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 A B S T R A C T

Twisted string actuators (TSAs) have emerged as a promising class of soft actuators with diverse applications 
in fields such as robotics, biomedical engineering, and wearable technology. This review article provides 
an overview of recent advancements in TSA technology, discusses the challenges associated with their 
implementation, and explores potential future directions in research and development. Key topics covered 
include the working principles and mathematical models of TSAs, design solutions, materials selection, 
fabrication techniques, control, applications, limitations, and avenues for further innovation. By examining the 
current state of TSA research, this article aims to stimulate discussion and inspire new avenues of exploration 
in this exciting field.
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1. Introduction

Robotic systems are spreading in manifold spectra of potential 
applications and their evolution and adaptation to new challenges re-
quire light, reliable, highly efficient actuators. Mechanical transmission 
systems involving cable twists to transform a rotative motion into a 
translational motion have been used in machines and mechanisms for 
centuries. Applications of this transmission system can be found in 
some ancient machines, for instance, the pump drill [1,2], a hand-
powered device used to produce a rapidly rotating motion to a shaft 
with an alternate linear motion, that can be used for fire-making or as a 
drill to make holes in various materials, or the torsion siege engine [3], 
using torsion motion to launch projectiles.

TSAs operate by transforming the rotary motion of an electric motor 
into a linear motion by twisting a group of strings [4]. Illustrated in 
Fig.  1, a typical TSA comprises a set of strings, an electric motor, and 
a load [5]. The strings are coaxially linked to the electric motor on 
one side and to the load on the other side. The load coaxial rotation is 
constrained by a prismatic joint. When the motor shaft rotates, strings 
are twisted and winded together and this deformation causes a con-
traction. By controlling the motor rotation angle 𝜃, the corresponding 
contraction 𝛥𝐿 can be exploited to move the load and then to produce 
the linear motion. High-Density Polyethylene (HDPE) is the prevalent 
material for the strings, due to its versatility and durability properties 
and the high strength-to-weight ratio.

The advantages of TSAs lie in their ability to produce high tensile 
force with low input torque and their simple mechanical muscle-like 
structure [6]. TSAs are lightweight, cost-effective, and inherently com-
pliant. With the efficiency factored in conventional DC motors, their 
efficiency can reach values up to 85% [7], even if this parameter 
is strongly dependent on the twisting angle, and boast a reasonably 
high power density of 0.5 W∕g [6]. In particular, designers exploit 
considerable freedom because the motor can be placed coaxially with 
the axis of motion.

However, TSAs still present several open challenges. Notwithstand-
ing the stroke of a TSA can be mathematically defined as a function 
of motor rotation angle, its control requires particular attention due 
to the highly non-linear transmission ratios, decreasing as the string 
is twisted [8]. Lifetime can be a concern, as repeated twisting and un-
twisting may cause the strings to be worn or damaged [9]. Furthermore, 
TSAs exhibit limited bandwidth and contraction ratio [10].

Current research on TSA focuses on different and complementary as-
pects, that in this work have been divided, for the sake of organization, 
into modeling, design, control and applications. 
Contribution and paper organization. The scope of this work would 
encompass a comprehensive examination of current state-of-the-art 
technologies, developments, applications, challenges, and perspectives 
related to TSA. The rest of the review article is organized as follows: 
Section 2 illustrates the criteria adopted to identify and classify the 
reviewed works. The selected papers were split up into four groups, 
depending on their main contributions, namely (M) modeling, (D) 
2 
Fig. 1.  TSA scheme: the top section provides a top view of the TSA assembly. 
The bottom section shows a lateral view illustrating how the TSA twists 
two strings. An enlarged detail view focuses on the twisting phenomenon, 
specifically highlighting the interactions occurring within each individual 
string.

design, (C) control, (A) application. The following sections resemble 
and deepen the results of this classification: Section 3 summarizes the 
main functional aspects and mathematical models of TSAs, Section 4 
discusses about their design details and specific implementations, Sec-
tion 5 presents an overview on control methods, Section 6 summarizes 
the main TSA applications. On the basis of this analysis, Section 7 
discusses on current challenges and opportunities of this type of actu-
ators and presents the most promising future development directions. 
Section 8 wraps up the main paper contents and concludes the work.

2. Materials and methods

We use the Scopus database to implement this review and in the 
first phase of the analysis, we extracted articles published until April 
2025 in international journals and conference proceedings. To provide 
an overview of TSA development, we used the keywords: ‘‘twisted AND 
string AND (actuator OR mechanism)’’ as search terms. We limited the 
research to the following Subject Areas: Engineering, Computer Science,
Materials Sciences. The research provided 202 items, among them, 25 
were considered out of the scope of this research (8 of them were
Conference Reviews, the remaining 17 were out of the topics of this 
paper), while 177 were further analyzed. It is worth noticing that 
none of the papers identified with these criteria was a review. A first 
overview of the selected papers, represented as the number of resources 
per publication year (from 2010 to 2024), is reported in Fig.  2(a).

The selected papers were further classified according to their main 
topic into four groups: (M) modeling, (D) design, (C) control and (A) 
application (Fig.  2(b)). Some papers could not be classified in a single 
group and therefore were counted more than once in Fig.  2(b). In 
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Fig. 2.  Results of Scopus research. (a) Number of resources per year from 
2010 to 2024 and (b) per main topic (M = modeling, D = design, C = control, 
A = application).

particular 32 papers were considered in 2 groups, and one of them [11] 
in 3. 

Twisted String Actuators were introduced in 2010 by Würtz et 
al. [12], firstly presenting the mechanism and its model, and by Godler 
and Takashi [13], who proposed an application of TSA to a five fingered 
robotic hand. TSA applications were initially limited, while their dif-
fusion has significantly increased from 2019. Since their compactness 
and high force transmission ratio make them particularly effective in 
robotics applications, they were applied to articulated robotic hands 
and exoskeletons since their first introduction [14,15], where very strict 
dimension and weight requirements are needed.

While analyzing the selected papers, the research was integrated 
with other resources (cited by- or citing the above-mentioned works), to 
complete the analysis of the different aspects. The results of the review 
are reported in the following sections.

3. Working principles and models of twisted string actuators

3.1. Considerations on twisted string actuator principles, models, and ma-
terials

The typical TSA setup consists mainly of an actuator and two strings 
attached to the motor shaft. As the motor rotates, the strings wind 
around at a helical angle, and the twisting effect produces a contraction 
translating motor rotation into linear motion. The scheme of a typical 
TSA module is shown in Fig.  1.

The primary component of twisted string actuators is a polymer 
fiber, chosen for its mechanical properties and suitability for defor-
mation. Nylon,  and High-Density Polyethylene (HDPE) are commonly 
used due to their high strength, flexibility, and availability [16].

The process begins with the polymer fiber twisted along its axis 
while under tension. This twisting creates a helical structure along the 
3 
Fig. 3. Scheme of TSA composed of 𝑛𝑠 = 6 strings, main parameters to define 
the mathematical model according to [12]. (a) Cross section. (b) Lateral view, 
reference configuration. (c) Lateral view, twisted configuration. (d) Lateral 
view, twisted configuration, detail of one string.

length of the fiber, storing potential energy within its molecular bonds. 
The degree of twist applied to the fiber determines the magnitude of 
the resulting contraction when the tension is released [17]. When the 
applied tension is released partially or completely the stored potential 
energy is converted into kinetic energy. As a result, the twisted fiber 
begins to untwist, returning to its original untwisted state. The twisting 
motion of the polymer fiber causes it to contract along its length. 
This contraction generates a pulling force, which can be harnessed for 
various mechanical tasks or movements, depending on the configura-
tion and application of the actuator. The contraction value and the 
resulting force output of the actuator can be controlled by adjusting 
system parameters, including the degree of twist applied to the fiber, 
the tension, and the characteristics of the polymer material itself. Such 
parameters allow precise tuning of the actuator’s performance to meet 
specific application requirements [18].

TSAs exhibit inherent compliance and flexibility due to the prop-
erties of the polymer fiber and the helical structure formed during 
twisting. This flexibility enables the actuators to bend, deform, and 
adapt to their surroundings, making them well-suited for applications 
requiring interactions with complex shapes or delicate objects [19,20].

The forward kinematic relationship between the motor rotation 𝜃
and string contraction 𝛥𝐿 is nonlinear, due to the above-mentioned 
twisting mechanism. Such a relationship has been investigated from the 
first works on TSA [12,13].

3.2. Introducing the twisted string actuator model

In this subsection, we summarize the first mathematical models of 
TSA, introduce in the preliminary works on this actuation type pre-
sented in 2010. The mathematical symbols adopted in the description 
of the model are collected in Table  1.

One of the first TSA mathematical models was presented in the 
paper authored by Würtz et al. [12], and assumes a TSA composed of 
𝑛𝑠 strings, each with radius 𝑟𝑠. A scheme of the system with 𝑛𝑠 = 6 is 
presented in Fig.  3. Let us consider a configuration in which the strings 
are twisted to form a helix with angle 𝛼, let us indicate with 𝑟0 the helix 
radius, with 𝐹𝑧 the tensile force applied to the strings, and with 𝜏𝑡 the 
torque applied by the motor. Assuming that the motor torque is equally 
distributed over all the strings, each string is subject to a force 𝐹𝑡 on 
the plane perpendicular to TSA axis given by 
𝐹𝑡 =

𝜏𝑡
𝑛𝑠𝑟0

(1)

Assuming that each string can resist tensile forces only, i.e. it can be 
considered as an ideal cable, the tensile force acting on each string can 
be expressed as: 

𝐹𝑖 =
𝐹𝑡 =

𝜏𝑡 (2)

sin 𝛼 𝑛𝑠𝑟0 sin 𝛼
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Table 1
Summary of symbols (in alphabetical order) adopted to describe in the mathematical model.
 Symbol Meaning Dimension (SI units)  
 𝑘𝑠 String tensile stiffness Force/length (N/m)  
 𝑙 Distance between the motor shaft and the load in a generic configuration Length (m)  
 𝑙0 Distance between the motor shaft and the load in the reference configuration Length (N)  
 𝑙0𝑠 String longitudinal dimension in the reference configuration Length (m)  
 𝑙𝑠 String longitudinal dimension in a generic loaded configuration Length (m)  
 𝑛𝑠 Number of strings Integer  
 𝑝 Helix pitch Length (m)  
 𝑝𝑚𝑖𝑛 Minimum possible value of helix pitch Length (m)  
 𝑟𝑠 String radius Length (m)  
 𝑟0 Helix radius Length (m)  
 𝑣 Load velocity Speed (m/s)  
 𝐴 Distance between string attach point on the load and TSA axis Length (m)  
 𝐹𝑖 Tensile load applied on each string Force (N)  
 𝐹𝑡 Tensile load applied on each string, component on the plane orthogonal to TSA axis Force (N)  
 𝐹𝑧 TSA equivalent load Force (N)  
 𝛼 Helix angle Angle (rad)  
 𝛼𝑚𝑖𝑛 Minimum value of helix angle Angle (rad)  
 𝜃 Twisting rotation Angle (rad)  
 𝜃𝑚𝑎𝑥,𝐺 Maximum value of twisting angle evaluated as in [13] Angle (rad)  
 𝜃𝑚𝑎𝑥,𝑊 Maximum value of twisting rotation evaluated as in [12] Angle (rad)  
 𝜌𝑚𝑎𝑥,𝐺 Maximum contraction ratio as in [13] Non dimensional  
 𝜌𝑚𝑎𝑥,𝑊 Maximum contraction ratio as in [12] Non dimensional  
 𝜏𝑡 Torque applied by the motor Torque (Nm)  
 𝜔 Motor angular speed Angular speed (rad/s) 
 𝛥𝑙 TSA stroke Length (m)  
 𝛥𝑙𝐺 TSA stroke evaluated according to [13] Length (m)  
 𝛥𝑙𝑊 TSA stroke evaluated according to [12] Length (m)  
The force 𝐹𝑧 needed to balance the torque 𝜏𝑡 is then given by 
𝐹𝑧 = 𝑛𝑠𝐹𝑖 cos 𝛼 =

𝜏𝑡
𝑟0 tan 𝛼

(3)

Indicating with 𝑘𝑠 the tensional stiffness of each string, normalized with 
string length, when the strings are twisted and subject to the pulling 
force 𝐹𝑧, the length of each string is given by 

𝑙𝑠 = 𝑙0 +
𝐹𝑖𝑙0
𝑘𝑠

= 𝑙0

(

1 +
𝐹𝑖
𝑘𝑠

)

(4)

Indicating with 𝜃 the twisting angle, the TSA twisted length 𝑙 and the 
TSA contraction 𝛥𝑙𝑊  can be evaluated as: 

𝑙 =
√

𝑙2𝑠 − (𝑟0𝜃)2, 𝛥𝑙𝑊 = 𝑙0 − 𝑙. (5)

The helix angle 𝛼 and the helix pitch 𝑝 are given by: 

𝛼 = arcsin
(

𝑙
𝑙𝑠

)

, 𝑝 = 2𝑙𝜋
𝜃

. (6)

The minimum value of the pitch depends on the radius and number of 
the strings and can be defined as 
𝑝𝑚𝑖𝑛 = 2𝑛𝑠𝑟𝑠, (7)

corresponding to the configuration in which the helix coils are in 
contact with each other. This constraint allows us to define a maximum 
limit of twisting angle: 

𝜃𝑚𝑎𝑥,𝑊 =
2𝜋𝑙(𝜃𝑚𝑎𝑥,𝑊 )

𝑝𝑚𝑖𝑛
(8)

By considering the 𝑙𝑠 expression in Eq. (4), 𝜃𝑚𝑎𝑥 can be expressed as: 

𝜃𝑚𝑎𝑥,𝑊 =
𝑙0
(

1 + 𝐹𝑖
𝑘𝑠

)

√

𝑛2𝑠 𝑟2𝑠
𝜋2

+ 𝑟20

(9)

The maximum contraction ratio 𝑟𝑚𝑎𝑥,𝑊  that can be obtained from the 
TSA before overtwisting occurs is then given by: 

𝜌𝑚𝑎𝑥,𝑊 =
𝛥𝑙𝑊 (𝜃𝑚𝑎𝑥,𝑊 )

𝑙0
=

𝑙0 − 𝑙(𝜃𝑚𝑎𝑥,𝑊 )
𝑙0

(10)

 The model has been integrated in [4] with differential kinematics 
and dynamics relationships and in [16,21] considering string radius 
variation during twisting.
4 
Fig. 4. Scheme of TSA with 𝑛𝑠 = 2 strings, main parameters to define the 
mathematical model according to [13]. (a) Lateral view, reference configura-
tion. (b) Lateral view, twisted configuration.

Godler and Sonoda [13] solve the problem with different assump-
tions, in particular they consider 𝑛𝑠 = 2 strings that on the side opposite 
to the motor are attached to the load at a distance 2𝐴. Based on the 
scheme in Fig.  4, let us define 𝑙 as the distance between the motor 
shaft and the mass indicated with 𝑀 . When the actuator is unloaded 
and untwisted, string length is given by 𝑙0𝑠 =

√

(𝑙20 + 𝐴2). When the 
motor rotates, the pair of strings coils into a helix with radius 𝑟0 = 𝑟𝑠, 
resulting in a contraction 𝛥𝑙𝐺, that correlates with the motor rotation 
𝜃 as described by the following relationship: 

𝛥𝑙𝐺 = 𝑙0 −
√

𝑙20𝑠 − (𝐴 + 𝑟𝑠𝜃)2. (11)

It is worth noticing that under the same hypotheses, i.e. inextensible 
strings and 𝐴 = 0, the kinematic relationships in Eqs. (5) and (11) are 
coherent. The helix angle 𝛼 can be calculated as: 

𝛼 = arcsin

⎛

⎜

⎜

⎜

√

𝑙20𝑠 − (𝐴 + 𝜃𝑟𝑠)2

𝑙0𝑠

⎞

⎟

⎟

⎟

. (12)
⎝ ⎠
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The minimum value of the helix angle 𝛼𝑚𝑖𝑛 is obtained when the coils 
are in contact with each other. With two strings, this condition is 
verified for a helix pitch 𝑝𝑚𝑖𝑛 = 4𝑟𝑠, corresponding to an helix angle 
𝛼𝑚𝑖𝑛: 

𝛼𝑚𝑖𝑛 = arcsin
(

4𝑟𝑠
2𝜋𝑟𝑠

)

= arcsin
( 2
𝜋

)

. (13)

It is worth noticing that in the hypothesis that the helix radius 𝑟0 = 𝑟𝑠, 
𝛼𝑚𝑖𝑛 is independent from string radius. The corresponding maximum 
rotation angle 𝜃𝑚𝑎𝑥,𝐺 is: 

𝜃𝑚𝑎𝑥,𝐺 =
𝜋𝑙0𝑠 − 𝐴

√

𝜋2 + 4

𝑟𝑠
√

𝜋2 + 4
. (14)

The maximum contraction ratio 𝑟𝑚𝑎𝑥,𝐺 that can be obtained from the 
TSA before overtwisting occurs is then given by: 

𝜌𝑚𝑎𝑥,𝐺 =
𝛥𝑙𝐺(𝜃𝑚𝑎𝑥,𝐺)

𝑙0
=

𝑙0 −
√

𝑙20𝑠 − (𝐴 + 𝑟𝑠𝜃)2

𝑙0
. (15)

It is worth noticing that, assuming 𝑟0 = 𝑟𝑠, 𝑛𝑠 = 2, 𝐴 = 0, 𝐹𝑧 = 0, the 
models are equivalent and it results [4]: 

𝜃𝑚𝑎𝑥,𝑊 = 𝜃𝑚𝑎𝑥,𝐺 =
𝜋𝑙0𝑠

𝑟𝑠
√

𝜋2 + 4
, (16)

and 
𝜌𝑚𝑎𝑥,𝑊 = 𝜌𝑚𝑎𝑥,𝐺 = 1 − 2

√

4 + 𝜋2
≈ 46%. (17)

Beyond the values 𝜃𝑚𝑎𝑥,𝑊  and 𝜃𝑚𝑎𝑥,𝐺, the previously introduced models 
are unable to define reliable kinematic relationships and overtwist-
ing phenomena are observed, characterized by high hysteresis and 
significant non-linearity [4].

The kinematic relationship in Eq. (11) can be differentiated to 
define the TSA transmission ratio between TSA translation velocity 𝑣
and actuator rotation speed 𝜔: 
𝑣
𝜔

=
𝑟𝑠(𝐴 + 𝑟𝑠𝜃)

√

𝑙20𝑠 − (𝐴 + 𝑟𝑠𝜃)2
. (18)

 Exploiting the Principle of Virtual Work, assuming 100% mechanical 
efficiency, the right-hand term in Eq. (18) also expresses the ratio be-
tween the motor torque 𝜏𝑡 and pulling force 𝐹𝑧 in quasistatic conditions. 
In [5] the model has been integrated and its results have been compared 
with experimental tests on a TSA prototype 

A numerical evaluation of the TSA kinematics with parameters 𝑟𝑠 =
0.30 mm, 𝐴 = 0.75 mm and 𝑙0𝑠 varying between 41 and 53 mm is 
reported in Fig.  5(a), while Fig.  5(b) reports the results obtained with 
𝑙0𝑠 = 49 mm and 𝐴 varying from 0 to 10 mm. The behavior is non-
linear until the 𝜃𝑚𝑎𝑥 value is reached. For higher values of 𝜃 angles the 
displacement is conventionally set constant. 

3.3. Model developments

The models introduced in the previous section have been further 
studied and detailed, introducing additional parameters and physical 
phenomena to improve their capability to represent TSA dynamic 
behavior.

In [17], the mathematical model has been further developed by 
introducing friction between strings during twisting, while in [22] the 
contact of TSA with a guide is considered. In [23] the authors focus 
on model development to take into account string tension and friction, 
to improve the accuracy in control systems. In [24] the model of a bi-
directional TSA system is proposed, focusing in particular on the role 
of the number of strings in system main performance.

Besides the kinematics and statics problems, reliable system dynam-
ics models are needed to predict and assess system behavior when 
periodically repetitive trajectories are required and system natural 
5 
Fig. 5. Numerical evaluation of the TSA kinematics (displacement vs. number 
of motor revolutions) according to the model presented in [13]. (a) TSA 
displacement 𝛥𝐿𝐺 vs. number of motor revolutions for different values of 𝐿0. 
(b) TSA displacement 𝛥𝐿𝐺 vs. number of motor revolutions for different values 
of 𝐴 distance.

frequencies could influence system performance. The model presented 
in the previous section has been integrated in [18] with the evaluation 
of mechanical energy and dynamics equations. Their work introduces 
an extended dynamical model that accounts for the elastic deformation 
of strings and frictional forces, enabling more accurate estimation of 
required motor torque across a wide range of motion frequencies, 
corresponding to bandwidth up to 2 Hz. Experimental validation of 
this model showcased a relative error between theoretical and practical 
curves of no more than 7%, a level of accuracy previously unattainable 
with existing mathematical models.

In [25] the TSA analytical model is further detailed, based on the 
observation that the twisting process can be non-homogeneous in axial 
direction, due to the friction between the strings.

TSA models are needed to predict system dynamic behavior, but 
are also useful to define quantitative metrics for system evaluation and 
assessment. In [26] the authors propose to evaluate TSA’s performance 
in terms of (1) contraction range, (2) linear velocity, (3) torque input, 
(4) force output, (5) effect of string bundle radius, (6) effect of string 
offset.
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The TSA model has been elaborated in [27] to present it as a 
synthesis tool, to choose the main design parameters of a TSA system 
based on the design requirements.

More recently, Bombara et al. [11] introduced TSA based on com-
pliant strings, composed of thermally-activated, and conductive super-
coiled polymer (SCP), which can produce large strain, and are capable 
of self-sensing. In the paper, the compliant behavior is detailed. The 
behavior of a TSA where strings pass through a conduct is analyzed, 
both from the modeling and experimental point of view, in [28]. The 
problem of sets of twisted strings under different pulling forces is 
studied in [29] by employing the Cosserat rod theory, in particular 
the connections between geometrical transformation and mechanics are 
clarified by considering geometric nonlinearities and self-contact.

One of the main limits of TSA is represented by their finite contrac-
tion percentage, usually constrained by overtwist limits as previously 
described in Section 3.2. For example, in the study presented in [26] 
the authors obtained a maximum contraction ratio of 30%, contraction 
ratios up to 25% were employed in the systems presented in [30,31]. 
In [32] the authors experimentally observed the overtwisting in their 
TSA-based system for contraction ratios varying from 9% to 19%, with 
a number of strings 𝑛𝑠 varying from 2 to 8. In that work, the authors 
actively exploited the overtwisting phase to increase the contraction 
percentage up to 81%. The paper introduces this feature also from the 
modeling point of view.

3.4. Models for sensing and parameter identification

The availability of TSA mathematical model is useful to estimate 
system status on the basis of measures obtained from sensors. In [33] 
the authors present a method for TSA force estimation based on a 
load cell positioned on a pin separating the strings, force estimation 
is performed with model-based correlations. The sensing capabilities 
of TSA have been further investigated with experimental tests and 
analytical models in [34]. In [35] the authors investigated on the 
possibility of providing sensing capabilities to TSA tendons through the 
insertion of conductive yarn. The work includes a model analysis for the 
characterization of TSA deformation and tendon electrical conductivity 
properties. Self-sensing properties of TSA are investigated also in [36] 
with experimental tests.

System parameter identification is another problem that in TSAs is 
particularly challenging, due to the nonlinear behavior. In [37] the 
authors present a nonlinear identification procedure employing the 
Nelder Mead simplex method. In [38] the authors propose a method to 
estimate the output TSA state based on payload’s acceleration measure-
ment through an IMU (Inertia Measurement Unit) sensor. In [39] a pa-
rameter estimation method assuming little or no knowledge about the 
system parameters is presented, employing the least squares algorithm 
and gradient algorithm.

3.5. Data-driven models

As previously introduced, TSA models are based on several pa-
rameters and often simplifying assumptions are needed to analytically 
solve the kinematics direct and inverse relationships. Furthermore, the 
system is nonlinear and presents phenomena that are difficult to model 
or quantify, for example friction, hysteresis, plastic deformations, etc. 
Data-driven models represent an alternative method for defining system 
properties. Examples of this type of model, based on Artificial Neural 
Networks, is presented in [40,41]. A neural network-based inverse 
model of TSA dynamics is realized in [42] to reduce model errors and 
handle nonlinearities between the inputs and outputs. 
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3.6. Model applications

TSA models can be integrated with the models of the wider sys-
tem that they are actuating. For example, in [43] the TSA model is 
integrated in a soft robotic model, in particular an inverse kinematic 
model is developed to realize an open-loop control for a soft robotic 
manipulator. The kinematic model of a soft actuator for robotic ap-
plications based on TSA is presented in [44], while the integration of 
TSA model in an anthropomorphic robotic gripper is presented in [45]. 
A recent and interesting application is presented in [46], where the 
authors exploit individual string contraction to obtain a differential 
mechanism. 

4. TSA design configurations

The TSA principle has been exploited in different design solutions. 
This section discusses TSA design, implementation, technology, and 
prototyping aspects and summarizes the main solutions identified in 
the literature research. 

4.1. Unidirectional vs. bi-directional actuation

TSAs work as a rotational to linear transmission system based on 
flexible elements and therefore can transmit the motion in one direction 
only. Similarly to any other cable-driven transmission systems, TSA can 
be arranged in antagonistic configuration to provide a bi-directional 
actuation. In antagonistic actuation, TSAs are arranged in pairs, with 
each pair consisting of two TSAs working in opposite directions. In this 
setup, one TSA contracts while the other extends, creating opposing 
forces. This antagonistic arrangement enables controlled and precise 
movements, similar to the action of human muscles in pairs (agonist 
and antagonist muscles) that work in opposition to produce coordinated 
motion.

Each configuration has specific characteristics, advantages, and lim-
itations and its employment depends on the specific operational re-
quirements. From this point of view, the current state of the art presents 
three main configurations.
Unidirectional TSA actuation system. This setup (Fig.  6(a)) involves 
a single TSA that generates motion in one direction (pulling) when 
activated. This configuration is usually employed when an active con-
trol of motion is required in only one direction, and passive return 
elements (e.g. springs) can be adopted since limited force in the reverse 
direction is required, for example in grippers [47]. To achieve both 
large force/torque output and compactness in a TSA, Lee et al. [48] and 
Souza et al. [49]  present solutions where groups of parallel strings are 
assembled in a bundle, actuated by a single motor and a gear system.
Bi-directional (antagonistic) TSA actuation system using two motors. In 
this solution (Fig.  6(b)), two TSAs are arranged in antagonistic con-
figuration, i.e. they work in opposition to each other. Each actuator is 
driven by a separate motor, allowing for bi-directional motion control. 
This setup is often used in robotic joints or limbs where precise control 
over both extension and contraction is necessary, as presented for 
example by Jiang et al. [50].
Bi-directional (antagonistic) TSA actuation system using a single motor. 
Similar to the previous setup (Fig.  6(c)), this configuration employs two 
TSAs arranged antagonistically. However, in this case, both the TSAs 
are driven by a single motor through a mechanism, usually gear-based, 
that enables bidirectional movement. This setup offers a more compact 
and integrated solution compared the previous one, as discussed by Lee 
et al. [51].
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Fig. 6. Various configurations of straight TSA actuation system. (a) Unidi-
rectional TSA actuation system [47] where is shown a single-motor TSA 
assembly with the sorter and the flexible tube that houses the strings within 
the twisting zone. The sorter pin acts as an interruption mechanism to stop the 
twisting effect and confine it to the designated twisting area. (b) Bi-directional 
(antagonistic) TSA actuation system using two motors [50]. (c) Bi-directional 
(antagonistic) TSA actuation system using single motor [51].

4.2. Non-linear pulley

Since the nonlinear behavior of TSA could impact system per-
formance and the definition of efficient control, different solutions 
for obtaining a linear transmission system through TSA have been 
presented in the literature. Mehmood et al. [52] designed a yoke 
mechanism for linearizing the kinematic relationships in a TSA for 
actuating a wearable exoskeleton for elbow application, and in par-
ticular for obtaining a linear relationship between TSA motor rotation 
and elbow joint angle. Jeong et al. [53] developed a compact clutch 
system mechanism that allows for achieving a simplified two-stage 
transmission ratio by adjusting the radius of the twisted string. Another 
solution presented by the same research group [54] implements an 
active gear-based dual mode system for string actuation. In [55] a 
variable radius pulley is designed to linearize the TSA input–output. 
Furthermore, a bidirectional transmission systems driven by a single 
motor is proposed.

Another interesting implementation exploiting the nonlinear be-
havior of TSA was developed by Kim et al. [56], which propose 
a combination between TSA and continuously variable transmissions 
based on elastomeric materials to obtain a behavior mimicking mus-
cles. In particular, they propose an Elastomeric Continuously Variable 
Transmission (ElaCVT), which extends TSA operational capabilities. By 
mimicking the force-velocity curve of muscles through passive alter-
ation of the reduction ratio in response to external loads on the TSA’s 
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end, ElaCVT enhances the adaptability and performance of linear actu-
ators. The integration of ElaCVT with TSA, referred to as ElaCVT-TSA, 
represents a significant stride toward developing actuators that repli-
cate muscle characteristics. Unlike conventional mechanisms, ElaCVT 
achieves reduction ratio adjustments through elastomer deformation, 
simplifying design complexities. This compact and lightweight CVT 
design facilitates its integration into diverse robotic systems.

The Adaptive variable-radius pulley presented by Park et al. [57,58] 
is an efficient idea for Antagonistic TSAs. Unlike conventional transmis-
sion systems, which are cumbersome and require additional actuators, 
this pulley system is simple, lightweight, and capable of passively ad-
justing its transmission ratio based on the output load. The versatility of 
the variable-radius pulley enables its seamless integration into existing 
tendon-based robot platforms without the need for extensive modifi-
cations. By dynamically altering the pulley’s radius, the transmission 
effect can be directly applied to enhance the system’s performance 
where the TSA is employed, e.g. robotic platforms, exoskeletons, etc.

4.3. Contact with sliding surfaces

One of the issues related to TSA implementation is that the twisting 
string should not be in contact with any obstacle or external surface, 
because this contact would modify the twisting propagation along the 
string, varying the transmission properties and, eventually hindering 
the string twisting. To avoid this problem, Palli et al. [22,59] ana-
lyzed the behavior of a TSA inserted in a sheath and, more generally, 
investigated the contact between the twisting string and a sliding 
surface. Suthar et al. [7] propose to insert the TSAs inside a conduit, 
and verify that the string twist can propagate through the sheath 
and that consistent periodic behavior of the twisted string can be 
achieved. Both these studies presented an experimental investigation 
on the behavior of a twisted string within a conduit at various constant 
deflection angles, alongside an examination of the impact of lubrication 
on cable hysteresis within conduits. Results indicate that twisting the 
cable achieves consistent behavior in terms of position and tension 
forces, with higher transmission efficiency and lower friction compared 
to sliding. Lubrication further improves force transmission efficiency. 
However, during untwisting, chattering behavior occurs due to resis-
tance from remaining twists, potentially solvable by pre-twisting the 
string.

4.4. Lifecycle, fatigue effects

A thorough understanding of the relationship between a twisted 
string’s lifespan, material properties, and operational conditions is still 
an open challenge in TSA development. Usman et al. [9] presented 
initial findings from a comprehensive experimental analysis of TSA 
performance, examining different string materials and operating en-
vironments. The study investigated in particular the lifespan of two 
distinct strings, proposing an empirically derived mathematical model 
that correlates TSA operational parameters and string characteristics 
with their endurance. Key observations reveal an exponential decrease 
in string lifespan with increased load forces and stroke, while the 
number of strings shows a linear, albeit non-direct, relationship with 
lifespan.

4.5. Other design developments

The flexibility and adaptability of TSA open several opportunities in 
the design of compact and versatile mechanical transmission systems.

To overcome the inherent limitation of TSAs represented by their 
uni-directional action, in [60] a passive extension mechanisms based 
on buckling effect is presented. The proposed solution is simple and 
compact and provide a nearly-constant extension force throughout the 
operation range.
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In [61] the authors integrate multiple TSAs in an elastic tube. 
Specifically, 3 TSAs are arranged in series and 6 in parallel, so that 
the resulting array can bend in three dimensions with a muscle-like 
behavior and elastic properties.

In [62] a system for enhancing the maximum stroke of TSA by 
adjusting twisting ratio with a planetary gear is presented. A TSA 
mechanism with an adjustable offset between strings, enabling a vari-
able transmission ratio, is presented in [63]. The design of a compact 
and lightweight TSA module suitable for wearable robotic and haptic 
devices is presented in [64], characterized by an integrated force sensor 
based on optoelectronic components and an embedded controller with 
power electronics. Xu et al. [65] developed a TSA system with a 
continuously variable transmission utilizing lightweight hyperelastic 
slender rods: by manipulating the distance between two twisted strings 
through rod deformation, the transmission ratio continuously adapts to 
varying load conditions.

A compact transmission module based on TSA is presented in [66], 
which implements an input–output transmission shifting mechanism 
by changing the twisted radius. Jeong et al. [54,67,68] propose a 
dual-mode TSA system, where a two-stage transmission ratio is imple-
mented. The transmission is designed to switch the twisted radius of 
the string between two stages, named force mode or speed mode.

Inspired by TSA structure, in [49] the authors propose an actuation 
system based on a rotary helix structure that can generate a large 
contraction force with a small input torque. The helix structure in this 
case is realized with structural elastic elements (compression springs).

5. Control systems for twisted string actuators

The nonlinear characteristics of TSAs need particular attention in 
the design of control systems. In this section, we summarize the main 
research activities and the main results in TSA control. The analyzed 
resources are listed in Table  2 and briefly described in the following. 
For the sake of organization, the references were grouped on the basis 
of the type of proposed control system.

5.1. Position control

Position control algorithms set a reference position, that need to be 
followed by the actuation system. Position control system can operate 
in the actuator space, when a reference value for the motor rotation 
𝜃𝑑𝑒𝑠 is set, or in the end-effector workspace, where the desired TSA 
stroke 𝛥𝐿𝑑𝑒𝑠 is set. Urukalo et al. [8] introduced a comprehensive work 
including modeling, design, and control work of a TSA. Lee et al. [69] 
evaluate both proportional–integral–derivative (PID) control and time 
delay control (TDC) in the TSA position control. In [70] the authors 
present and compare the performance of two PID-based and LQR-based 
position controllers. In [71] the authors develop a PD position control 
compensating system nonlinearities and tracking errors. A position 
control system for the dual-mode TSA introduced in [54] is presented 
in [72].

A dual-direction actuating mechanism is needed to precisely control 
the displacement of TSAs in both extension and contraction directions. 
Jiang et al. [50,70] propose two controllers considering the cross-
coupling dynamics between the two directions. In [73] the authors 
present a position control system for a robotic system where a pair of 
antagonistic TSAs are implemented.

Based on the identification procedure mentioned in Section 3.4, 
in [39] and adaptive position control algorithm is presented and tested 
through numerical simulations.

In [74] the authors present a high-precision control for TSA
achieved by implementing a modal-space disturbance observer, de-
signed to realize an acceleration-based control. Furthermore, the
workspace observer can estimate the force applied force.

In [75] the authors present optimal an algorithm for point-to-point 
transitions with TSA, introducing in particular a method to generate 
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smooth trajectories by directly solving an optimal control problem that 
considers constraints on motor torque and speed and preventing loss 
of tension in cables. In [76] the authors present an adaptive control 
methodology that increases the bandwidth of TSA-based systems, based 
on an accurate model that considers nonlinearities of the system.

5.2. Force control

Most of the studies available in the literature are focused on position 
control, while fewer focus on force or impedance control. One solution 
for force control exploits the use of external force sensors connected 
to the robotic structure to be controlled, as for instance in the robotic 
hand presented in [77]. Baek and Ryu [78] propose an indirect tension 
control method for TSAs, while the system proposed by Hossein [79] 
includes a force sensor for measuring and controlling string tension in 
a wearable exoskeleton.

Most of the presented control systems manage nonlinearities
through a model-driven approach or employing control strategies com-
pensating them, other possible solutions leverage on data-driven ap-
proaches, for example in [42] a learning-based force controller is 
designed using the input and output data of TSAs without a dynamic 
model. The trained neural network-based inverse model is directly 
implemented as a force controller.

5.3. Impedance control

Impedance control systems are implemented when both end effector 
trajectory and variable stiffness need to be controlled, for example 
when the system interacts with environmental dynamics and neither 
force control nor position control are sufficient on their own to manage 
a safe and reliable interaction with the environment in realistic settings. 
An impedance control of TSA implemented on tensegrity robots is 
presented in [80]. An adaptive impedance control for a TSA actuated 
wearable lower limb exoskeleton for emiparetic patients is proposed 
in [81], where the robotic actuation is evaluated on the basis of both 
motion and physiological reference of the healthy limb and the per-
formance of the impaired limb. The problem is formulated as a linear 
quadratic regulation to minimize the bilateral trajectory tracking errors 
and human effort. A reinforcement learning algorithm is designed 
to solve the given optimization problem to evaluate the impedance 
parameters.

5.4. Hybrid control

Rodriguez et al. [82] propose a hybrid control scheme based on 
two nested loops, considering the motor angle and the axial force at 
the clamping point of the actuator as the system outputs. They use 
the axial force measure at the base of the actuator, to estimate and 
compensate the coupling torque between the motor and the external 
load, and then formulate a linear control law to control the angular 
position of the actuator.  An MPC (Model Prediction Control) based 
system for controlling both TSA displacement and tension is presented 
in [83]. 

6. Applications of twisted string actuators

As highlighted in the previous sections, TSAs are compact and 
versatile actuation systems. TSA applications can vary depending on 
their actuation mode: unidirectional or antagonistic. In this section, the 
main applications of TSA in different robotic fields found in the above 
described literature review are briefly summarized.
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Table 2
Summary of the main studies on TSA control systems. For each bibliographic 
reference, the exploited control system is reported.
 Reference Position Force Impedance 
 [8] x  
 [39] x  
 [42] x  
 [70] x  
 [71] x  
 [72] x  
 [73] x  
 [74] x  
 [76] x  
 [78] x  
 [80] x  
 [81] x  
 [82] x x  
 [83] x x  

6.1. Robotic arms

TSAs represent an interesting actuation opportunity when the
robotic component has to comply with strict requirements in terms of 
weight and compactness, for instance, a foldable TSA-based robotic arm 
for drones has been presented by Suthar  et al.in [84]. Soft robotic 
arms and manipulators represent an important application field where 
the TSA flexibility can be efficiently employed, for instance, Bombara, 
Konda et al. [43,44] investigated the physical model of a soft robotic 
manipulator actuated by TSA. Cho et al. [85] present a TSA-based hyper 
redundant manipulator and propose a tension maintenance system 
employing compression springs at the distal end of the manipulator to 
prevent tension losses and to improve controllability properties.

6.2. Medical and surgical robotics

TSAs have been exploited in medical and surgical applications and 
in particular in applications requiring flexibility and small dimensions. 
Yan et al. [86] presents a TSA-based actuated and controllable catheter 
for catheter-based interventional diagnosis and therapy. Nica et al. [87] 
propose a magnetic transmission system based on twisted string to be 
applied in miniaturized surgical robots. Schlesinger et al. [88] present 
a TSA-based device with position feedback for robotic endoscopy. For 
the same application, in [89] a pair of TSAs working in antagonistic 
configurations are employed. In [90] a video laryngoscope with an 
adjustable shape is designed, in which the configuration can be adapted 
to patient’s specific needs with a TSA. In [91] an active TSA-based 
exoskeleton for assisting a surgeon during operations is presented.

6.3. Robotic hands

Soft materials and flexible actuation systems are often exploited 
in the development of robotic hands and grippers to provide them 
the required adaptability and versatility properties [92]. Due to their 
compact and flexible structure and to the high force/torque ratio, 
TSAs are particularly suitable for actuating articulated and soft robotic 
hands, grippers, and fingers, especially when highly dexterous, an-
thropomorphic structures are employed. TSAs have been employed 
in robotic hands and fingers from their first development stages, for 
example by Sonoda et al. [77,93], Shin et al. [14], Godler et al. [13,30]. 
Applications of TSA in anthropomorphic robotic hands are presented 
by Jeong et al. [94], Tsabedze et al. [47], Tavakoli et al. [95], Jin 
et al. [96], and by Xu et al. [97]. In the European project DEX-
MART, an anthropomorphic robotic hand has been developed, robotic 
a lightweight and compact hand mechanism has been realized through 
the introduction of interesting design solutions, including the use of the 
twisted string principle [98–100]. In [101] another anthropomorphic 
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robotic hand is presented, actuated by 6 TSAs (2 for the thumb, and 
one for each finger), fitted within a the palm. 

The flexible structure of TSAs can be exploited in the emerging 
field of soft hands and fingers, as presented for example by Rahman et 
al. [101]. Tsabedze et al. [102] developed an actuated glove based on 
TSA that can actuate both robotic and human hands. Godler et al. [30] 
developed a compliant robotic gripper employing TSA and evaluated its 
performance. Konda et al. [19] presented a compliant gripper actuated 
by TSAs, where two actuators per finger are employed: one for finger 
bending and one for joint stiffening, a similar principle is exploited 
also in the wave-joints presented by Dragusanu et al. [103,104]. Lee et 
al. [20] exploited the twisting principle applied to an origami structure 
to develop a compliant and adaptable robotic gripper. In [105] the 
authors present the design of a planar robotic gripper that, when driven 
by a twisted string actuator, exhibits nearly-constant transmission ratio 
throughout its motion range. In [106] the authors introduce an an-
thropomorphic soft robotic gripper driven by TSA, named STAR–2. The 
proposed system has a monolithic structure with a 3-DOF thumb and 
four fingers, each with 2-DOFs.

6.4. Prostheses and supernumerary robotic limbs

TSAs are suitable to realize a convenient transmission ratio from 
motor torque to tendon contraction force while keeping the structure 
light, flexible, and compact. This feature is interesting in the implemen-
tation of anthropomorphic prosthetic hands such as the one proposed 
in [96], characterized by six active and 15 passive DOFs, with a weight 
of 280 g. Another lightweight (390 g) and versatile prosthetic hand 
actuated by TSA is presented in [107]. A preliminary study on a low-
cost active hand prosthesis, based on a TSA differential mechanism, is 
presented in [108].

Human augmentation via supernumerary robotic limbs is an emerg-
ing research field in robotics [109]. Among the possible applications, 
it is worth mentioning that these devices are becoming an effective 
method for assisting post-stroke patients in their daily life activities. 
For example, supernumerary fingers are devices worn on a patient’s 
forearm, providing basic grasping and manipulation capabilities. To 
meet the lightweight and flexibility requirements of these devices, 
TSAs represent a possible solution for their actuation, as presented 
in [110]. Similarly, TSA-based supernumerary arms can support post-
stroke patients in bimanual tasks, as presented in [111]. 

6.5. Exoskeletons

The compactness and flexibility of TSAs allow for complying with 
some of the most demanding requirements in the design of wearable 
devices for rehabilitation and assistive applications. TSA structure make 
them suitable for realizing flexible and compact components acting as 
artificial muscles that can be employed in wearable assistive devices, 
as shown in [112]. 

Concerning the lower limbs, Seong et al. [113] adopted TSAs in 
a hip exoskeleton to reduce the effort in lifting tasks. TSA applica-
tion for knee exoskeletons have been presented by Zhao et al. [114], 
Muehlbauer et al. [115], Müller et al. [116], and Huang et al. [117]. 
A TSA wearable lower limb exoskeleton for emiparetic patients is 
presented in the above cited [81]. A feasibility study on an ankle-
foot active orthosis employing TSA is presented in [118]. In [119] the 
kinetostatic model of a lever-based lower limb exoskeleton actuated by 
TSA is presented.

The small dimensions of TSA motors and the string flexibility allow 
wearable and light exosuits for back support in heavy tasks or treating 
specific problems. Ali et al. [120–122] propose an active soft brace 
that allows mobility to the spine while applying controlled corrective 
forces for scoliosis treatment. Yoon et al. [123] introduce a wearable 
exosuit that can be stiffened for posture assistance or kept flexible for 
unrestricted movements as required by tasks. A multi-DOF wearable 



M. Malvezzi et al. Measurement 257 (2026) 118824 
robot adjustable with TSA is presented in [124] to support the user 
in lifting and carrying heavy loads. An assistive robot with an active 
system with TSAs and a passive flat-back alleviation mechanism is 
presented in [125], the system is designed to conform to the natural 
human spine curvature and assist the patient in daily activities. In [126] 
a soft power suit actuated with two TSAs is presented, aimed at 
reducing physical load on the lower back during lifting operations and 
static forward bending. The design of the actuated suit is designed to 
mimic the human body force transmission and to amplify the force 
generated by muscles and tendons. In [127,128] the authors present 
a reinforced learning-based control for an exosuit actuated with TSA. 
In particular, they analyze the human-exosuit coupled dynamic model 
and propose an adaptive impedance controller for mirror training of 
hemiplegic patients. 

Regarding the upper limbs, TSAs represent an interesting solution 
for realizing light and wearable structures for support and rehabilita-
tion applications, as introduced by Lee et al.in [129]. In [130] a surface 
electromyography (sEMG)-driven soft exosuit is presented. The device 
weighs 1.65 kg only and uses TSAs to perform both single and dual-
arm elbow assistive tasks. A bidirectional elbow exoskeleton device 
based on rotational twisted string actuators is proposed in [31]. Other 
applications of TSA in exoskeletons for elbow support and actuation 
can be found in [7,131–134]. 

Concerning wrist actuation, two different devices, both actuating 
wrist 3-DOF motion, have been recently presented in [135,136]. The 
first one employes 6 TSA, the second one 5, in both of them the tracking 
system is realized with a pair of IMU sensors. A 3-DOF wrist orthosis 
actuated with 3 TSAs is presented in [137].

The development of active exoskeletons and actuated gloves for the 
hand is particularly challenging due to the complexity of its biomechan-
ical structure and the richness of movements and tasks required for this 
important part of the body. Wearable devices for hand rehabilitation 
have been recently classified by Achilli et al. [138] in three main 
groups: rigid, soft, and hybrid.

Within this context, soft exoskeletons have gained increasing atten-
tion thanks to their ability to easy adapt to the natural movement of 
the hand minimizing the mechanical constrains. Among the various 
actuation technologies present in the literature, TSAs are particularly 
effective in hand actuation for assistive and rehabilitative application. 
Their inherent compliance, compactness, and high force-to-weight ra-
tio make them well-suited for wearable devices, as demonstrated in 
previously cited studies [46,47,79,102].

In addition to these works, different research have explored the 
application of TSA-based mechanism in soft robotic hand exoskeleton. 
These studies address a wide range of goals, such as the motor function 
recovery in clinal setting, the daily assistance for people with reduced 
hand mobility and the integration with virtual reality environments to 
enhance user engagement and therapeutic outcomes. Li et al.in [139], 
present a lightweight glove that combines TSA-based actuation with 
whole-hand motion tracking for immersive VR-based rehabilitation, 
while Silva et al. [140] propose a biomimetic, tendon-driven soft 
exoskeleton that leverages myoelectric control for upper-limb recov-
ery. Other developments include a modular glove architecture with 
the integration of TSA-based flexible enabling the flexion/extension 
and abduction/adduction movements across all fingers [141,142], and 
orthotic systems aimed at facilitating daily activities. Muehlbauer et 
al. [143] introduced an active modular hand orthosis utilizing TSAs, 
with a focus on modularity and adaptability. The presented device 
design allows for targeted actuation of individual fingers, offering a 
scalable approach that can be customized for different levels of mo-
tor impairment. Popov et al. [144] developed a portable exoskeleton 
glove featuring a soft structure and TSA-based actuation, aimed at 
assisting users in activities of daily living (ADLs) while Hosseini et 
al. [145] explored haptic feedback capabilities with the Exoten-Glove, 
which allows users to perceive virtual spring stiffness through tactile 
interaction. With this work, the authors demonstrate that variations 
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in string tension can be translated into haptic cues, enabling rich 
user interaction. Tsabedze et al. [146] presented AWARD, an active 
wearable assistive and resistive device that can support rehabilita-
tion protocols in terms of passive assistance and active resistance for 
strength training. Still, Tran et al. [147] proposed the FlexoTendon 
glove, a voice-controlled exotendon system for hand rehabilitation. 
This glove integrates TSA actuation with natural language control, 
enhancing accessibility for users with limited motor function. 

6.6. Haptic devices

Haptic interfaces are becoming common in different applications. 
The development of effective haptic devices represents another po-
tentially important TSA application field. Skvortsova et al. [148] de-
veloped a TSA-based haptic system for controlled actuation of wrist 
flexion/extension, rendering torque feedback to the joint through a 
rotary handle driven by a TSA and a spring-loaded cable mechanism. 
A cable-driven, TSA-based desktop haptic interface has been proposed 
by Pepe et al. [149]. Van et al. [150] propose a TSA-based system for 
rendering different tissue stiffness in indenting an anatomical model 
in medical training. Interesting solutions exploiting TSAs have been 
recently proposed in the emerging field of wearable haptics. The glove 
proposed by Hosseini et al. [79,151] can provide users with force feed-
back while performing virtual object grasping. Leonardis et al. [152] 
proposed a wearable thimble for rendering the cutaneous perception of 
contact with a surface. In [153] haptic device with parallel structure, 
based on TSAs is designed for delivering de-localized tactile feedback 
in prosthetics. A haptic device with parallel structure combining a TSA 
with a mechanism for kinematic linearization is introduced in [154]. 

6.7. Other applications

The compactness, flexibility and adaptability properties of TSA 
make them suitable for many other applications.

Soft robotics represents an emerging research field that focuses on 
creating robots from flexible, deformable materials that more closely 
mimic the movements and adaptability of living organisms. Unlike 
traditional rigid robots, soft robots can bend, stretch, and conform 
to complex environments, making them ideal for delicate tasks such 
as medical procedures, exploration in uncertain terrains, and inter-
actions with humans. By integrating materials science, biology, and 
engineering, soft robotics opens new possibilities for safer, more versa-
tile robotic systems. The inherently compliant TSA structure make this 
solution particularly suitable for actuating soft robotic structures [155].

Tensegrity robots, for example, are structures composed of contin-
uous tension and discontinuous compression elements, with no rigid 
joints between elements, which give them peculiar force distribu-
tion properties, capable of locomotion and manipulation by chang-
ing lengths of their continuous network of tensional elements. The 
application of TSA in this type of structure is described in [80].

The adaptability and versatility of the TSA can be exploited in 
robotic locomotion. In [156] TSAs are employed to actuate a 2-DOF 
joint for snake robots. Another TSA based snake robot is presented 
in [157]. In [158] TSAs are employed in a wheeled jumping robot.

Origami structures are an interesting solution that can be used in 
many applications, for example, morphing structures, robotics, and 
metamaterials. In [159], the authors present automatic procedures for 
the design of origami structures and, in particular, propose the use of 
TSA to fold the target 3D structures from flat plates.

Soft-growing robots are soft robotic structures that allow the feed-
ing of new materials at their tips. They have been the object of 
recent studies because of their peculiar locomotion capabilities. To 
increase their capabilities in passing through narrow curved passages, 
Lee et al. [160] present a tip steering mechanism composed of a 
hyper-redundant rolling contact joint and TSAs.
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Fig. 7. A graphical description of Twisted String Actuation (TSA) evolution. Pump drills and the torsion siege engine are examples of ancient applications of string 
twisting-based mechanisms. In the lower left corner, a schematic illustration shows two Roman torsion weapons: the onager (a single-arm torsion catapult) and 
the scorpio (a torsion-powered ballista). Early torsion artillery emerged during the 4th century BCE, likely during the reign of Dionysius I of Syracuse (399–385 
BCE) [166]. The first TSA concepts and models were presented in 2010–2012  [5,12,13,15]. More recently, it is worth mentioning the studies of friction properties 
of TSA inserted in a sheath presented by Palli et al.in 2016, the dual-stage TSA presented by Jeong et al. [54], the antagonistic configuration with nonlinear 
pulley presented by Park et al. [57], the studies on TSA inserted in flexible tubes and TSA pre-twist presented by Suthar et al. [28,84]. TSA technology History 
of TSA development.
An interesting, still preliminary application of TSAs is presented 
in [161] for aerial manipulation: the system is a net-based design using 
TSAs to pull together 8 3D printed cylinders connected to a net, which 
conforms around the object.

In [162,163], the authors propose an actuation mechanism based on 
TSA to trigger the snap-through of a bistable buckled beam, realizing 
an on/off bistable actuator. Bistable structures represent an interesting 
design solution in various engineering applications that only need 
two simple operating states (e.g. open/close). A bistable structure has 
two distinct stable configurations, which are suitably robust against 
disturbances, and they are sustained with no additional external power 
supply. 

7. Results, perspectives and challenges

7.1. Results

Notwithstanding machines including transmission systems based on 
cable twist to transform a rotative motion into a translational motion 
have been exploited since ancient times, their systematic study and 
employment in mechatronic systems is more recent. Fig.  7 graphically 
illustrates TSA evolution. 

The first applications mechanical transmission systems based on 
cable twisting in robotic and automation systems were proposed by 
Suzuki et al. [164,165] and are referred to as Strand Muscle Actuators. 
This simple, yet effective transmission system has been introduced 
more recently in the so-called Twisted String Actuators (TSAs). In the 
robotic context, TSAs were introduced in 2010–2012  [5,12,13,15] and 
their implementation in different robotic applications has been rapidly 
spreading since 2018–2019 as graphically illustrated in Fig.  2(a).
Overview on TSA modeling. TSA model can be developed by examining 
the cross-section of the string during the twisting process [4]. As the 
string undergoes twisting, the degree of contraction can be determined 
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by analyzing the unwound geometry of the cylinder. Through differen-
tiation of this contraction, the relationship between the load velocity 
and the motor angular velocity can be established. Thus, by specifying 
the desired contraction velocity, the corresponding angular velocity of 
the motor can be calculated [16]. Kinetostatic analysis in quasi-static 
conditions allows finding the relationship between the external force 
axially applied to the load and the motor torque [27]. The radius of the 
string plays a pivotal role in the accuracy of the mathematical model. 
Traditionally, the model assumes a constant radius, yet more detailed 
studies have explored variations in radius as the string undergoes 
twisting [16]. Generally, as the string twists, its radius tends to increase 
due to the expansion of the resulting helix formed by the coiling string. 
Conversely, applying significant linear load forces will decrease the 
radius of the string.
Overview on TSA design. Studies have focused on evaluating the per-
formance of various types of strings under different operational con-
ditions, considering factors such as precision, maximum contraction, 
and lifespan. For instance, investigations have revealed that individ-
ual fibers within a non-braided string are prone to tearing or dam-
age during twisting, whereas braided strings demonstrate greater re-
silience [9]. The longevity of strings has been examined across varying 
loads to understand their life cycles [9,167]. Moreover, variable stiff-
ness can be achieved by adopting antagonistic configurations [168]. 
Examples of further developments are represented by the dual-mode 
TSA mechanism introduced in [54,94], enabling both speed mode with 
low contraction force and force mode with low contraction speed. 
These innovations broaden the applicability and versatility of TSAs in 
diverse contexts.
Overview on TSA control. Given that TSAs were introduced relatively 
recently in robotics and automation contexts, approximately two
decades ago, its control still presents several open challenges. Feedback 
control of string contraction can be achieved by measuring contraction 
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using a linear displacement sensor [76]. The controller then adjusts 
the motor torque to ensure that the measured contraction matches the 
desired contraction. However, in many instances, installing a sensor 
for linear displacement proves challenging due to the desired actuator 
flexibility and lightweight. To address this challenge, the kinematic 
model can be inverted to calculate the motor angle needed to obtain 
the desired contraction [4]. By regulating the motor angle to the 
desired value, the desired contraction can be achieved using simple 
motor encoder-based feedback control, eliminating the need for an 
external sensor. However, this method may exhibit limited repeata-
bility and accuracy over long-term operation due to factors such as 
hysteresis, wear, and a creep of the strings. Hence, a combination 
of both approaches may be employed to mitigate their respective 
limitations [76]. Similarly, tension and impedance control can also be 
implemented [82].

Overview on TSA applications. TSA are particularly effective in engi-
neering applications that require compact, lightweight, and high-force 
linear motion. One of their main uses is in robotics end-effectors 
(hands and grippers) [98]. TSAs are also employed in active prostheses, 
providing precise and energy-efficient movement control [115]. In 
addition, they are gaining attention in wearable devices, exoskeletons, 
and medical assistive technologies, where safety, flexibility, and silent 
operation are crucial.

The works discussing challenges that are still open and ongoing, re-
garding TSA technology, are summarized in Table  3, highlighting their 
advancements, benefits and challenges. In the following, we further 
provide a detailed discussion on recent and ongoing advancements in 
TSA technology, focusing on models, control strategies, materials, and 
applications, along with challenges and future directions.

7.2. Recent and ongoing advancements in TSA technology

TSA models and control. While most of the works on TSA model focus 
on kinematics analysis, for position control issues, recent studies are 
deepening string tension and force control issues, too, as proposed by 
Baek et al. [78]. Parameter identification of the mathematical model is 
needed for the design of efficient control strategies. The study proposed 
by Zallaghi et al. [37] aims at defining a simple but effective procedure 
for direct model parameters identification of TSAs, which accepts the 
model in the initial ODE-based form. The advancements enhance the 
understanding of TSA behavior and pave the way for improved model-
based control strategies and more efficient selection of TSA motors. 
By integrating these advancements, future directions in TSA research 
may focus on further refining dynamic models, exploring novel control 
strategies, and expanding applications across various domains, from 
robotics to biomedical devices.

Furthermore, besides applications in rotational-to-linear transmis-
sion systems, recent works show how the complex, three-dimensional 
behavior of string twisting can be exploited for developing innovative 
mechanisms, for example for object grasping, as proposed by Long et 
al. [169].

Friction and lubrication. Overall, the studies on conducts presented 
in [7,22] and previously discussed, suggest that placing a TSA inside 
a conduit is feasible and holds potential for applications requiring high 
flexibility and mobility, as requested for example in wearable robotic 
applications discussed in Section 6. This is supported by the higher 
power transmission efficiency and inherently high gear ratio of TSAs 
with respect to other electromechanical transmission systems, enabling 
the use of more compact and less powerful motors, thereby reducing 
the overall weight and size of the actuation system.
12 
Pre-twist. TSA can effectively transmit power even when the conduit 
is significantly deflected. However, issues such as pull-back, hysteresis, 
and chattering due to friction between the strings and the internal 
sheath of the conduit can appear in these cases. Recent advancements in 
TSA pre-twists have shown promising performance improvements, es-
pecially under high bending angles, as highlighted by Suthar et al. [28], 
who addressed two undesirable behaviors—pullback and chatter—that 
occur within conduits due to friction. The researchers introduced a 
dimensionless pre-twisting factor to quantify pre-twisting, allowing 
for controllable tuning parameters. Although this approach involves a 
trade-off in contraction stroke, the reduction remains within an accept-
able range. Furthermore, they propose an online estimation method 
to dynamically determine the amount of pre-twist, achieving longer 
strokes compared to traditional offline techniques. In this context, the 
research is developing precise control schemes and advanced actu-
ation systems incorporating multiple soft TSAs, promising enhanced 
performance and controllability.
Vibration effects. The impact of vibration on TSA within deflected 
conduits has been explored by Donghyee Lee et al. [170]. The experi-
mental results reveal that applying vibration near the system’s natural 
frequency during the final stages of the twisting and untwisting cycles 
significantly mitigates pull-back and hysteresis, and enhances string 
contraction. Specifically, when the sheath was deflected by 180◦ under 
a constant load of 3 kg, they observed a 70% reduction in pull-back and 
a 30% reduction in hysteresis compared to scenarios without vibration.

These findings highlight the potential of using vibration to improve 
TSA performance, offering a direction for future research to further 
refine and optimize the use of this type of actuation in applications 
where high bending angles are involved.
Materials. Recent advancements in pre-twists for TSAs have shown 
significant promise, particularly with the integration of shear-stiffening 
gels (STGs) [173]. A rotary motor combined with fibrous strings 
demonstrates excellent performance due to its power, lightweight, and 
large stroke capabilities. However, traditional twisted string transmis-
sion systems face limitations in stiffness range and force generation. 
To address these challenges, researchers have developed a variable 
stiffness artificial muscle by impregnating STGs into a TSA. This novel 
approach leverages high twisting speeds to produce large impact forces, 
which induce shear stiffening in the STG. This results in improved 
elasticity, stiffness, force capacity, and response time of the TSA. For 
instance, at a twisting speed of 4186 rpm, the elasticity of an STG-TSA 
reached 30.92 N∕mm, compared to just 10.51 N∕mm at a lower twisting 
speed of 200 rpm. Furthermore, the STG-TSA exhibited more significant 
shear stiffening under high stiffness loads, making it a promising 
solution for artificial muscles to coactivate with human muscles and 
enhance motion compensation.

Additionally, advancements in the durability of TSAs have been 
achieved through the development of a unique graphene-based com-
posite coating. Twisted string actuators are widely used due to their 
mechanical simplicity and flexibility, yet their reliability under strin-
gent conditions remains a concern. The primary issue is the increased 
wear of strings due to friction between fibers and strands, leading to 
a relatively short lifespan. To combat this, researchers have created a 
graphene-based composite coating for TSAs.

The graphene used in the coating was thoroughly analyzed us-
ing structural and chemical characterization methods, and the coated 
strings were examined with both spectroscopic and microscopic tech-
niques [171]. Experimental studies showed that the newly coated 
strings had approximately double the lifetime of commercially procured 
coated strings. This development in graphene-based coatings holds the 
potential to significantly enhance the durability and performance of 
TSAs in future applications.

Recent developments on materials for TSA investigate the use of 
unconventional materials, for example, in [174] the magnetothermal 
properties of particular recycled materials are investigated for realizing 



M. Malvezzi et al. Measurement 257 (2026) 118824 
Table 3
Recent and ongoing advancements in TSA technology.
 Category Advancement Details Benefits Challenges/Limits References  
 TSA models Improved TSA modeling Focus on dynamic models. Direct 

parameter identification methods 
proposed for enhanced model 
accuracy

Better understanding of 
TSA behavior

Parameter identification 
requires robust methodologies 
and experimental validation.

[78]  

 TSA control Improved TSA control 
mechanisms

Focus on string tension, and force 
control. Direct parameter 
identification methods proposed for 
enhanced control strategies.

Better understanding of 
TSA behavior, improved 
control strategies with 
more efficient motor 
selection.

Parameter identification 
requires robust methodologies 
and experimental validation.

[37]  

 Rotational-to-
linear 
mechanisms

Exploitation of 3D 
twisting behavior for 
novel applications

Use of complex string behaviors for 
applications like object grasping.

Enables innovative 
TSA-based mechanism 
designs for diverse 
applications.

Complexities in accurately 
modeling 3D behavior under 
various conditions.

[169]  

 Friction and 
lubrication

TSA integration into 
conduits for wearable 
robotics

Higher efficiency and flexibility in 
power transmission. Compact, less 
powerful motors reduce actuator 
weight and size.

Enables flexible and 
mobile wearable robotics.

Friction-induced pull-back, 
hysteresis, and wear limit 
durability.

[7,22]  

 Pre-twist Dynamic and online 
pre-twisting 
mechanisms

Introduction of dimensionless 
pre-twisting factor and online 
estimation methods to optimize 
stroke and performance.

Reduces pull-back and 
chattering, improves 
performance under high 
bending angles.

Trade-offs in stroke length due 
to pre-twisting.

[28]  

 Vibration effects Use of vibration to 
enhance TSA 
performance

Applying vibration near natural 
frequencies reduces pull-back and 
hysteresis while improving string 
contraction.

Enhances stroke efficiency, 
particularly under high 
deflection and constant 
load conditions.

Needs precise vibration 
control systems for effective 
integration.

[170]  

 Materials Integration of 
shear-stiffening gels 
(STGs) and 
graphene-based 
coatings

STGs improve elasticity and stiffness. 
Graphene coatings double TSA 
lifespan by reducing wear and 
friction.

Improved TSA durability, 
enhanced performance 
under high loads, and 
increased lifespan.

Limited adoption due to cost 
and scalability of advanced 
materials.

[171]  

 Self-sensing TSAs Development of 
compliant, self-sensing 
TSAs

Use of thermally activated, 
conductive polymer strings for 
intrinsic position sensing and 
actuation.

Enables compact, adaptive, 
and sensor-free TSA-driven 
systems.

High complexity in material 
synthesis and integration with 
control systems.

[11,35]  

 Non-linear 
pulleys

Variable-radius pulley 
systems

Innovations like Elastomeric 
Continuously Variable Transmission 
(ElaCVT) improve TSA adaptability 
for robotic joints.

Expands TSA application 
scope, improves actuator 
functionality.

Complexity in integrating 
nonlinear systems with TSA 
mechanisms.

[49]  

 Challenges TSA limitations in 
stroke, speed, 
durability, and 
scalability

Issues include material wear, slack in 
bidirectional TSAs, and complexities 
in control and manufacturability.

Opportunities for 
innovation in material 
design and control systems.

Requires significant material 
and mechanical improvements 
to overcome fundamental TSA 
limitations.

[16,171,172] 
soft tendon-based actuators. In [175] the electrical properties of silver-
plated yarns are investigated, and the authors point out that such 
materials can be employed in TSA strings to provide them sensing 
capabilities. 
Life cycle. A comprehensive study on the lifespan of Twisted String 
Actuators (TSA) by evaluating string durability under various exper-
imental conditions [9,176]. These included different motor speeds 
(1500 and 2500 rpm), loads (9 kg and 25 kg), stroke lengths (10% 
and 20% of the untwisted string length), and string diameters (1 mm 
and 1.5 mm). Specifically, the experiments were performed at a motor 
speed of 2500 rpm, a stroke of 20% (50 mm), and loads ranging from 
9 kg to 25 kg.

Fourteen types of Dyneema strings from four manufacturers (Ar-
mare, Gottifredi, Liros, and Alpha Ropes) were tested, varying in type 
and diameter. The study measured the lifespan of these strings under 
the given conditions. Dyneema, a readily available string material, 
demonstrated the longest lifespan, with Liros achieving 59,956 cycles 
(88.2 h) for a string diameter of 1.5 mm and 129,271 cycles (178.1 h) 
for a diameter of 2.0 mm under a 9 kg load.

Notably, Liros strings (1.5 mm and 2.0 mm) recorded the longest 
lifespan under a 9 kg load. Gottifredi’s Evofly78 string showed the 
second-longest lifespan at 47,423 cycles with diameters of 1 mm to 
1.6 mm. Another string from Gottifredi, SK78, recorded 121,942 cycles 
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for a 2.0 mm diameter under a 9 kg load. For higher loads (15, 20, 
and 25 kg), Gottifredi’s Evofly78 and SK78 demonstrated the longest 
lifespans.

Despite these findings, further research is necessary to enhance TSA 
lifespan under diverse material compositions and coatings. Key areas of 
investigation include improving internal resistance, mitigating string 
heating, assessing the impact of twisting direction and braiding tech-
niques, and comparing string dimensions. Additionally, the potential 
benefits of lubrication and coating methods for extending TSA lifespan 
warrant further exploration.
Self-sensing. TSAs have been utilized in various robotic applications. 
However, their integration into soft robotics has still faced signifi-
cant challenges. Primarily, conventional TSAs rely on stiff and non-
compliant strings, limiting their adaptability in soft robotic systems. 
Moreover, precise control typically necessitates external position or 
force sensors, resulting in rigid and bulky TSA-driven robots.

Recent research by Bombara et al. [11] proposes a novel TSA design, 
modeling, and implementation approach to address these limitations. 
Their study introduces compliant TSAs capable of generating substan-
tial strain and self-sensing during actuation. This innovative design re-
places traditional stiff strings with compliant, thermally activated, and 
conductive supercoiled polymer strings. Experimental results demon-
strate the promising performance of these advanced TSAs, boasting 
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a normalized stiffness of less than 50 N, strain exceeding 30%, and 
intrinsic position self-sensing capabilities during twisting. Moreover, 
the quasi-static actuation and self-sensing properties are effectively 
characterized using Preisach hysteresis operators, encompassing both 
twisting-induced and thermally induced actuation mechanisms.

Hosseini et al. [177,178] present the integration of TSA with a force 
sensor based on optoelectronic components. Cho et al.in [179] present 
the integration of a single-axis load cell into TSA strings, for tension 
measurement. Sensor integration is realized by infusing an uncured 
polymer into a small portion of the string, while a liquid-metal thin-
film soft sensor is externally connected. As the cable is subject to a 
tensile strain, the liquid-metal electrical resistance varies, providing 
information on the tension value. In the paper, the authors verify that 
the sensor shows a linear behavior in the range 5–100 N with negligible 
hysteresis.

These advancements pave the way for more agile, adaptable, and 
compact TSA-driven robotic systems, with implications extending to 
various fields, including soft robotics, prosthetics, and wearable tech-
nologies. Looking ahead, future directions may explore further en-
hancements in compliance, sensing accuracy, and integration with ad-
vanced control strategies to unlock the full potential of TSA technology 
in next-generation robotics.
Non linear pulleys. There is a need to enhance the applicability of TSA-
based mechanisms to robot joints with single actuators, necessitating 
the development of supplementary mechanisms like tensioners. These 
advancements will expand the scope of application and optimize the 
functionality of the variable-radius pulley in TSA, paving the way for 
more efficient and adaptable robotic systems.

Solutions such as the Elastomeric Continuously Variable Transmis-
sion (ElaCVT) proposed by Kim et al. [56] and previously introduced 
pave the way for enhanced functionality and versatility in robotic 
applications, promising further innovation and refinement.
Challenges and limitations. Notwithstanding the opportunities and po-
tentiality previously described, TSAs face several mechanical limita-
tions, including force output, stroke output, speed, and durability. 
Unidirectional TSAs have a limited stroke, while bidirectional TSAs can 
suffer from slack and force-fighting issues. The use of antagonistic TSA 
actuation with non-linear pulley designs adds to these challenges. A 
significant limitation is the limited life cycle of TSAs, as material degra-
dation and fatigue phenomena can drastically reduce their longevity. 
This issue has been explored in studies such as those by Gaponov 
et al. [167], Usman et al. [9], and Sadachika et al. [180], which 
highlight how friction between strings contributes to wear and over-
heating, thereby reducing the actuator’s reliability. To address these 
problems, Zhao et al. [172] developed a coating system to maintain 
appropriate temperatures in soft robots using TSAs, while Sarkar et 
al. [171] proposed a graphene-based coating to reduce wear. Further-
more, TSAs face challenges in control and sensing complexities, as well 
as scalability and manufacturability issues. In TSA along guided surface 
configurations, pre-twisting can eliminate pull-back and chattering but 
at the cost of losing a 50% contraction of the untwisted string length, 
illustrating the trade-offs involved in optimizing these systems.

7.3. Future directions and opportunities

The future of TSAs is set for significant advancements, particu-
larly through the development of new materials and fabrication tech-
niques. The creation of compliant materials specifically designed for 
soft robotic applications will enhance the flexibility, adaptability, and 
durability of TSAs. These improvements will enable more complex and 
nuanced movements in diverse environments, broadening the range of 
applications for soft robots.

One transformative leap in TSA technology is the integration of self-
sensing capabilities, which will allow actuators to monitor their own 
performance in real time. This advancement will lead to more precise 
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and reliable operations, facilitating the development of advanced feed-
back systems in robotics that improve efficiency and responsiveness. 
The ongoing exploration and refinement of these materials and tech-
niques will not only expand the practical applications of TSAs but also 
drive innovation in sectors ranging from medical devices to wearable 
technology and beyond.

Most current research on TSAs focuses on avoiding overtwisting and 
coiling after regular twisting due to their unpredictability and control 
challenges. Anyway, exploiting TSA behavior during overtwisting phase 
represents an opportunity to extend the limits of this type of actuation. 
Tavakoli et al. [32] identified two phases of TSA behavior: twisting and 
overtwisting, and proposed a mathematical model for both. Exploiting 
these two phases can achieve high contraction percentages, up to 81%. 
Additionally, Konda et al. [181,182] proposed a method for obtaining 
a regular overtwist pattern, which increases the TSA stroke. These in-
sights suggest that future research could explore how to effectively use 
TSAs in series and parallel configurations to design artificial muscles.

The development of robust control strategies for TSAs presents 
several promising future directions and opportunities. Enhancing the 
precision and reliability of TSAs in variable and dynamic environments 
is crucial for applications in robotics and prosthetics. Integrating ad-
vanced sensors and real-time feedback systems can improve control 
accuracy and adaptability. Leveraging machine learning algorithms to 
predict and compensate for non-linear behaviors and wear over time 
could significantly extend the operational lifespan and performance 
consistency of TSAs.

Exploring new materials and hybrid actuator designs can contribute 
to more efficient and durable solutions. The miniaturization of control 
systems will enable the incorporation of TSAs into smaller, more com-
pact devices, expanding their applicability in fields such as medical de-
vices and consumer electronics. Collaborative efforts across disciplines, 
including materials science, mechanical engineering, and computer 
science, will be essential to drive innovation and practical implemen-
tations of these advanced control strategies.

8. Conclusion

Twisted String Actuators (TSAs) represent a promising and versatile 
technology in numerous robotics fields, offering significant interesting 
design and application solutions. Since their introduction to robotics is 
rather recent, a consistent part of the research is devoted to their mod-
eling and mathematical simulations  and on their design opportunities. 
However, they are currently spreading in different robotic applica-
tions and the control aspect is subject of interesting and promising 
studies. This review has highlighted the developments in TSA tech-
nology, showcasing their potential in various applications, including 
robotics, prosthetics, wearable and medical devices. The innovative 
approaches to TSA design, such as the integration of self-sensing ca-
pabilities and the use of advanced materials, have paved the way for 
more flexible, adaptable, and durable actuators. These advancements 
are essential for achieving more complex and precise movements in 
diverse environments.

However, the journey toward fully realizing the potential of TSAs is 
fraught with challenges. Mechanical limitations, such as force output, 
stroke length, and durability, continue to pose significant hurdles. 
Issues like unidirectional stroke limitations, slack in bidirectional con-
figurations, and the wear and tear associated with material fatigue 
require ongoing research and development. The integration of robust 
control strategies and advanced sensors is crucial to overcome these 
limitations and to improve the precision and reliability of TSAs under 
dynamic and variable conditions.

Future directions in TSA research promise exciting opportunities. 
The development of new materials and fabrication techniques will 
further enhance the capabilities of TSAs, enabling their use in a wider 
range of applications. Leveraging artificial intelligence and machine 
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learning algorithms to predict and compensate for non-linear behav-
iors and material wear will extend the operational lifespan and im-
prove performance consistency. Additionally, the miniaturization of 
control systems will facilitate the incorporation of TSAs into smaller, 
more compact devices, expanding their applicability in medical and 
consumer electronics.

CRediT authorship contribution statement

Monica Malvezzi: Writing – review & editing, Writing – origi-
nal draft, Visualization, Supervision, Resources, Methodology, Investi-
gation, Funding acquisition, Formal analysis, Data curation, Concep-
tualization. Bhivraj Suthar: Writing – review & editing, Writing – 
original draft, Visualization, Resources, Methodology, Investigation, 
Formal analysis, Data curation, Conceptualization. Mihai Dragusanu: 
Writing – review & editing, Writing – original draft, Visualization, 
Supervision, Methodology, Funding acquisition, Formal analysis, Data 
curation, Conceptualization.

Funding

This work was supported by the European Union by the Next 
Generation EU project ECS17 THE - Tuscany Health Ecosystem PNRR 
MUR M4 C2 Inv. 1.5, CUP B63C22000680007, Spoke 9: Robotics and 
Automation for Health.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Data availability

No data was used for the research described in the article.

References

[1] E.B. Paz, M. Ceccarelli, J.E. Otero, J.L.M. Sanz, A Brief Illustrated History of 
Machines and Mechanisms, vol. 10, Springer Science & Business Media, 2010.

[2] J.W. Powell, Third Annual Report of the Bureau of Ethnology to the Secretary 
of the Smithsonian Institution, 1884.

[3] W. Tarver, The traction trebuchet: a reconstruction of an early Medieval siege 
engine, Technol. Cult. 36 (1) (1995) 136–167.

[4] G. Palli, C. Natale, C. May, C. Melchiorri, T. Wurtz, Modeling and control of the 
twisted string actuation system, IEEE/ASME Trans. Mechatronics 18 (2) (2012) 
664–673.

[5] I. Godler, T. Sonoda, K. Sakurai, Modeling and evaluation of a twist drive 
actuator for soft robotics, Adv. Robot. 26 (7) (2012) 765–783, http://dx.doi.
org/10.1163/156855312X626307, Cited by: 19.

[6] J. Zhang, J. Sheng, C.T. O’Neill, C.J. Walsh, R.J. Wood, J.-H. Ryu, J.P. Desai, 
M.C. Yip, Robotic artificial muscles: Current progress and future perspectives, 
IEEE Trans. Robot. 35 (3) (2019) 761–781.

[7] B. Suthar, M. Usman, H. Seong, I. Gaponov, J.-H. Ryu, Preliminary study of 
twisted string actuation through a conduit toward soft and wearable actuation, 
in: 2018 IEEE International Conference on Robotics and Automation, ICRA, 
IEEE, 2018, pp. 2260–2265.

[8] D. Urukalo, M.D. Jovanovic, A. Rodic, Modeling, development and control of 
linear twisted-string actuator, Acta Polytech. Hung. 14 (4) (2017).

[9] M. Usman, H. Seong, B. Suthar, I. Gaponov, J.-H. Ryu, A study on life cycle 
of twisted string actuators: Preliminary results, in: 2017 IEEE/RSJ Interna-
tional Conference on Intelligent Robots and Systems, IROS, IEEE, 2017, pp. 
4680–4685.

[10] R.J.C. Batista, A Compact Twisted String Actuation System for Robotic 
Applications (Ph.D. thesis), Universidade de Coimbra (Portugal), 2014.

[11] D. Bombara, S. Fowzer, J. Zhang, Compliant, large-strain, and self-sensing 
twisted string actuators, Soft Robot. 9 (1) (2022) 72–88.

[12] T. Würtz, C. May, B. Holz, C. Natale, G. Palli, C. Melchiorri, The twisted string 
actuation system: Modeling and control, in: 2010 IEEE/ASME International 
Conference on Advanced Intelligent Mechatronics, IEEE, 2010, pp. 1215–1220.
15 
[13] I. Godler, T. Sonoda, A five fingered robotic hand prototype by using twist 
drive, in: ISR 2010 (41st International Symposium on Robotics) and ROBOTIK 
2010 (6th German Conference on Robotics), VDE, 2010, pp. 1–6.

[14] Y.J. Shin, H.J. Lee, K.-S. Kim, S. Kim, A Robot Finger design using a dual-mode 
twisting mechanism to achieve high-speed motion and large grasping force, 
IEEE Trans. Robot. 28 (6) (2012) 1398–1405, http://dx.doi.org/10.1109/TRO.
2012.2206870, Cited by: 80.

[15] J. Bausch, Researchers develop robotic hand with tactual sensation, Electron. 
Prod. 54 (4) (2012) Cited by: 0.

[16] I. Gaponov, D. Popov, J.-H. Ryu, Twisted string actuation systems: A study of 
the mathematical model and a comparison of twisted strings, IEEE/ASME Trans. 
Mechatronics 19 (4) (2013) 1331–1342.

[17] S. Nedelchev, I. Gaponov, J.-H. Ryu, Accurate dynamic modeling of twisted 
string actuators accounting for string compliance and friction, IEEE Robot. 
Autom. Lett. 5 (2) (2020) 3438–3443.

[18] S. Nedelchev, V. Skvortsova, B. Guryev, I. Gaponov, J.-H. Ryu, On energy-
preserving motion in twisted string actuators, IEEE Robot. Autom. Lett. 6 (4) 
(2021) 7406–7412.

[19] R. Konda, D. Bombara, S. Swanbeck, J. Zhang, Anthropomorphic twisted string-
actuated soft robotic gripper with tendon-based stiffening, IEEE Trans. Robot. 
39 (2) (2022) 1178–1195.

[20] K. Lee, Y. Wang, C. Zheng, Twister hand: Underactuated robotic gripper inspired 
by origami twisted tower, IEEE Trans. Robot. 36 (2) (2020) 488–500.

[21] D. Popov, I. Gaponov, J.-H. Ryu, A study on twisted string actuation sys-
tems: Mathematical model and its experimental evaluation, in: 2012 IEEE/RSJ 
International Conference on Intelligent Robots and Systems, IEEE, 2012, pp. 
1245–1250.

[22] G. Palli, M. Hosseini, C. Melchiorri, Experimental evaluation of guided twisted 
actuation, IFAC-PapersOnLine 49 (21) (2016) 380–385.

[23] J. Lin, R.-D. Chu, A novel measurement model of twisted string actuating 
system, in: 2018 International Automatic Control Conference, CACS, IEEE, 2018, 
pp. 1–6.

[24] R. Shisheie, L. Jiang, L. Banta, M. Cheng, Modeling and control of a bidi-
rectional twisted-string actuation for an upper arm robotic device, in: 2015 
American Control Conference, ACC, IEEE, 2015, pp. 5794–5799.

[25] H. Lee, H. Choi, S. Park, Accurate modeling and nonlinearity compensation in 
the speed mode of a twisted string actuator, Mech. Mach. Theory 137 (2019) 
53–66.

[26] T. Tsabedze, R. Konda, D. Bombara, J. Zhang, Model-based performance analy-
sis of twisted string actuators with comparison to spooled motor tendon-driven 
actuators, IEEE Robot. Autom. Lett. (2024).

[27] D. Bombara, R. Konda, Z. Kibria, J. Zhang, Inverse modeling for component 
selection of twisted string actuators, IEEE/ASME Trans. Mechatronics 28 (2) 
(2022) 1047–1058.

[28] B. Suthar, J.H. Ryu, Twisted string actuation through a conduit: Undesirable 
behaviors and pre-twist effects, Mechatronics 96 (2023) 103084.

[29] L. Liu, Z. Yan, Y. He, D. Liu, On the configuration evolution of soft filaments 
under combined tension and torsion, Acta Mech. Sin. 39 (11) (2023) 222498.

[30] I. Godler, T. Sonoda, Performance evaluation of twisted strings driven robotic 
finger, in: 2011 8th International Conference on Ubiquitous Robots and Ambient 
Intelligence, URAI, IEEE, 2011, pp. 542–547.

[31] D. Popov, I. Gaponov, J.-H. Ryu, A preliminary study on a twisted strings-based 
elbow exoskeleton, in: 2013 World Haptics Conference, WHC, IEEE, 2013, pp. 
479–484.

[32] M. Tavakoli, R. Batista, P. Neto, A compact two-phase twisted string actuation 
system: Modeling and validation, Mech. Mach. Theory 101 (2016) 23–35.

[33] Y. Gu, J. Ingvast, J. Wikander, Toward a new force sensor for twisted 
string actuator: A study about the force on separator, in: 2017 IEEE/RSJ 
International Conference on Intelligent Robots and Systems, IROS, IEEE, 2017, 
pp. 1207–1212.

[34] D. Bombara, R. Konda, J. Zhang, Experimental characterization and modeling 
of the self-sensing property in compliant twisted string actuators, IEEE Robot. 
Autom. Lett. 6 (2) (2021) 974–981.

[35] G.A. Giacoppo, S. Oeztuerk, P.P. Pott, Integrated force sensing technology for 
twisted string actuation using conductive yarns, in: ACTUATOR 2024; Interna-
tional Conference and Exhibition on New Actuator Systems and Applications, 
VDE, 2024, pp. 163–166.

[36] D. Bombara, V. Mansurov, R. Konda, S. Fowzer, J. Zhang, Self-sensing for 
twisted string actuators using conductive supercoiled polymers, in: Smart 
Materials, Adaptive Structures and Intelligent Systems, Vol. 59131, American 
Society of Mechanical Engineers, 2019, V001T04A009.

[37] M.J. Zallaghi, H. Ghafarirad, A. Taghvaeipour, Direct model parameter identi-
fication of twisted string actuators using Nelder-Mead simplex method, Proc. 
Inst. Mech. Eng. Part C: J. Mech. Eng. Sci. 238 (15) (2024) 7747–7759.

[38] S. Nedelchev, D. Kirsanov, I. Gaponov, IMU-based parameter identification and 
position estimation in twisted string actuators, in: 2020 IEEE/RSJ Interna-
tional Conference on Intelligent Robots and Systems, IROS, IEEE, 2020, pp. 
6311–6317.

[39] R. Konda, D. Bombara, J. Zhang, Parameter estimation and adaptive control 
of twisted string actuators, in: 2022 IEEE/ASME International Conference on 
Advanced Intelligent Mechatronics, AIM, IEEE, 2022, pp. 1366–1371.

http://refhub.elsevier.com/S0263-2241(25)02183-9/sb1
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb1
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb1
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb2
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb2
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb2
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb3
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb3
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb3
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb4
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb4
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb4
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb4
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb4
http://dx.doi.org/10.1163/156855312X626307
http://dx.doi.org/10.1163/156855312X626307
http://dx.doi.org/10.1163/156855312X626307
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb6
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb6
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb6
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb6
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb6
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb7
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb7
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb7
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb7
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb7
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb7
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb7
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb8
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb8
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb8
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb9
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb9
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb9
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb9
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb9
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb9
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb9
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb10
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb10
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb10
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb11
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb11
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb11
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb12
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb12
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb12
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb12
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb12
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb13
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb13
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb13
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb13
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb13
http://dx.doi.org/10.1109/TRO.2012.2206870
http://dx.doi.org/10.1109/TRO.2012.2206870
http://dx.doi.org/10.1109/TRO.2012.2206870
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb15
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb15
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb15
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb16
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb16
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb16
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb16
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb16
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb17
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb17
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb17
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb17
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb17
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb18
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb18
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb18
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb18
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb18
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb19
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb19
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb19
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb19
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb19
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb20
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb20
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb20
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb21
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb21
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb21
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb21
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb21
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb21
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb21
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb22
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb22
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb22
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb23
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb23
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb23
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb23
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb23
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb24
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb24
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb24
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb24
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb24
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb25
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb25
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb25
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb25
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb25
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb26
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb26
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb26
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb26
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb26
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb27
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb27
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb27
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb27
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb27
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb28
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb28
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb28
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb29
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb29
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb29
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb30
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb30
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb30
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb30
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb30
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb31
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb31
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb31
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb31
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb31
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb32
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb32
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb32
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb33
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb33
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb33
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb33
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb33
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb33
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb33
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb34
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb34
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb34
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb34
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb34
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb35
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb35
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb35
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb35
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb35
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb35
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb35
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb36
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb36
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb36
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb36
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb36
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb36
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb36
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb37
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb37
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb37
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb37
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb37
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb38
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb38
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb38
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb38
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb38
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb38
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb38
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb39
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb39
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb39
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb39
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb39


M. Malvezzi et al. Measurement 257 (2026) 118824 
[40] Z. Liu, D. Wei, T. Gao, J. Gong, Kinematic modeling of twisted string 
actuator based on invertible neural networks, in: 2024 IEEE/RSJ Interna-
tional Conference on Intelligent Robots and Systems, IROS, IEEE, 2024, pp. 
1290–1295.

[41] J. Zhan, C. Xu, L. Tong, Y. Ma, X. Wang, Improved performance prediction 
for twisted string actuator under variable load, in: 2023 6th International 
Conference on Robotics, Control and Automation Engineering, RCAE, IEEE, 
2023, pp. 244–250.

[42] H. Kwon, S.-W. Kim, H.-M. Joe, Learning-based force control of twisted string 
actuators using a neural network-based inverse model, IEEE Robot. Autom. Lett. 
(2024).

[43] R. Konda, D. Bombara, E. Chow, J. Zhang, Kinematic modeling and open-loop 
control of a twisted string actuator-driven soft robotic manipulator, J. Mech. 
Robot. 16 (4) (2024).

[44] D. Bombara, R. Konda, E. Chow, J. Zhang, Physics-based kinematic modeling 
of a twisted string actuator-driven soft robotic manipulator, in: 2022 American 
Control Conference, ACC, IEEE, 2022, pp. 4365–4370.

[45] S. Swanbeck, R. Konda, J. Zhang, Kinematic modeling of a twisted-
string actuated soft robotic finger as part of an anthropomorphic gripper, 
IFAC-PapersOnLine 56 (3) (2023) 403–408.

[46] D. Wei, C. Cui, H. Yu, T. Gao, C. Li, S. Hussain, F. Ficuciello, Novel multiport 
output twisted string actuator with self-differential mechanism: Hand glove 
application, in: 2024 IEEE/RSJ International Conference on Intelligent Robots 
and Systems, IROS, IEEE, 2024, pp. 3540–3545.

[47] T. Tsabedze, E. Hartman, J. Zhang, A compact, compliant, and biomimetic 
robotic assistive glove driven by twisted string actuators, Int. J. Intell. Robot. 
Appl. 5 (2021) 381–394.

[48] S.R. Lee, D. Lee, Y. Kim, D. Shin, A compact high-torque twisted string 
actuator using parallel bundle-driven actuation with an asymmetric behavior 
compensator, IEEE/ASME Trans. Mechatronics 27 (2) (2021) 834–845.

[49] J.I. Kim, J. Choi, J. Kim, Y.-L. Park, A twisted elastic rotary-rail actuator (terra) 
using a double-stranded helix structure, IEEE Robot. Autom. Lett. 6 (4) (2021) 
7381–7388.

[50] L. Jiang, R. Shisheie, M. Cheng, E. Bakhoum, Controller synthesis for assis-
tive robotic device using twisted-string actuation, in: 2015 American Control 
Conference, ACC, IEEE, 2015, pp. 2248–2253.

[51] D. Lee, D.H. Kim, C.H. Che, J.B. In, D. Shin, Highly durable bidirectional joint 
with twisted string actuators and variable radius pulley, IEEE/ASME Trans. 
Mechatronics 25 (1) (2019) 360–370.

[52] U. Mehmood, D. Popov, I. Gaponov, J.-H. Ryu, Rotational twisted 
string actuator with linearized output for a wearable exoskeleton, 

 21 (6) (2015) 524–530.
[53] S.H. Jeong, K.-S. Kim, A 2-speed small transmission mechanism based on 

twisted string actuation and a dog clutch, IEEE Robot. Autom. Lett. 3 (3) (2018) 
1338–1345.

[54] S.H. Jeong, Y.J. Shin, K.-S. Kim, Design and analysis of the active dual-mode 
twisting actuation mechanism, IEEE/ASME Trans. Mechatronics 22 (6) (2017) 
2790–2801.

[55] M.A. Khan, B. Suthar, I. Gaponov, J.-H. Ryu, Single-motor-based bidirectional 
twisted string actuation with variable radius pulleys, IEEE Robot. Autom. Lett. 
4 (4) (2019) 3735–3741.

[56] S. Kim, J. Sim, J. Park, Elastomeric continuously variable transmission com-
bined with twisted string actuator, IEEE Robot. Autom. Lett. 5 (4) (2020) 
5477–5484.

[57] J. Park, J.-C. Kim, C.D.T. Nguyen, K.-S. Kim, S. Kim, A passively adaptive 
variable-radius pulley for a tendon-driven robotic joint, Mech. Mach. Theory 
128 (2018) 110–124.

[58] J. Park, J.-i. Park, H.-T. Seo, Y. Liu, K.-S. Kim, S. Kim, Control of tendon-driven 
(Twisted-string Actuator) robotic joint with adaptive variable-radius pulley, 
in: 2020 20th International Conference on Control, Automation and Systems, 
ICCAS, IEEE, 2020, pp. 1096–1098.

[59] G. Palli, M. Hosseini, C. Melchiorri, Twisted string actuation with sliding 
surfaces, in: 2016 IEEE/RSJ International Conference on Intelligent Robots and 
Systems, IROS, IEEE, 2016, pp. 260–265.

[60] M. Usman, B. Suthar, H. Seong, E. Hawkes, I. Gaponov, J.-H. Ryu, Passive 
returning mechanism for twisted string actuators, in: 2017 IEEE International 
Conference on Robotics and Automation, ICRA, IEEE, 2017, pp. 3714–3719.

[61] S.A. Souza, P. Muehlbauer, S. Janzen, J. Liu, P.P. Pott, Series and parallel 
actuation array of elastic micro-twisted string actuators, in: IKMT 2019-
Innovative Small Drives and Micro-Motor Systems; 12. ETG/GMM-Symposium, 
VDE, 2019, pp. 1–5.

[62] S. Baek, J. Jang, J.-H. Ryu, Enhancing maximum stroke of twisted string 
actuators by adjusting twisting ratio, IEEE Robot. Autom. Lett. (2024).

[63] D. Shin, B.B. Kang, W. Kim, Twisted String Actuator mechanism with adjustable 
offset of strings for continuous variable transmission system, Mechatronics 102 
(2024) 103227.

[64] U. Scarcia, L. Moriello, A. Pepe, G. Palli, C. Melchiorri, Design of a twisted-
string actuator for haptic force rendering, IFAC-PapersOnLine 51 (22) (2018) 
479–485.
16 
[65] C. Xu, T. Liu, S. Dong, Y. Wang, X. Wang, A lightweight, simple-structure, 
low-cost and compliant twisted string actuator featuring continuously variable 
transmission, in: Actuators, Vol. 13, MDPI, 2024, p. 477.

[66] S. Jeong, Y. Lee, K.-S. Kim, Applications: Twisted string actuation-based 
compact automatic transmission, in: 2021 IEEE International Conference on 
Robotics and Automation, ICRA, IEEE, 2021, pp. 10870–10876.

[67] S.H. Jeong, K.-S. Kim, S. Kim, Development of a robotic finger with an active 
dual-mode twisting actuation and a miniature tendon tension sensor, in: 2016 
IEEE International Conference on Advanced Intelligent Mechatronics, AIM, 
IEEE, 2016, pp. 1–6.

[68] S.H. Jeong, Y.J. Shin, K.-S. Kim, S. Kim, Dual-mode twisting actuation mech-
anism with an active clutch for active mode-change and simple relaxation 
process, in: 2015 IEEE/RSJ International Conference on Intelligent Robots and 
Systems, IROS, IEEE, 2015, pp. 5832–5837.

[69] H. Lee, H. Choi, J. Park, S. Park, Robust control algorithm using time delay 
estimation for speed mode of twisted string actuator, Mech. Mach. Theory 146 
(2020) 103733.

[70] L. Jiang, Y. Li, M.H. Cheng, et al., Compensation for cross-coupled dynamics 
of dual twisted-string actuation systems, J. Control Sci. Eng. 2016 (2016).

[71] H. Wei, H. Liu, H. Yu, A compound controller for twisted string actuator system, 
in: Proceedings of the Eighth Asia International Symposium on Mechatronics, 
Springer, 2022, pp. 173–181.

[72] S.H. Jeong, K.-S. Kim, S. Kim, Control of and experimentation on an active 
dual-mode twisted string actuation mechanism, in: 2017 IEEE International 
Conference on Advanced Intelligent Mechatronics, AIM, IEEE, 2017, pp. 
987–992.

[73] T. Sonoda, K. Ishii, A.A. Nassiraei, I. Godler, Control of robotic joint by 
using antagonistic pair of twist drive actuators, in: IECON 2012-38th Annual 
Conference on IEEE Industrial Electronics Society, IEEE, 2012, pp. 5410–5415.

[74] S. Uozumi, K. Yu, N. Yoshimura, K. Ohnishi, Motion control of tendon-driven 
rotary actuator using Twist Drive system, in: 2014 IEEE 13th International 
Workshop on Advanced Motion Control, AMC, IEEE, 2014, pp. 470–475.

[75] S. Nedelchev, D. Kirsanov, I. Gaponov, H. Seong, J.-H. Ryu, On smooth 
time-optimal trajectory planning in twisted string actuators, in: 2021 IEEE 
International Conference on Robotics and Automation, ICRA, IEEE, 2021, pp. 
10107–10113.

[76] S. Nedelchev, I. Gaponov, J.-H. Ryu, High-bandwidth control of twisted string 
actuators, in: 2019 International Conference on Robotics and Automation, ICRA, 
IEEE, 2019, pp. 5359–5364.

[77] T. Sonoda, I. Godler, Position and force control of a robotic finger with twisted 
strings actuation, in: 2011 IEEE/ASME International Conference on Advanced 
Intelligent Mechatronics, AIM, IEEE, 2011, pp. 611–616.

[78] S. Baek, J.-H. Ryu, Tension control of twisted string actuators in variation of 
stiffness and original length of strings, IEEE/ASME Trans. Mechatronics (2023).

[79] M. Hosseini, A. Sengül, Y. Pane, J. De Schutter, H. Bruyninck, Exoten-glove: 
A force-feedback haptic glove based on twisted string actuation system, in: 
2018 27th IEEE International Symposium on Robot and Human Interactive 
Communication, RO-MAN, IEEE, 2018, pp. 320–327.

[80] I.-W. Park, V. SunSpiral, Impedance controlled twisted string actuators 
for tensegrity robots, in: 2014 14th International Conference on Control, 
Automation and Systems, ICCAS 2014, IEEE, 2014, pp. 1331–1338.

[81] J. Xu, K. Huang, T. Zhang, M. Zhao, A. Ji, Y. Li, Mirror adaptive impedance 
control of multi-mode soft exoskeleton with reinforcement learning, IEEE Trans. 
Autom. Sci. Eng. (2024).

[82] A.S.-M. Rodriguez, M. Hosseini, J. Paik, Hybrid control strategy for force and 
precise end effector positioning of a twisted string actuator, IEEE/ASME Trans. 
Mechatronics 26 (5) (2020) 2791–2802.

[83] O. Balakhnov, S. Nedelchev, I. Gaponov, Preliminary study on slack-free 
model predictive control of twisted string-based antagonistic joints, in: 2020 
International Conference Nonlinearity, Information and Robotics, NIR, IEEE, 
2020, pp. 1–5.

[84] B. Suthar, S. Jung, Design and feasibility analysis of a foldable robot arm for 
drones using a twisted string actuator: Frad-tsa, IEEE Robot. Autom. Lett. 6 (3) 
(2021) 5769–5775.

[85] M. Cho, Y. Yi, K.-U. Kyung, Tension maintenance mechanism for control 
consistency of twisted string actuation-based hyper-redundant manipulator, 
IEEE Robot. Autom. Lett. (2024).

[86] L. Yan, Q. Wang, H. Li, Q. Zhang, Experimental investigation of a twisted string 
actuation for usage in active catheter, Int. J. Med. Robot. Comput. Assist. Surg. 
16 (6) (2020) 1–10.

[87] M. Nica, C. Forbrigger, E. Diller, A novel magnetic transmission for powerful 
miniature surgical robots, IEEE/ASME Trans. Mechatronics 27 (6) (2022) 
5541–5550.

[88] D. Schlesiger, G.A. Giacoppo, M.B. Schäfer, P.P. Pott, Twisted string actuation 
with position feedback for robotic endoscopy, Curr. Dir. Biomed. Eng. 7 (2) 
(2021) 343–346.

[89] E. Fratarcangeli, A. Govoni, G.A. Giacoppo, L. Heinrich, R. Meattini, P.P. 
Pott, G. Palli, Additively manufactured flexible endoscope driven by guided 
antagonistic twisted string actuation: A pilot experimental evaluation, in: 2024 
IEEE International Conference on Advanced Intelligent Mechatronics, AIM, 
IEEE, 2024, pp. 867–872.

http://refhub.elsevier.com/S0263-2241(25)02183-9/sb40
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb40
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb40
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb40
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb40
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb40
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb40
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb41
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb41
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb41
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb41
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb41
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb41
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb41
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb42
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb42
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb42
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb42
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb42
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb43
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb43
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb43
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb43
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb43
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb44
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb44
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb44
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb44
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb44
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb45
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb45
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb45
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb45
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb45
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb46
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb46
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb46
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb46
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb46
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb46
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb46
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb47
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb47
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb47
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb47
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb47
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb48
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb48
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb48
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb48
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb48
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb49
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb49
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb49
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb49
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb49
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb50
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb50
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb50
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb50
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb50
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb51
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb51
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb51
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb51
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb51
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb52
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb52
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb52
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb52
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb52
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb53
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb53
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb53
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb53
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb53
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb54
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb54
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb54
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb54
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb54
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb55
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb55
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb55
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb55
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb55
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb56
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb56
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb56
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb56
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb56
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb57
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb57
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb57
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb57
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb57
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb58
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb58
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb58
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb58
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb58
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb58
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb58
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb59
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb59
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb59
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb59
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb59
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb60
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb60
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb60
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb60
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb60
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb61
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb61
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb61
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb61
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb61
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb61
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb61
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb62
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb62
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb62
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb63
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb63
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb63
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb63
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb63
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb64
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb64
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb64
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb64
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb64
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb65
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb65
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb65
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb65
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb65
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb66
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb66
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb66
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb66
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb66
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb67
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb67
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb67
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb67
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb67
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb67
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb67
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb68
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb68
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb68
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb68
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb68
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb68
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb68
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb69
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb69
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb69
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb69
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb69
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb70
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb70
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb70
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb71
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb71
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb71
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb71
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb71
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb72
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb72
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb72
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb72
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb72
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb72
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb72
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb73
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb73
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb73
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb73
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb73
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb74
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb74
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb74
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb74
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb74
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb75
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb75
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb75
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb75
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb75
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb75
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb75
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb76
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb76
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb76
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb76
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb76
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb77
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb77
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb77
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb77
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb77
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb78
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb78
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb78
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb79
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb79
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb79
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb79
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb79
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb79
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb79
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb80
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb80
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb80
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb80
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb80
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb81
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb81
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb81
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb81
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb81
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb82
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb82
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb82
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb82
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb82
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb83
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb83
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb83
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb83
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb83
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb83
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb83
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb84
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb84
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb84
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb84
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb84
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb85
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb85
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb85
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb85
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb85
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb86
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb86
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb86
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb86
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb86
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb87
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb87
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb87
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb87
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb87
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb88
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb88
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb88
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb88
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb88
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb89
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb89
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb89
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb89
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb89
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb89
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb89
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb89
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb89


M. Malvezzi et al. Measurement 257 (2026) 118824 
[90] C. Raparjittikul, P. Jirapattarasilp, T. Wattanapornpongsuk, T. Chanthasopeep-
han, Twisted string mechanism for shape adjustable laryngoscopy, in: 2022 7th 
International Conference on Mechanical Engineering and Robotics Research, 
ICMERR, IEEE, 2022, pp. 175–178.

[91] P. Pott, M. Hessinger, R. Werthschützky, H. Schlaak, E. Nordheimer, E. 
Badreddin, A. Wagner, BOrEScOPE–exoskeleton for active surgeon support 
during orthopedic surgery, Int. J. Robot. Res. 33 (5) (2014) 799–824.

[92] Q. Liu, X. Gu, N. Tan, H. Ren, Soft robotic gripper driven by flexible shafts for 
simultaneous grasping and in-hand cap manipulation, IEEE Trans. Autom. Sci. 
Eng. 18 (3) (2020) 1134–1143.

[93] T. Sonoda, I. Godler, Multi-fingered robotic hand employing strings transmission 
named ‘‘Twist Drive’’, in: 2010 IEEE/RSJ International Conference on Intelligent 
Robots and Systems, IEEE, 2010, pp. 2733–2738.

[94] S.H. Jeong, K.-S. Kim, S. Kim, Designing anthropomorphic robot hand with 
active dual-mode twisted string actuation mechanism and tiny tension sensors, 
IEEE Robot. Autom. Lett. 2 (3) (2017) 1571–1578.

[95] M. Tavakoli, R. Batista, L. Sgrigna, The UC softhand: Light weight adaptive 
bionic hand with a compact twisted string actuation system, in: Actuators, Vol. 
5, MDPI, 2015, p. 1.

[96] Y.-b. Jin, S.-w. Cheng, Y.-y. Yuan, H.-t. Wang, W. Yang, Anthropomorphic hand 
based on twisted-string-driven da Vinci’s mechanism for approaching human 
dexterity and power of grasp, J. Zhejiang Univ.-Sci. A 23 (10) (2022) 771–782.

[97] C. Xu, S. Dong, Y. Ma, J. Zhan, Y. Wang, X. Wang, A self-sensing TSA-actuated 
anthropomorphic robot hand, J. Bionic Eng. (2024) 1–17.

[98] G. Palli, C. Melchiorri, G. Vassura, U. Scarcia, L. Moriello, G. Berselli, A. 
Cavallo, G. De Maria, C. Natale, S. Pirozzi, et al., The DEXMART hand: 
Mechatronic design and experimental evaluation of synergy-based control for 
human-like grasping, Int. J. Robot. Res. 33 (5) (2014) 799–824.

[99] C. May, K. Schmitz, M. Becker, M. Nienhaus, Investigation of twisted string 
actuation with a programmable mechanical load test stand, in: Innovative Small 
Drives and Micro-Motor Systems; 9. GMM/ETG Symposium, VDE, 2013, pp. 
1–6.

[100] G. Palli, S. Pirozzi, C. Natale, G. De Maria, C. Melchiorri, Mechatronic design 
of innovative robot hands: Integration and control issues, in: 2013 IEEE/ASME 
International Conference on Advanced Intelligent Mechatronics, IEEE, 2013, pp. 
1755–1760.

[101] M.F. Rahman, K. Zhang, G. Herrmann, Modular, underactuated anthropomor-
phic robot hand with flexible fingers and twisted string actuators, in: Towards 
Autonomous Robotic Systems: 20th Annual Conference, TAROS 2019, London, 
UK, July 3–5, 2019, Proceedings, Part II 20, Springer, 2019, pp. 489–492.

[102] T. Tsabedze, E. Hartman, E. Abrego, C. Brennan, J. Zhang, TSA-BRAG: A 
twisted string actuator-powered biomimetic robotic assistive glove, in: 2020 
International Symposium on Medical Robotics, ISMR, IEEE, 2020, pp. 159–165.

[103] M. Dragusanu, D. Troisi, D. Prattichizzo, M. Malvezzi, Compliant finger joint 
with controlled variable stiffness based on twisted strings actuation, in: 2023 
IEEE International Conference on Robotics and Automation, ICRA, IEEE, 2023, 
pp. 7378–7384.

[104] M. Dragusanu, D. Troisi, D. Prattichizzo, M. Malvezzi, Joint stiffness analysis 
and regulation for underactuated soft grippers based on monolithic structure, in: 
International Workshop IFToMM for Sustainable Development Goals, Springer, 
2023, pp. 492–499.

[105] S. Nedelchev, I. Gaponov, J.-H. Ryu, Design of robotic gripper with constant 
transmission ratio based on twisted string actuator: Concept and evaluation, 
in: 2018 IEEE/RSJ International Conference on Intelligent Robots and Systems, 
IROS, IEEE, 2018, pp. 967–972.

[106] A. Baker, C. Foy, S. Swanbeck, R. Konda, J. Zhang, Star–2: A soft twisted-string-
actuated anthropomorphic robotic gripper: Design, fabrication, and preliminary 
testing, in: 2023 IEEE/ASME International Conference on Advanced Intelligent 
Mechatronics, AIM, IEEE, 2023, pp. 643–648.

[107] Y. Cho, Y. Lee, P. Kim, S. Jeong, K.-S. Kim, The MSC prosthetic hand: Rapid, 
powerful, and intuitive, IEEE Robot. Autom. Lett. 7 (2) (2022) 3170–3177.

[108] P. Mühlbauer, L. Löhnert, C. Siegle, K.W. Stewart, P.P. Pott, Demonstrator of 
a low-cost hand prosthesis, IFAC-PapersOnLine 53 (2) (2020) 15998–16003.

[109] D. Prattichizzo, M. Pozzi, T.L. Baldi, M. Malvezzi, I. Hussain, S. Rossi, G. 
Salvietti, Human augmentation by wearable supernumerary robotic limbs: 
review and perspectives, Prog. Biomed. Eng. 3 (4) (2021) 042005.

[110] B. Suthar, M.I. Awad, L. Seneviratne, Y. Zweiri, I. Hussain, Design of robotic 
finger using twisted string actuator with modular passive return rotational 
joints to achieve high grasping force: Application to wearable sixth finger, 
Mechatronics 99 (2024) 103157.

[111] B. Hasanen, B. Suthar, Y. Zweiri, L. Seneviratne, I. Hussain, Design of twisted 
string actuated flexure joint for supernumerary robotic arm for bi-manual tasks, 
IEEE Sens. J. (2024).

[112] Y. Zhao, Q. Zhang, K. Zou, W. Yuan, C. Zhou, Z. Ling, X. Ma, J. Chen, N. Xi, 
Artificial muscle enabled wearable assistive robots, in: 2024 IEEE International 
Conference on Robotics and Biomimetics, ROBIO, IEEE, 2024, pp. 1172–1177.

[113] H.-S. Seong, D.-H. Kim, I. Gaponov, J.-H. Ryu, Development of a twisted string 
actuator-based exoskeleton for hip joint assistance in lifting tasks, in: 2020 IEEE 
International Conference on Robotics and Automation, ICRA, IEEE, 2020, pp. 
761–767.
17 
[114] S. Zhao, Y. Yang, Y. Gao, Z. Zhang, T. Zheng, Y. Zhu, Development of a 
soft knee exosuit with twisted string actuators for stair climbing assistance, 
in: 2019 IEEE International Conference on Robotics and Biomimetics, ROBIO, 
IEEE, 2019, pp. 2541–2546.

[115] P. Muehlbauer, S. Janzen, K. Stewart, P.P. Pott, Demonstrator of a low-cost 
active knee orthosis with twisted string actuation, in: IKMT 2019-Innovative 
Small Drives and Micro-Motor Systems; 12. ETG/GMM-Symposium, VDE, 2019, 
pp. 1–5.

[116] R. Müller, M. Hessinger, H. Schlaak, P. Pott, Modelling and characterisation of 
twisted string actuation for usage in active knee orthoses, IFAC-PapersOnLine 
48 (20) (2015) 207–212.

[117] K. Huang, J. Xu, Y. Lu, L. Xu, A variable stiffness exosuit for walking assistance, 
in: Journal of Physics: Conference Series, Vol. 2402, IOP Publishing, 2022, 
012033.

[118] P. Denoth, P. Geitner, L. Krähenbühl, K.S. Stadler, E.S. Graf, A powered ankle 
foot orthosis based on shaft twisted string actuation to assist persons with 
foot-drop: a feasibility study, in: Converging Clinical and Engineering Research 
on Neurorehabilitation IV: Proceedings of the 5th International Conference 
on Neurorehabilitation (ICNR2020), October 13–16, 2020, Springer, 2022, pp. 
483–487.

[119] A.D. Kirilin, V.A. Skvortsova, V.V. Koshman, Development of a lever-based 
twisted string actuator for exoskeleton systems, Russ. J. Nonlinear Dyn. 20 
(5) (2024) 827–844.

[120] A. Ali, V. Fontanari, M. Fontana, W. Schmölz, Soft active dynamic brace for 
spinal deformities, in: BIODEVICES, 2021, pp. 169–174.

[121] A. Ali, V. Fontanari, W. Schmölz, S.K. Agrawal, Active soft brace for scoliotic 
spine: A finite element study to evaluate in-brace correction, Robot. 11 (2) 
(2022) 37.

[122] A. Ali, V. Fontanari, W. Schmoelz, M. Fontana, Actuator and contact force 
modeling of an active soft brace for scoliosis, Bioeng. 9 (7) (2022) 303.

[123] S. Yoon, S. Lee, J. Song, Y. Jeong, J. Kim, S. Park, S. Han, J.T. Kim, J. Kim, H.R. 
Choi, et al., Designing a bow-inspired rigidable exosuit for adaptive support, 
IEEE Robot. Autom. Lett. (2023).

[124] D. Lee, S. Lee, D. Lee, D. Shin, A soft wearable robot with an adjustable twisted 
string actuator and a two-stage transmission mechanism for manual handling 
tasks, Adv. Intell. Syst. (2025) 2400700.

[125] D. Lee, S. Kim, H.-J. Park, S. Kim, D. Shin, A spine assistive robot with 
a routed twisted string actuator and a flat-back alleviation mechanism for 
lumbar-degenerative flat back, IEEE/ASME Trans. Mechatronics 27 (6) (2022) 
5185–5196.

[126] Z. Yao, C. Linnenberg, R. Weidner, J. Wulfsberg, Development of a soft power 
suit for lower back assistance, in: 2019 International Conference on Robotics 
and Automation, ICRA, IEEE, 2019, pp. 5103–5109.

[127] J. Xu, K. Huang, M. Zhao, J. Liu, Human-in-the-loop modeling and bilateral 
skill transfer control of soft exoskeleton, Sens. 24 (23) (2024) 7845.

[128] K. Huang, J. Xu, T. Zhang, M. Zhao, A. Ji, G. Song, Y. Li, Human-robot 
interaction control for multi-mode exosuit with reinforcement learning, in: 2024 
IEEE/RSJ International Conference on Intelligent Robots and Systems, IROS, 
IEEE, 2024, pp. 11374–11380.

[129] S.-J. Lee, J.-H. Ryu, Twisted string-based upper limb exoskeleton, J. Inst. 
Control. Robot. Syst. 22 (11) (2016) 960–966.

[130] M. Hosseini, R. Meattini, A. San-Millan, G. Palli, C. Melchiorri, J. Paik, A 
sEMG-driven soft exosuit based on twisted string actuators for elbow assistive 
applications, IEEE Robot. Autom. Lett. 5 (3) (2020) 4094–4101.

[131] L. Jiang, R. Shisheie, M.H. Cheng, L.E. Banta, G. Guo, Moving trajectories and 
controller synthesis for an assistive device for arm rehabilitation, in: 2013 IEEE 
International Conference on Automation Science and Engineering, CASE, IEEE, 
2013, pp. 268–273.

[132] S. Weymann, C.G. Pretty, P.P. Pott, Development of an EMG-based elbow-
exoskeleton with twisted string actuation, in: Current Directions in Biomedical 
Engineering, Vol. 8, De Gruyter, 2022, pp. 552–555.

[133] R. Roy, M. Rashid, M.M. Ahsan, Z. Siddique, The development of a portable 
elbow exoskeleton with a twisted strings actuator to assist patients with upper 
limb inhabitation, 2022, arXiv preprint arXiv:2202.03147.

[134] R. Shisheie, L. Jiang, L.E. Banta, M. Cheng, Design and fabrication of an 
assistive device for arm rehabilitation using twisted string system, in: 2013 
IEEE International Conference on Automation Science and Engineering, CASE, 
IEEE, 2013, pp. 255–260.

[135] J. Wang, W. Zhang, T. Guo, Y. Zhou, Smart flexible wrist exoskeleton with 
twisted string actuators and IMU feedback, in: 2024 7th International Confer-
ence on Robotics, Control and Automation Engineering, RCAE, IEEE, 2024, pp. 
22–26.

[136] M. Dragusanu, N. Guinet, B. Suthar, T.L. Baldi, D. Prattichizzo, M. Malvezzi, A 
3 degrees-of-freedom lightweight flexible twisted string actuators (TSAs)-based 
exoskeleton for wrist rehabilitation, IEEE Robot. Autom. Lett. (2025).

[137] T. Tsabedze, E. Hartman, C. Brennan, J. Zhang, A compliant robotic wrist 
orthosis driven by twisted string actuators, in: 2021 International Symposium 
on Medical Robotics, ISMR, IEEE, 2021, pp. 1–7.

http://refhub.elsevier.com/S0263-2241(25)02183-9/sb90
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb90
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb90
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb90
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb90
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb90
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb90
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb91
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb91
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb91
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb91
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb91
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb92
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb92
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb92
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb92
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb92
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb93
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb93
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb93
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb93
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb93
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb94
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb94
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb94
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb94
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb94
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb95
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb95
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb95
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb95
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb95
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb96
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb96
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb96
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb96
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb96
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb97
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb97
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb97
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb98
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb98
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb98
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb98
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb98
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb98
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb98
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb99
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb99
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb99
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb99
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb99
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb99
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb99
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb100
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb100
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb100
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb100
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb100
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb100
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb100
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb101
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb101
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb101
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb101
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb101
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb101
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb101
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb102
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb102
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb102
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb102
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb102
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb103
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb103
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb103
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb103
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb103
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb103
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb103
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb104
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb104
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb104
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb104
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb104
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb104
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb104
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb105
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb105
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb105
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb105
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb105
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb105
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb105
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb106
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb106
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb106
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb106
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb106
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb106
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb106
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb107
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb107
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb107
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb108
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb108
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb108
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb109
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb109
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb109
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb109
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb109
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb110
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb110
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb110
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb110
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb110
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb110
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb110
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb111
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb111
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb111
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb111
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb111
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb112
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb112
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb112
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb112
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb112
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb113
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb113
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb113
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb113
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb113
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb113
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb113
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb114
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb114
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb114
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb114
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb114
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb114
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb114
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb115
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb115
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb115
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb115
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb115
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb115
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb115
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb116
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb116
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb116
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb116
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb116
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb117
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb117
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb117
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb117
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb117
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb118
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb118
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb118
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb118
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb118
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb118
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb118
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb118
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb118
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb118
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb118
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb119
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb119
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb119
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb119
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb119
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb120
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb120
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb120
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb121
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb121
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb121
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb121
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb121
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb122
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb122
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb122
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb123
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb123
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb123
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb123
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb123
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb124
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb124
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb124
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb124
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb124
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb125
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb125
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb125
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb125
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb125
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb125
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb125
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb126
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb126
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb126
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb126
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb126
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb127
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb127
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb127
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb128
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb128
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb128
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb128
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb128
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb128
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb128
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb129
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb129
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb129
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb130
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb130
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb130
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb130
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb130
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb131
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb131
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb131
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb131
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb131
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb131
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb131
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb132
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb132
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb132
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb132
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb132
http://arxiv.org/abs/2202.03147
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb134
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb134
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb134
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb134
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb134
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb134
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb134
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb135
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb135
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb135
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb135
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb135
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb135
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb135
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb136
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb136
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb136
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb136
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb136
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb137
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb137
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb137
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb137
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb137


M. Malvezzi et al. Measurement 257 (2026) 118824 
[138] G.M. Achilli, C. Amici, M. Dragusanu, M. Gobbo, S. Logozzo, M. Malvezzi, 
M. Tiboni, M.C. Valigi, Soft, rigid, and hybrid robotic exoskeletons for hand 
rehabilitation: Roadmap with impairment-oriented rationale for devices design 
and selection, Appl. Sci. 13 (20) (2023) 11287.

[139] F. Li, J. Chen, Z. Zhou, J. Xie, Z. Gao, Y. Xiao, P. Dai, C. Xu, X. Wang, Y. 
Zhou, Lightweight soft robotic glove with whole-hand finger motion tracking 
for hand rehabilitation in virtual reality, Biomimetics 8 (5) (2023) 425.

[140] R.C. Silva, B.G. Lourenço, P.H. Ulhoa, E.A. Dias, F.L. da Cunha, C.P. Tonetto, 
L.G. Villani, C.B. Vimieiro, G.A. Lepski, M. Monjardim, et al., Biomimetic 
design of a tendon-driven myoelectric soft hand exoskeleton for upper-limb 
rehabilitation, Biomimetics 8 (3) (2023) 317.

[141] M. Dragusanu, D. Troisi, B. Suthar, I. Hussain, D. Prattichizzo, M. Malvezzi, 
MGlove-TS: A modular soft glove based on twisted string actuators and flexible 
structures, Mechatronics 98 (2024) 103141.

[142] M. Dragusanu, D. Troisi, B. Suthar, D. Prattichizzo, M. Malvezzi, Development 
of a soft actuated glove based on twisted string actuators for hand rehabilita-
tion, in: 2024 10th IEEE RAS/EMBS International Conference for Biomedical 
Robotics and Biomechatronics, BioRob, IEEE, 2024, pp. 1702–1708.

[143] P. Muehlbauer, M. Schimbera, K. Stewart, P.P. Pott, Twisted string actuation 
for an active modular hand orthosis, in: ACTUATOR; International Conference 
and Exhibition on New Actuator Systems and Applications 2021, VDE, 2021, 
pp. 1–4.

[144] D. Popov, I. Gaponov, J.-H. Ryu, Portable exoskeleton glove with soft structure 
for hand assistance in activities of daily living, IEEE/ASME Trans. Mechatronics 
22 (2) (2016) 865–875.

[145] M. Hosseini, A. Sengül, Y. Pane, J. De Schutter, H. Bruyninckx, Haptic percep-
tion of virtual spring stiffness using exoten-glove, in: 2018 11th International 
Conference on Human System Interaction, HSI, IEEE, 2018, pp. 526–531.

[146] T. Tsabedze, J. Trinh, A. Alomran, J. Clayton, J. Zhang, Design and character-
ization of AWARD: An active wearable assistive and resistive device, in: 2022 
IEEE/ASME International Conference on Advanced Intelligent Mechatronics, 
AIM, IEEE, 2022, pp. 844–849.

[147] P. Tran, S. Jeong, J.P. Desai, Voice-controlled flexible exotendon (flexotendon) 
glove for hand rehabilitation, in: 2019 IEEE/RSJ International Conference on 
Intelligent Robots and Systems, IROS, IEEE, 2019, pp. 4834–4839.

[148] V. Skvortsova, S. Nedelchev, J. Brown, I. Farkhatdinov, I. Gaponov, Design, 
characterisation and validation of a haptic interface based on twisted string 
actuation, Front. Robot. AI 9 (2022) 977367.

[149] A. Pepe, M. Hosseini, U. Scarcia, G. Palli, C. Melchiorri, Development of an 
haptic interface based on twisted string actuators, in: 2017 IEEE International 
Conference on Advanced Intelligent Mechatronics, AIM, IEEE, 2017, pp. 28–33.

[150] Q.H. Van, M. Harders, Augmenting contact stiffness in passive haptics—
Preliminary results with twisted string actuation, in: 2017 IEEE World Haptics 
Conference, WHC, IEEE, 2017, pp. 148–153.

[151] M. Hosseini, Y. Pane, A. Sengül, J. De Schutter, H. Bruyninckx, A novel haptic 
glove (exoten-glove) based on twisted string actuation (tsa) system for virtual 
reality, in: Haptics: Science, Technology, and Applications: 11th International 
Conference, EuroHaptics 2018, Pisa, Italy, June 13-16, 2018, Proceedings, Part 
II 11, Springer, 2018, pp. 612–622.

[152] D. Leonardis, L. Tiseni, D. Chiaradia, A. Frisoli, A twisted string, flexure hinges 
approach for design of a wearable haptic thimble, in: Actuators, Vol. 10, MDPI, 
2021, p. 211.

[153] D. Leonardis, L. Cappello, C. Cipriani, A. Frisoli, A parallel actuated haptic 
device for de-localized tactile feedback in prosthetics, in: Converging Clinical 
and Engineering Research on Neurorehabilitation IV: Proceedings of the 5th 
International Conference on Neurorehabilitation (ICNR2020), October 13–16, 
2020, Springer, 2022, pp. 623–627.

[154] H.-S. Seong, Z. Zhakypov, A. Okamura, J.-H. Ryu, A TSA-based haptic display 
with a rhombus structure for rendering linearized high force, in: 2023 23rd 
International Conference on Control, Automation and Systems, ICCAS, IEEE, 
2023, pp. 792–795.

[155] D. Bombara, R. Coulter, R. Konda, J. Zhang, A twisted string actuator-driven 
soft robotic manipulator, IFAC-PapersOnLine 54 (20) (2021) 141–146.

[156] D. Crosby, J. Carrasco, W. Heath, A. Weightman, A novel triad twisted string 
actuator for controlling a two degrees of freedom joint: Design and experimental 
validation, in: 2022 International Conference on Robotics and Automation, 
ICRA, IEEE, 2022, pp. 11388–11394.

[157] Z. Long, H. Wakamatsu, Y. Iwata, Novel biomimetic mechanism inspired by 
snake: Twisted string and spiral hose mechanism, in: 2023 IEEE International 
Conference on Robotics and Biomimetics, ROBIO, IEEE, 2023, pp. 1–6.

[158] X.-w. Liu, Y.-b. Jin, L. Jiang, H.-t. Wang, Wheeled jumping robot by power 
modulation using twisted string lever mechanism, J. Zhejiang Univ.-Sci. A 22 
(10) (2021) 767–776.
18 
[159] P. Yang, S. Li, Design and fabrication of string-driven origami robots, in: 2024 
IEEE International Conference on Robotics and Automation, ICRA, IEEE, 2024, 
pp. 713–719.

[160] D.-G. Lee, N.G. Kim, J.-H. Ryu, High-curvature consecutive tip steering of 
a soft growing robot for improved target reachability, in: 2023 IEEE/RSJ 
International Conference on Intelligent Robots and Systems, IROS, IEEE, 2023, 
pp. 6477–6483.

[161] L. Hingston, J. Mace, J. Buzzatto, M. Liarokapis, Reconfigurable, adaptive, 
lightweight grasping mechanisms for aerial robotic platforms. Security, and 
rescue robotics, Abu Dhabi, United Arab Emirates, in: IEEE International 
Symposium on Safety, 2020.

[162] R. Addo-Akoto, J.-E. Suh, J.-W. Lee, J.-S. Han, J.-H. Han, Buckled bistable 
beam actuation with twisted strings, in: Active and Passive Smart Structures 
and Integrated Systems XII, Vol. 10595, SPIE, 2018, pp. 192–197.

[163] R. Addo-Akoto, J.-H. Han, Bidirectional actuation of buckled bistable beam 
using twisted string actuator, J. Intell. Mater. Syst. Struct. 30 (4) (2019) 
506–516.

[164] M.A. Armada, P. de González Santos, M. Suzuki, A. Ichikawa, Toward springy 
robot walk using Strand-muscle actuators, in: Climbing and Walking Robots: 
Proceedings of the 7th International Conference CLAWAR 2004, Springer, 2005, 
pp. 479–486.

[165] M. Suzuki, Complex and flexible robot motions by strand-muscle actuators, in: 
Climbing and Walking Robots: Towards New Applications, IntechOpen, 2007.

[166] E.W. Marsden, Greek and Roman artillery: historical development, 1969, (No 
Title).

[167] I. Gaponov, J.-H. Ryu, Twisted string actuators: Life cycle, twisting inside 
Bowden cables, and passive return mechanisms, Stroke 10 (2016) 20.

[168] T. Inoue, R. Miyata, S. Hirai, Force control on antagonistic twist-drive actuator 
robot, in: 2016 IEEE/RSJ International Conference on Intelligent Robots and 
Systems, IROS, IEEE, 2016, pp. 3830–3835.

[169] Z. Long, H. Wakamatsu, Y. Iwata, Qualitative analysis and exploration of a 
novel mechanism: Twisted string and spiral hose mechanism, in: 2024 IEEE 7th 
International Conference on Soft Robotics, RoboSoft, IEEE, 2024, pp. 438–443.

[170] D. Lee, I. Gaponov, J.-H. Ryu, Effect of vibration on twisted string actuation 
through conduit at high bending angles, in: 2019 IEEE/RSJ International 
Conference on Intelligent Robots and Systems, IROS, IEEE, 2019, pp. 
5965–5970.

[171] S. Sarkar, A. Ishfaque, M. Usman, I. Gaponov, B. Kim, Graphene-based compos-
ite protective coating for twisted strings and its experimental evaluation, IEEE 
Trans. Nanotechnol. 17 (5) (2018) 1036–1044.

[172] S. Zhao, X. Lu, K. Wang, D. Zhao, X. Wang, L. Ren, L. Ren, A TEC cooling soft 
robot driven by twisted string actuators, Biomimetics 8 (2) (2023) 221.

[173] Q. Zhang, Y. Xue, Y. Zhao, K. Zou, W. Yuan, Y. Tian, J. Chen, J. Chen, N. Xi, 
Shear stiffening gel-enabled twisted string for bio-inspired robot actuators, Sci. 
Rep. 14 (1) (2024) 4710.

[174] B. Salahuddin, X. Zhang, S. Aziz, Z. Zhu, Magnetothermal soft actuators from 
recycled face mask materials, Sustain. Mater. Technol. 39 (2024) e00798.

[175] J. Mersch, H. Winger, E. Altinsoy, C. Cherif, Electromechanical properties of 
silver-plated yarns and their relation to yarn construction parameters, Polym. 
15 (21) (2023) 4210.

[176] A.G. Kang, B.J. Kye, C.M. Cho, D.H. Shim, String lifetime evaluation of twisted 
string actuators-applied to a soft-wearable robot, in: 2023 23rd International 
Conference on Control, Automation and Systems, ICCAS, IEEE, 2023, pp. 
1163–1168.

[177] M. Hosseini, G. Palli, C. Melchiorri, Design and implementation of a simple 
and low-cost optoelectronic force sensor for robotic applications, in: 2016 IEEE 
International Conference on Advanced Intelligent Mechatronics, AIM, IEEE, 
2016, pp. 1011–1016.

[178] M. Hosseini, R. Meattini, G. Palli, C. Melchiorri, Development of sEMG-driven 
assistive devices based on twisted string actuation, in: 2017 3rd International 
Conference on Control, Automation and Robotics, ICCAR, IEEE, 2017, pp. 
115–120.

[179] J. Cho, T. Park, S. Kim, Y.-L. Park, Cable-integrated single-axis load cell for 
tendon-driven robotic actuation enabled by thin-film soft sensor, in: 2024 
IEEE 7th International Conference on Soft Robotics, RoboSoft, IEEE, 2024, pp. 
952–957.

[180] S. Sadachika, M. Kanekiyo, H. Nabae, G. Endo, Repetitive twisting durability of 
synthetic fiber ropes, in: 2023 IEEE International Conference on Robotics and 
Automation, ICRA, IEEE, 2023, pp. 7412–7418.

[181] R. Konda, D. Bombara, J. Zhang, Overtwisting and coiling highly enhance strain 
generation of twisted string actuators, Soft Robot. 10 (4) (2023) 760–769.

[182] R. Konda, J. Zhang, Experimental investigation of the non-smooth actuation in 
twisted and coiled string artificial muscles, in: Bioinspiration, Biomimetics, and 
Bioreplication XIII, Vol. 12481, SPIE, 2023, pp. 43–52.

http://refhub.elsevier.com/S0263-2241(25)02183-9/sb138
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb138
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb138
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb138
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb138
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb138
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb138
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb139
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb139
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb139
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb139
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb139
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb140
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb140
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb140
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb140
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb140
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb140
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb140
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb141
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb141
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb141
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb141
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb141
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb142
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb142
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb142
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb142
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb142
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb142
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb142
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb143
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb143
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb143
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb143
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb143
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb143
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb143
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb144
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb144
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb144
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb144
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb144
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb145
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb145
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb145
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb145
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb145
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb146
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb146
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb146
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb146
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb146
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb146
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb146
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb147
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb147
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb147
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb147
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb147
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb148
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb148
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb148
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb148
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb148
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb149
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb149
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb149
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb149
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb149
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb150
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb150
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb150
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb150
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb150
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb151
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb151
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb151
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb151
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb151
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb151
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb151
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb151
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb151
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb152
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb152
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb152
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb152
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb152
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb153
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb153
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb153
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb153
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb153
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb153
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb153
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb153
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb153
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb154
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb154
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb154
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb154
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb154
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb154
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb154
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb155
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb155
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb155
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb156
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb156
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb156
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb156
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb156
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb156
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb156
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb157
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb157
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb157
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb157
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb157
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb158
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb158
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb158
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb158
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb158
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb159
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb159
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb159
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb159
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb159
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb160
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb160
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb160
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb160
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb160
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb160
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb160
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb161
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb161
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb161
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb161
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb161
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb161
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb161
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb162
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb162
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb162
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb162
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb162
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb163
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb163
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb163
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb163
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb163
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb164
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb164
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb164
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb164
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb164
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb164
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb164
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb165
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb165
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb165
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb166
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb166
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb166
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb167
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb167
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb167
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb168
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb168
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb168
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb168
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb168
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb169
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb169
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb169
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb169
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb169
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb170
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb170
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb170
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb170
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb170
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb170
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb170
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb171
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb171
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb171
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb171
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb171
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb172
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb172
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb172
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb173
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb173
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb173
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb173
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb173
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb174
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb174
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb174
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb175
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb175
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb175
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb175
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb175
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb176
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb176
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb176
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb176
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb176
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb176
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb176
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb177
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb177
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb177
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb177
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb177
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb177
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb177
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb178
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb178
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb178
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb178
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb178
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb178
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb178
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb179
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb179
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb179
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb179
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb179
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb179
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb179
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb180
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb180
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb180
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb180
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb180
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb181
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb181
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb181
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb182
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb182
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb182
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb182
http://refhub.elsevier.com/S0263-2241(25)02183-9/sb182

	Twisted string actuators: Comprehensive review on modeling, design innovations, application advances, and future challenges
	Introduction
	Materials and methods 
	Working Principles and Models of Twisted String Actuators
	Considerations on Twisted String Actuator principles, models, and materials 
	Introducing the Twisted String Actuator model 
	Model developments 
	Models for sensing and parameter identification 
	Data-driven models 
	Model applications 

	TSA design configurations
	Unidirectional vs. Bi-directional actuation
	Non-linear pulley 
	Contact with sliding surfaces
	Lifecycle, fatigue effects
	Other design developments 

	Control systems for Twisted String Actuators
	Position control 
	Force control 
	Impedance control 
	Hybrid control 

	Applications of Twisted String Actuators
	Robotic arms 
	Medical and surgical robotics 
	Robotic hands 
	Prostheses and supernumerary robotic limbs 
	Exoskeletons 
	Haptic devices 
	Other applications 

	Results, perspectives and challenges
	Results
	Recent and ongoing advancements in TSA Technology
	Future Directions and Opportunities

	Conclusion
	CRediT authorship contribution statement
	Funding
	Declaration of competing interest
	Data availability
	References


