall quality of life by expanding981

the user’s range of motion and functional independence. The982

low profile of TSA mechanisms also ensure that these devices983

are socially discrete, reducing the stigma often associated with984

bulky assistive hardware [61].985

Recent breakthroughs have focused heavily on Assistive986

Gloves and upper-limb support to facilitate ADLs. Devices such987

as the BRAG [18] and the Fabric-integrated TSA-Glove [11]988

provide crucial grip assistance, enabling users to perform simple989

tasks like opening doors or eating with minimal effort. Further-990

more, the sEMG-Driven Soft ExoSuit [34] utilizes electromyo-991

graphy signals to provide intuitive elbow flexion-extension as-992

sistance, bridging the gap between user intent and mechanical993

support. These technologies empower users with disabilities994

to expand their range of motion and maintain independence995

without relying on constant caregiver intervention.996

C. Rehabilitation997

The lightweight and high-efficiency characteristics of TSAs998

have established them as a cornerstone of modern clinical re-999

habilitation. Traditional rehabilitation robots are often massive,1000

stationary machines that require patients to travel to a clinic. In1001

contrast, TSA-based wearables are compact and portable, facili-1002

tating the transition toward home-based telerehabilitation. These1003

devices provide stable, repeatable, and controllable resistance1004

or assistance, which is critical for neuroplasticity and muscle1005

recovery following strokes or traumatic injuries [62], [63].1006

A representative example of this innovation is the Wrist1007

Exoskeleton designed by Dragunasu et al. [27]. This system1008

incorporates a sophisticated “learning mode“ that allows it to 1009

follow a precise movement profile pre-recorded by a physical 1010

therapist. This capability ensures that the rehabilitation process 1011

is tailored to the specific anatomical needs of the patient. By 1012

providing consistent, high-fidelity mechanical feedback, TSA- 1013

based systems help patients regain motor control faster and 1014

more effectively than through manual therapy alone. The Smart 1015

Flexible Wrist Exoskeleton [28] and the 3 DoF Lightweight 1016

Flexible Exoskeleton [27] both provide comprehensive sup- 1017

port for flexion-extension, adduction-abduction, and pronation- 1018

supination. These devices often feature “learning mode“ where 1019

the exoskeleton can replicate precise therapeutic profiles estab- 1020

lished by clinicians. Additionally, the MGlove-TS [13] serves a 1021

dual purpose in both assistance and rehabilitation, highlighting 1022

the versatility of TSA-based hand orthoses in treating chronic 1023

hand dysfunction. 1024

D. Haptics 1025

Beyond physical assistance, augmentation, and rehabilitation, 1026

TSA technology is increasingly being integrated into advanced 1027

haptic interfaces. These devices are designed to simulate the 1028

sense of touch in Virtual Reality (VR) environments or during 1029

the remote operation of robotic systems (teleoperation). Be- 1030

cause TSAs can generate significant tension within a very small 1031

footprint, they are ideal for integration into wearable gloves or 1032

sleeves where space is at a premium. They provide the “force 1033

feedback“ necessary for a user to “feel“ the weight or resistance 1034

of a virtual object, creating a truly immersive experience [64]. 1035

The ExoTen-Glove [24] remains the hallmark example of this 1036

application: by contracting TSA strings routed to the fingertips, 1037

the glove simulates the stiffness of different materials or the grip 1038

force required to hold a virtual object, with 80 N of available 1039

fingertip force providing a wide dynamic range for rendering 1040

both delicate and rigid contact events. The Fingertip Device [22] 1041

pursues the same objective in a radically miniaturized form: at 1042

8.6 g and 0.45 N of output force, it demonstrates that meaningful 1043

cutaneous haptic rendering is achievable with a single rigid 1044

TSA module attached to one fingertip, opening the door to 1045

ultra-low-profile haptic thimbles that can be worn unobtrusively 1046

during extended VR interaction. The De-localized Haptic de- 1047

vice [33] introduces a conceptually distinct approach: rather than 1048

rendering force at the fingertip or hand, it applies a grounded 1049

reaction force at the elbow via a rigid TSA module, creating 1050

the perceptual illusion of a contact event at a spatially remote 1051

location. This de-localization principle is particularly relevant 1052

for upper-limb prosthetics and teleoperation scenarios in which 1053

the true contact site is inaccessible to a conventional wearable 1054

haptic interface. 1055

VI. PERSPECTIVE 1056

The findings of this systematic review point toward several 1057

promising yet underexplored directions that will shape the next 1058

generation of TSA-based wearable research. These future oppor- 1059

tunities are organized below according to four thematic dimen- 1060

sions: anatomical coverage, technical open problems, sensing 1061

and intent detection, and system-level integration. 1062
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a) Anatomical Gaps: Despite the breadth of anatomical cover-1063

age documented in this review, two major body segments remain1064

conspicuously absent from the TSA wearable literature: the1065

shoulder and cervical complex. The shoulder and cervical joint1066

is among the most injury-prone regions in both industrial and1067

sports contexts, yet it presents a unique engineering challenge1068

due to its complex multi-degree-of-freedom ball-and-socket ge-1069

ometry, which complicates TSA string routing and anchor point1070

definition. The absence of any shoulder and cervical targeted1071

TSA device in the reviewed literature is therefore not a reflection1072

of limited clinical need, but rather of unresolved mechanical1073

design challenges that represent a high-priority direction for1074

future work.1075

b) Technical Open Problems: Several fundamental technical1076

challenges persist across the reviewed literature. The inherent1077

non-linearity of TSA kinematics remains a primary control ob-1078

stacle: as the instantaneous twist angle evolves during actuation,1079

both the contraction rate and the output force vary in a coupled,1080

non-linear manner that existing analytical compensators only1081

partially address. Future work should investigate learned or1082

adaptive compensators, including model-free machine learning1083

approaches, capable of capturing these dynamics across diverse1084

operating conditions and user anatomies without requiring pre-1085

cise physical models. A second and largely overlooked concern1086

is the mechanical degradation of strings under prolonged cyclic1087

loading. Across the reviewed devices, long-term durability data1088

are almost entirely absent, yet string wear and fatigue are critical1089

factors for clinical adoption, where a device must function reli-1090

ably over months of daily use without requiring frequent main-1091

tenance or string replacement. Addressing this gap will require1092

standardized accelerated aging protocols and the systematic1093

evaluation of candidate string materials under realistic loading1094

conditions. A third systemic limitation is the predominance of1095

laboratory-based validation with healthy subjects. Real-world1096

deployment with clinical populations, who present irregular1097

movement patterns, muscle weakness, and co-morbidities, re-1098

mains largely unexplored and represents an essential step toward1099

the translational readiness of TSA-based wearable technology.1100

c) Bilateral and Full-Body Integration: The vast majority1101

of reviewed devices target a single joint or limb segment in1102

isolation, whereas real-world physical tasks inherently involve1103

coordinated multi-joint motion spanning the full kinematic1104

chain. Platforms such as WeaRo [30] represent early and sig-1105

nificant steps toward full-body coverage by coupling lumbar1106

and upper-limb assistance within a single wearable system.1107

The Soft Exosuit [39] similarly spans multiple segments by1108

simultaneously addressing the L5/S1 junction and the hip joint1109

through a continuous soft-knitted garment, demonstrating that1110

a single TSA-driven platform can distribute load reduction1111

across anatomically adjacent regions without requiring separate1112

devices. The TSA-FRJ based SRL [37] pushes this concept1113

further by anchoring a supernumerary robotic limb at the trunk1114

and routing TSA actuation to an independent rigid manipu-1115

lator, decoupling the augmentation function entirely from the1116

biological skeleton and enabling whole-body task strategies1117

that involve the supernumerary limb as an active participant.1118

However, simultaneously coordinating TSA modules across the1119

shoulder, elbow, wrist, and fingers or across the hip, knee, and 1120

ankle introduces inter-joint coupling effects and shared control 1121

bandwidth constraints that existing architectures such as those in 1122

the Knee Exosuit [46] or the Lever-based TSA Exoskeleton [44] 1123

are not yet equipped to handle in combination. Developing 1124

unified, multi-segment control frameworks that account for 1125

these mechanical couplings while preserving the lightweight 1126

and compliant character of TSA actuation remains a high-impact 1127

research direction. The Rigidable Exosuit [38] offers a partial 1128

solution in the trunk segment by introducing variable stiffness as 1129

a mode-switching mechanism, but extending this concept across 1130

a full kinematic chain with dynamically varying task demands 1131

remains an open and defining challenge for the next generation 1132

of TSA-based wearable platforms. 1133

VII. CONCLUSION 1134

This systematic review has provided a comprehensive anal- 1135

ysis of the current state of the art in TSA-based wearable 1136

devices, surveying the literature across three primary anatomical 1137

domains: the upper limb, the trunk, and the lower limb, and 1138

four functional application categories: augmentation, assistive 1139

technology, rehabilitation, and haptics. The findings reveal that 1140

upper limb devices, particularly those targeting the fingers and 1141

wrist, dominate the reviewed literature, reflecting the research 1142

community’s sustained focus on hand rehabilitation and dexter- 1143

ous haptic interaction. Trunk and lower limb systems, while 1144

fewer in number, have grown considerably in sophistication 1145

over the review period, as demonstrated by the multi-segment 1146

WeaRo [30] platform. 1147

A clear and consistent design trend was identified across the 1148

reviewed timeline: a progressive shift away from rigid struc- 1149

tural substrates toward soft and hybrid architectures, driven by 1150

user acceptance requirements and the need for devices that 1151

conform naturally to the human body. This transition is in- 1152

herently compatible with the TSA mechanism, whose string- 1153

based, compliant force transmission imposes no rigid elements 1154

between the actuator and the load. Because TSA actuation 1155

is inherently soft by definition, the structural distinction across 1156

reviewed devices is not rigid versus soft but rather soft versus 1157

hybrid - where hybrid designs retain a rigid frame for joint 1158

axis alignment while relying entirely on TSA strings for force 1159

transmission. This architectural flexibility positions TSA tech- 1160

nology as uniquely suited to the next generation of wearable 1161

robotics, in which user comfort and compliance are as critical 1162

as force output. 1163

With respect to control, intent-driven strategies based on 1164

the fusion of sEMG and IMU signals have emerged as the 1165

dominant paradigm for assistive and augmentation devices, en- 1166

abling proactive, user-synchronized assistance that is temporally 1167

aligned with voluntary effort rather than lagging behind it. How- 1168

ever, standardized and adaptive control strategies remain an open 1169

research problem, particularly for rehabilitation applications 1170

where the control law must evolve continuously in response 1171

to patient recovery progress through patient-in-the-loop archi- 1172

tectures. The TSA non-linear force-displacement relationship 1173

mechanism further complicates closed-loop design, motivating 1174
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the development of more sophisticated model-based and data-1175

driven compensators across future platforms.1176

Collectively, the evidence presented in this review positions1177

TSA-based wearables as a mature yet rapidly evolving field.1178

The ongoing convergence of lightweight and durable string1179

materials, miniaturized multi-modal sensing, and bio-inspired1180

adaptive control is steadily advancing TSA technology toward1181

viability as both a clinical rehabilitation tool and an industrial1182

assistive platform. Realizing this potential will require the re-1183

search community to address the identified gaps in anatomical1184

coverage, most notably the shoulder and ankle, alongside the1185

pressing challenges of long-term mechanical durability, real-1186

world clinical validation, and standardized performance evalua-1187

tion. As these challenges are met, TSA-based wearable devices1188

are well positioned to transition from laboratory prototypes to1189

mainstream tools for human physical augmentation, assistance,1190

and recovery.1191
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