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Twisted String Actuation Module for Compact
Robotic Finger with Extended Stroke, Reduced
Hysteresis, and Bidirectional Operation
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Abstract—Twisted String Actuators (TSAs) are promising
alternatives to conventional gear-based transmissions due to
their high reduction ratios and compact form factors. However,
practical limitations such as nonlinear hysteresis, limited stroke,
and inherently unidirectional motion hinder their deployment in
robotic systems. In this work, we propose a novel bidirectional
TSA mechanism that addresses all three limitations simultane-
ously through an antagonistic configuration, asymmetric axis
shift (AAS), and pre-tension tuning. This mechanism enables
reliable bidirectional actuation by compensating for asymmetric
contraction-extension behavior, suppresses hysteresis via adaptive
tensioning, and extends the effective stroke. We implement the
proposed design in a continuum finger module and derive a
compact kinematic model for control. Extensive experiments
validate the effectiveness of the approach, demonstrating the
attenuation of the hysteresis, accurate bidirectional bending
control across a wide range (+180°), and the feasibility of
integration into multi-finger grippers for dexterous manipulation.
The results suggest that the proposed actuator design serves as
a practical and scalable solution for compact robotic systems
requiring precise and reversible motion.

Index Terms—Twisted string actuator, hysteresis, pre-tension,
asymmetric axis shift, bidirectional, continuum finger

I. INTRODUCTION

N many robotic actuation systems, the transmission per-

forms a critical function by amplifying the limited torque
of electric motors and matching the normal operating regions
of both the motors and the robots [1]. Generally, electric
motors feature a rated operating range of high speed and low
torque, whereas robotic systems demand low-speed and high-
torque actuation. Consequently, most transmissions consist
of gear reducers with a ratio above 1:1, and various types
of reducers, including planetary gears, cycloidal gears, and
harmonic drives, are employed as key components in robotic
actuation modules (e.g., a robotic hand often needs a ratio
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of at least 100:1 [2]). These reducers, however, add cost,
complexity, maintenance, and impact fragility, issues that
intensify as the size of the system decreases. As the trend
toward smaller robotic systems accelerates, the importance of
the torque amplification has grown, and research to improve
reducer performance or to find alternative solutions has been
actively pursued. Direct- and quasi-direct-drive schemes with
larger moment arms can supply comparable torque [3]-[5],
but integrating them into space-constrained, small-scale robots
remains challenging.

Since the early 2010s, a twisted string actuator (TSA) [6]
has emerged as a novel mechanism that can potentially replace
such reducers. A TSA typically comprises one or multiple
pairs of strings, converting rotational input from a motor
into linear displacement through twisting of the strings. No-
tably, this twist-based rotation-to-linear conversion can offer
extremely higher transmission ratios than that of conventional
solutions [7], [8]. Moreover, TSAs can be realized relatively
simply by using strings, with far less need for complex
machining or costly components compared to conventional
transmission systems. Due to their ease of fabrication, cost-
effectiveness, and compactness, TSAs have been applied in a
variety of systems such as robotic fingers [9]-[11], robotic
hands [6], [12]-[14], drones [15], exoskeletons [16], [17],
robotic joints [18], [19], and robotic arms [20], [21], and have
been considered promising candidates for replacing conven-
tional reducer-based transmission systems.

Despite these promising advantages, the practical applica-
tion of TSAs in real robotic systems has been limited for the
following reasons:

o Twisting hysteresis (see Fig. 1(a)): When the string has
physical contact with supporting parts, uniform propa-
gation of twisting across the entire string is disrupted,
leading to hysteresis in the rotation-to-linear motion [13],
[22]-[25]. Hence, any section where twisting occurs must
be designed to remain free of contact, which inevitably
increases the total dimension of the actuation module and
further restricts the stroke.

o Limited stroke range (see Fig. 1(b)): Even within a
contact-0 configuration, a TSA can only contract about
30% - 50% of the initial string length [13]. Beyond
this range, abnormal contraction behavior called over-
twisting occurs, and the rotation-to-linear relationship
becomes highly nonlinear. Consequently, the feasible
stroke is significantly shorter compared to other actuation
mechanisms.
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Fig. 1: Disadvantages of TSA: (a) twisting hysteresis. (b) limited stroke range.
(c) unidirectional movement.
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o Unidirectional movement (see Fig. 1(c)): Similar to gen-
eral tendon-driven mechanisms, a TSA generates only
contraction force, making true bidirectional actuation
difficult with a single motor. Achieving bidirectional
motion requires passive elements such as springs or
antagonistic configurations, often involving bulky and
nonlinear pulleys [18], [19].

A variety of solutions have been proposed in the TSA
research community to address these challenges. Lee et al.
and Khan et al. introduced bidirectional mechanisms combined
with variable-radius pulleys to address the issue of unidirec-
tional movement [18], [19]. Park et al. also demonstrated
bidirectional motion by using multiple TSAs and pulleys
driven by multiple actuators [20]. Suthar and Ryu proposed
a method leveraging pre-twisting of TSAs, enabling operation
within a curved conduit where physical contact occurs without
hysteresis [25]. Jeong et al. presented guidelines for routing
tendons and designing structures to extend the contraction
stroke and facilitate a compact form factor suitable for in-
tegration into a robotic hand [13].

Although many TSA mechanisms have been proposed, none
has yet simultaneously addressed three problems: (1) limited
stroke range, (2) twisting hysteresis, and (3) unidirectional
movement. Moreover, addressing only a part of these issues
hinders the effective application of TSAs in robotic systems.
In particular, the restricted stroke limits the overall form
factor, negating the TSA’s high transmission ratio in a compact
design, and thus rendering TSA-based solutions less viable.

This paper proposes a novel TSA module, implemented
in a continuum finger, that simultaneously solves the three
aforementioned challenges: (1)-(3). We believe that this work
will serve as a reference design framework for extending TSA-
based applications, previously limited to the research stage,
into real-world robotic systems.

II. PROBLEM ANALYSIS AND DESIGN CONCEPT
A. Challenges in TSA-based Finger Actuation

Operating a TSA in a curved conduit or finger introduces
string—surface friction, causing nonlinear hysteresis and severe
performance loss. In curved passages, TSA hysteresis appears
as (1) deviation between the twist and untwist trajectories;
(2) incomplete return to the initial position; and (3) pullback
effects [22]-[25]. TSA-related hysteresis is also apparent in a
robotic finger. Fig. 2(a)—(c) illustrates the hysteresis sequence:
with motor rotation angle 6, a 0 to 6, twist contracts the string
and bends the finger, while reversing to § = 0 should untwist
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Fig. 2: Hysteresis and pullback in a TSA based robotic finger: (a) initial
bending by twisting, (b) following untwist with hysteresis @gey, (C) re-twist
causing pullback before bending. (d) Conceptual illustration of hysteresis
attenuation via antagonistic tension.

the string and straighten the finger. However, during untwist-
ing, string—channel friction lets the twist nearest the motor
to untwist first; once a fully untwisted segment forms, those
strands re-twist opposite to the fingertip side (see Fig. 2(b)). By
the cycle’s end, residual twists remain at the tip with opposite
twists at the motor side, so even at § = O the finger stays
partly bent by ¢gey. On the next twist toward 6;, these opposite
twists at the motor side untwist first, briefly extending the
string and producing a slight stretch before bending begins.
This undesired back-and-forth motion is known as the pullback
effect.

Building on prior observations, we leveraged the fact that
maintaining higher string tension during untwisting suppresses
hysteresis. Palli et al. showed heavier loads or stiffer springs
reduce frictional loops [22], while Suthar er al. reported
a smaller hysteresis area under greater tension [23], [25].
Building on these insights, we sought to identify an additional
tension profile that would minimize hysteresis in the finger op-
eration. To express hysteresis, we introduce the bending angle
of the finger according to the motor angle § during twisting and
untwisting sequences as ¢.(#) and ¢ (0), respectively. The
instantaneous deviation between the two trajectories ¢qey 1S
then expressed as @dey () = dut(0) — ¢ (6). The area formed
due to this deviation is considered as a hysteresis characteristic
of this system Ay, given by:

0t 04
Ahys = (bdev(g) df = / (Qf)ut (0) — qbt (0)) df (l)

0 0

To simplify the model, we assumed that the finger is
designed as a continuum structure; it can be modeled as a
single elastic beam. Under this assumption, Euler—Bernoulli
beam theory relates the bending angle ¢ to the string’s tension
through T'= M/d = EI¢/(dL). By multiplying both sides of
Eq. 1 by EI/(dL), the expression originally written in terms
of ¢ can be considered as a tension-based equation, as follows.

EI EI 0
T ys ut tg d9= Tut_/I’t d9
2L s =2 [ (o) - s a0 = [ )(2)

Here, F is the Young’s modulus; [ is the area moment
of inertia; L is the finger length; d is the moment arm; and
the string tensions during untwisting and twisting are Ty
and T, respectively. Assuming these material and geometric
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Fig. 3: Schematic of the bidirectional bending operation using the proposed TSA mechanism.

properties are constant, the term EI/(dL) can be regarded
as a constant C, so minimizing Ay, becomes equivalent to
minimizing C’Ahys. In this situation, we target to minimize
C Apys by applying additional antagonistic tension T, () (see
Fig. 2(d)). To determine the form of T, (6), we model the
reduced hysteresis area C'Ajy ((T5) as follows.

0t
Oﬁﬂauw>=/'auw—rwmde—/

0

04
T,.(6) df

’ 6 0
- /(%wwww»w—/ T, (60) do
0 0

3)
To minimize CAy (T4 (0)), Eq. 3 should be driven to
zero, so the optimal additional tension 7% (6) must adopt the

following form.

TX(0) = arg 71}1%1(91) C’A;;ys(Ta(H)) ~ C(du(0) — 4:(0)) 4

B. Proposed Bidirectional TSA Mechanism

To overcome the limitations of TSA, we introduce a bidirec-
tional twisted-string mechanism (see Fig. 3). Eq. 4 indicates
that the additional tension 7T, (#) should be proportional to the
deviation between the twist and untwist bending trajectories.
As illustrated in Fig. 4(a), when the string untwists, the
deviation increases, requiring a correspondingly larger T, (6);
this demand can be met by exploiting the contraction force of a
TSA on the opposing side to function as T, (6) (see Fig. 2(d)),
leveraging its rising profile [7], [8].

To provide T,,(6) and enable true bidirectional bending si-
multaneously, we mount two identical TSAs in an antagonistic
pair and couple them by gears (Fig. 3), so a single motor drives
all of the strings. Each TSA runs through its own channel
to the fingertip. Both pairs start with initial twists of same
amount and direction; thus, while one untwists the other twists,
producing an antagonistic action that enables bidirectional
finger motion. Also, their contraction forces alternate, so
the active pair supplies the additional tension, suppressing
hysteresis on the untwisting side, and thus enabling one to
exploit the full curved path as stroke without lengthening
the actuator (see Fig. 1). Therefore, the proposed mechanism
addresses the issue of ’Unidirectional movement’, ’Twisting
hysteresis’, and ’Limited stroke range’ simultaneously.

However, two key challenges must be addressed to imple-
ment the proposed mechanism. First, the nonlinear behavior
of the TSA, namely, the mismatch between contraction and
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Fig. 4: (a) Bending-angle trajectories of the continuum finger: initial twist-
ing (orange) versus the subsequent untwisting path (green). The difference
du(f) — ¢ (0) (red line) grows with motor returns to 0, illustrating the
increasing deviation—and hence hysteresis—as the TSA string untwists. (b)
Length difference between contraction and extension in TSA.

extension lengths shown in Fig. 4(b)—introduces a critical
asymmetry in bidirectional operation that must be compen-
sated. Second, we need a systematic way to implement the
parameter C' in Eq. 4 and to determine its appropriate value
that effectively reduces hysteresis. Both issues are examined
in detail in Section III.

III. BIDIRECTIONAL TSA—CONTINUUM FINGER SYSTEM:
DESIGN AND CONTROL

This section aims to verify the control performance of
the proposed bidirectional TSA with a continuum-type finger
module. Traditional robotic fingers with 3 or 4 discrete joints
are not ideal for emulating bending behaviors discussed in
Section II-A. Thus, in this study, we designed a continuum
finger with an elastic backbone crossing its axis.

A. Impeding Tension and Asymmetric Axis Shift

When the continuum finger is driven by a bidirectional TSA,
a new problem arises. As shown in Fig. 4(b), the contraction
length is always longer than the extension length, rather than
satisfying the symmetry requirement for bending (i.e., contrac-
tion length = extension length). Consequently, the untwisting
TSA pair provides an undesirable kinematic constraint, which
generates counter tension and impedes normal bending motion.
This phenomenon is defined here as impeding tension.

Accumulated impeding tension can over-tighten or even
snap the extending string, and its excess force resists motion,
degrading control accuracy. This study introduces a solution
called Asymmetric Axis Shift (AAS), achieved by designing
the finger channels with asymmetric geometry that naturally
shifts the TSA axis during bending.
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Fig. 5: (a) Schematic illustrating the operation of the AAS. (b) Channel shape
of the continuum finger to induce AAS. (c) Schematic of AAS of two TSAs
under 180° bending.

AAS leverages the axis-shift phenomenon: when a cable is
thinner than its channel, it slides toward the finger’s bending
direction [26] (see Fig. 5(a)). As shown in Fig. 5(b), the
two TSA channels follow ellipses with different major axes,
giving inner and outer shifts s; and s,. Fig. 5(c) depicts the
worst-case 180° bend with the radius of the bending curvature
re, where impeding tension is maximized. Here ds is the
distance from the backbone axis to the initial TSA axis, rp
is the radius of the backbone, and ¢ is the notch spacing.
Given these parameters, the required contraction and extension
lengths (i.e., the difference between the TSA length at the
initial axis when the finger is first stretched and the TSA length
at the shifted axis when the finger is bent) Xconi, Xext can be
described by:

Xcont =TTe — 7r(""c - (dg + 50)) -2 (\/W — t) (5)
Xext = 71'(7“0 + (ds — 31)) +2 (\/sfj — t) —7r. (6)

To eliminate impeding tension through the AAS, the condi-
tion dg — 7, > 8; > s, must be satisfied. Under the condition
Si > S,, the axis of the untwisting TSA shifts more than that
of the twisting TSA during bending, thereby satisfying the
required contraction and extension lengths without generating
impeding tension. The condition d; — 7, > s; ensures that
the design is physically realizable—that is, the channels do
not cut into the backbone. The square root terms in Eq. 5
and 6 account for the fixed TSA ends, where the string is
shifted diagonally. With two equations, one inequality, and
five parameters (ds, T, S;, So, t), the channel shape can
be designed to compensate for the impeding tension at the
maximum bending angle. For instance, to fully leverage the
TSA’s nonlinear stroke, a larger s; can be selected to allow a
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Fig. 6: Schematic illustrating the pre-tension method: thin offset plates (0.5
mm each) are inserted between the string loops at the fingertip, shifting the
anchor position and thereby adding tension to the TSA strings in the finger
module.

wider extension margin, while tuning ds and s, to maintain

the desired module size.

B. Pre-tension Tuning

This section deals with implementing the parameter C' in
Eq. 4 and selecting its appropriate value. Our strategy is to
regulate the antagonistic tension by pre-loading both pairs
of TSA strings with an equal pre-tension while the finger is
in its neutral (straight) state. A higher pre-tension increases
the contraction force produced during subsequent bending and
stretching.

To introduce pre-tension, we insert thin offset plates at the
fingertip, between the two TSA loops (see Fig. 6). Both pairs
of TSAs are connected identically to match the dimensions
of the designed finger module and actuator. Introducing the
plate shifts the anchor position of the TSA pairs upward,
which stretches the string and incrementally increases their
tension. By varying the number of plates, we experimentally
determine the minimum pre-tension that suppresses hysteresis
and pullback; this measured value is then used to define the
parameter C' indirectly.

C. Design of Bidirectional TSA Module

This section presents the detailed design of the proposed
bidirectional TSA, configured in an antagonistic structure with
the combined continuum finger module. We adopt a single-
motor design that drives two meshed gears simultaneously.
Fig. 7(a) presents an exploded view of the actuation mod-
ule: the motor gear is rigidly attached to the motor shaft,
whereas the opposing gear rotates on a bearing. To achieve
symmetric bidirectional motion, the gears are set to a 1:1
ratio. A connector frame links the finger module to the motor
bracket, and thrust bearings mounted at the front of both gears
inside the frame effectively compensate for the large axial
contraction forces of the TSA pairs. Two sets of TSAs are fixed
to the respective gears, routed through the finger’s internal
channels, and anchored to a pre-tension plate at the fingertip.
Fig. 7(b) shows the configuration of the fully assembled
system. Fig. 7(c) illustrates the side view operation of the
bidirectional TSA. When the motor rotates, one TSA pair
contracts while the other extends, bending the finger toward
the twisting side. Reversing the rotation bends it oppositely,
enabling fully bidirectional motion.

D. Design Process

This section details a step-by-step design framework for the
bidirectional TSA and its continuum finger module. Fig. 8
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Fig. 8: Flow chart of the design process to decide parameters.

outlines the design process, allowing designers set the target
stroke and select structural parameters.

Typically, the theoretical estimation of the TSA’s contraction
length [, is given by the following equation [22]:

2
I = \/zg <1 + l;) — 622 %

where [y is the initial length of the string, F; is the applied
tension, K is the stiffness coefficient of the string, 6 is the
motor rotation, and r is the radius of the twisted string.
While this equation reasonably generalizes TSA kinematics,
its accuracy is limited in practical application, showing errors
up to 27.88% [8].

To address this, we employed an empirical model L(6) that
directly approximates the contraction length as a function of
6. The plot shown in Fig. 4(b) was measured using Dyneema
string (#1.5, ©0.2,12.2kg maximum load) with the initial
string length set to o = 170 mm. The string was twisted in 5-
turn increments, and actual contraction lengths were measured
with a linear encoder (YS20-100-01-C, Wuxi Yansen). With
the measured data points, a 4th-order polynomial L(#) with
minimum RMSE was fitted.

Returning to Fig. 8, we next determine the motor rotation
range: the initial twist angle (Ojy,1) and max/min angle bound
(Bmax and Op;n). The bound is determined within the nominal
twisting range, avoiding over-twisting [27]. Setting i, at
the midpoint of the allowable range maximizes the feasible
stroke. In this study, we used i1 = 65, Omax = 120, and
Omin = 15, covering a total range from 15 to 120 turns.

Once Oiiar 1S set, the length of the finger is determined
by subtracting the contraction length at 6y from Iy, and
also subtracting the physical distance a between the channel
entrance and the string’s fixed point. If the connector frame
(see Fig. 7(a)) is designed thin enough, « is negligible,
allowing twist—untwist to begin right at the channel entrance.

Next, based on the target finger size, the designer selects
values for ¢, ds, and r, and solves for s, and s; using the
Eq. 5 and 6, with the constraint dgs — r, > s; > s,. Here,
select the backbone radius 7}, as small as practicable while still
supporting the finger to minimize torque loss during bending.
Finally, based on the calculated values, the gear dimensions
and AAS channel profile are determined.

E. Control Method

This section describes the kinematic model to achieve the
desired bending angle of the underactuated continuum finger
embedding TSA, based on Fig. 7(d) and Table 1.

First, consider the contact between two adjacent notches
in Fig. 7(d). As bending starts, the backbone forms a curved
shape, so the originally straight segment of length ¢ follows
an arc of length ¢’. Because the bending angle per notch d¢ is
small, this arc can be approximated by its chord (i.e., t’ ~ ).
Under this approximation, the unit bending angle satisfies:

t
o = —. (®)
rf
As illustrated in Fig. 7(d), leon is required when the string
shifts and bends by §¢. This value can be calculated as:

leopt =t — (rf —ds — so) tan(d¢) 9)

Assuming that the same amount of bending angle §¢ occurs
in every notches, the total bending angle is the sum of
these individual angles. Consequently, the contraction length
required to bend the finger to the target angle ¢, is given by:

ld.cont =N- lcont = % : (t - (’I"f - ds - 50) tan(6¢))
(10)
Next, using the L(6) introduced in Section III-C, the re-
quired motor turns G0 to achieve lqcone is given by:

Omotor = L_l<§)(; : (t - (’/‘f —ds — 30) tan(5¢)>> (11)

IV. EXPERIMENT RESULTS
A. Hardware Configuration and Experiment Setup

A prototype (see Fig. 9(a)) was fabricated with the param-
eter values listed in Table I to validate the bidirectional TSA
module and continuum finger designed in Section III. Close-
up views of the parts explained in Section III are shown in
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TABLE I: Nomenclature and its specifications

Name  Meaning Value

Ty Radius of the finger 16 mm

ds Distance between string and axis 9.5 mm

S; Length of string’s inner axis shift 5.3 mm

So Length of string’s outer axis shift 3.1 mm

6 Bending angle per notch 8.9¢

bt Target bending angle (-180°, 180°)

N Number of required bending notches to reach  ¢¢/d¢
desired angle

T Radius of the backbone 4mm

t Distance between two notches 2.5mm

leont Contraction length per unit node 1.87 mm

Ld.cont Desired total contraction length to bend ¢ N x 1.87mm

Finger
module

Fig. 9: (a) Prototype of the bidirectional TSA-continuum finger with ArUco
marker attached. Close view of (b) actuator part, (c) channel for AAS, (d)
offset plate. (e) Experiment setup to measure the magnitude of pre-tension.

Fig. 9(b)-(d). Fig. 9(e) shows the load-cell setup (DBCM-
50kg, BONGSHIN) used to measure pre-tension. The actuator
module is driven in direct-drive manner without a gear ampli-
fication by a brushless DC motor (BL2446S, Motorbank) and
controlled with ESCON 70/10 4-Q Servo controller (Maxon
Motor). Both gears and the actuator parts were 3D-printed
(White Resin V5, Form 4 Formlabs), providing high strength
and fine resolution. The continuum finger was 3D-printed with
a flexible Thermoplastic Polyurethane filament (TPU 95A,
Moment M300), offering the flexibility and moment capacity
required for large bending angles. To minimize friction, the
inner surfaces of the finger channels were coated with polyte-
trafluoroethylene spray. Each TSA is equipped with a 170 mm
long Dyneema string identical to the one described in Section
III-D. Two ArUco markers were attached to the outer surface
of the finger to enable real-time vision-based measurement of
the bending angle. The system was controlled by a microcon-
troller (LAUNCHXL-F28379D, Texas Instruments) through
the C2000 microcontroller blockset in MATLAB Simulink
(R2022b), with a sampling frequency of 200 Hz.

B. Experiment Result of Pre-tension

The measured pre-tension values were then tested under
actual operating conditions (both TSA strings initially twisted
65 turns and actuated +55 turns repeatedly) to observe the
hysteresis during bending-stretching. Fig. 10 and Table II
present the results of the continuum finger with different offset
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Fig. 10: Result of controlling continuum finger using bidirectional TSA with
various pre-tension offsets (Omm, 0.5mm, lmm, 1.5mm, 2mm, 2.5mm).

plate thicknesses from 0 mm to 3.0mm. In Table II, the Apy
denotes the average hysteresis area per cycle.

With no pre-tension (e.g., 0 mm offset), the twist—untwist
trajectories diverge widely, showing large hysteresis and leav-
ing the finger offset from its initial position. Adding a 0.5 mm
offset reduces the hysteresis area Ay and deviation, yet some
persists, indicating that the pre-tension is insufficient. Offsets
of 1-2 mm provide enough pre-tension to effectively attenuate
hysteresis—the finger consistently returns to its initial position
and the control trajectory remains highly repeatable across
successive cycles without any noticeable deviations. At 2.5
mm, the extra pre-tension starts to cut the available bending
range and reintroduces impeding tension that hinders motion.
Applying the offset to 3 mm overloads the string, which leads
to string snaps during bending.

In summary, an offset of 1-2 mm eliminates hysteresis in
the proposed system, while excessive offsets degrade control
and overstress the string, risking snap; this finding provides an
indirect guideline for implementing the constant C' in Eq. 4.

TABLE II: Effect of Pre-tension (Mean=-Standard deviation)

Offset ‘ Tore (N) Anys (radz) ¢, deviation (°) @max reduction(®) Snap
0mm 0 15.04+1.52 234091 n X
0.5mm | 0.5+0.04 4.774+0.86 9+0.96 n X
1 mm 1.1£0.07 1.79+0.41 n n X
1.5mm | 1.6+0.06 1.48+0.16 n n X
2mm 2.1£0.09 1.5140.12 n n X
2.5mm | 2.840.06 1.86+0.36 n 9+0.89 X
3mm 3.24+0.08 u u 20+£1.12 (before snap) o

n: negligible (< 2.5°), u: unknown, o: snap observed, X: no snap

C. Control Results of Continuum Finger Module

Using the Eq. 11 kinematics, we commanded eight bend
targets—=+45°, £90°, £135°, and +180°—which correspond
to motor rotations of +18, £32, +43, and 453 turns, respec-
tively. The bending angles were monitored in real time with
an ArUco-based vision system, and the pre-tension offset was
fixed at 1.5 mm for all trials.

Fig. 11(a) illustrates the motion of the finger bending
and returning to the initial state during a sequence of
twist—untwist—untwist—twist commands: all eight targets bend
and recover with negligible hysteresis and no pullback. From
+45° to £180°, measurements closely track model-based
motor commands. Fig. 11(b)—(c) compares the desired bending
angles and the experimental results, and shows an average er-
ror of 6.7%. This stems from elastic deformation and modeling
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Fig. 11: (a) Bending angle control of the continuum finger with bidirectional
TSA. (b) Comparison of desired and experimental angles. (c) Error between
desired and experimental angles.

simplifications in the kinematics (ideal notch contact, axis-shift
approximation) that slightly under-predict required turns. The
angle difference increases with bending angle, yet Fig. 11(c)
shows the largest error(%) at 45°, where the string first slides
(axis shifts) before starting to bend the finger. Even so, the
average error across all eight targets was 7.1°, confirming the
control method’s practical validity.

D. Hysteresis: Bidirectional TSA vs Unidirectional TSA

With the same experimental setup, we compared the hystere-
sis behavior of a conventional unidirectional TSA (single pair)
with that of the proposed bidirectional TSA under repeated
twist-untwist cycles. Fig. 12(a)-(c) shows the corresponding
trajectories, and the results are summarized in Table III.

With the unidirectional TSA (see Fig. 12(a)), the finger
failed to return to its initial position, exhibiting ¢, deviation
of approximately 21° and a pullback of 9°. The mismatch be-
tween the twisting and untwisting curves produced a hysteresis
loop. In contrast, when the bidirectional TSA was operated in
the left- and right-bending modes (see Fig. 12(b), (c)), ¢,
deviation was reduced to 5° and 4°, respectively, which is
about 80% reduction, and no pullback was observed in either
direction. Because the twist and untwist trajectories nearly
overlapped, the hysteresis loop also disappeared.

These results imply that the proposed bidirectional TSA
markedly attenuates hysteresis, increases stroke, and provides
bidirectional motion with a compact form factor.

TABLE III: Comparison between conventional and bidirectional TSA

‘ Conventional TSA  Bi-TSA (Right) Bi-TSA (Left)

b0 deviation 21° 5° 4°
Pullback 9° << 1° << 1°
Hysteresis loop o X X

" .
C
(@) Twist-Untwist cycle (b) (©)
. . 150 [==Bend rightward [—Bend rightward
Initial twisting o Bend leftward 20 |[=—Bend leftward

Initial untwisting

I'd

Hysteresis I i
ysteresis loop Progression

g angle (°)
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Fig. 12: TSA operation results: (a) unidirectional; (b) bidirectional, rightward
bending; (c) bidirectional, leftward bending.
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Fig. 13: Dexterous actions of bidirectional TSA gripper: (a)-(c) independent
bending, (d) inward grasping, (e) outward grasping, (f) bidirectional grasping,
(g)-(1) demonstrations of inward grasping, (j)-(k) demonstrations of outward
grasping, (1) demonstration of bidirectional grasping.

E. Additional Performance Evaluation

Quantitative tests were conducted to evaluate mechanical
performance. The tip force increased from 3.57 N at 45° to
9.82 N at 180°, confirming the TSA’s high transmission ratio.
Efficiency peaked at 77.3% under 500 g and dropped to 66.1%
under 1000 g, showing optimal performance under moderate
loads. In the payload test (100 g, 200 g, 500 g, 1000 g),
the finger maintained its posture for 60 seconds without
deformation. The repeatability test over 30 cycles showed
deviations below 2° across all eight bending angles, with
only minor variations among them. Durability tests revealed
creep and pre-tension degradation after about 3000 cycles. The
related contents are shown in the supplementary video.

E Application to Gripper

This section evaluates a three-finger gripper actuated by the
proposed TSA mechanism to demonstrate the effectiveness of
the approach. Conventional robotic fingers typically employ a
unidirectional tendon-driven design, which limits their ability
to actively utilize the opposing direction. In contrast, the
proposed bidirectional mechanism enables multi-directional
bending and diverse in-hand manipulations, thereby enhancing
spatial efficiency in manipulation tasks.

Fig. 13(a)—(c) illustrate dexterous gripper motions where
each finger independently performs bidirectional actuation.
Fig. 13(d), (g)—(i) show inward bending for conventional
grasping, while Fig. 13(e), (j)—(k) demonstrate outward bend-
ing that enables reaching into hollow objects (e.g., boxes) for
internal grasping of ring-shaped or partially enclosed items.
This ability to individually direct the action of each finger
enables a variety of dexterous and adaptive manipulation
strategies.
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V. DISCUSSION AND CONCLUSION

This study proposed a TSA design framework that simul-
taneously achieves bidirectional bending, suppresses pullback,
and attenuates the hysteresis that plagues existing TSA appli-
cations. With a calibrated pre-tension, the finger consistently
returned to its initial position, reducing the origin angle
deviation 21° to 4° —5° (i.e., 80% reduction) and removing
the 9° pullback seen in the conventional configuration. The
kinematic model shows average tracking errors of 6.7%.

The current system still presents several limitations. The
durability, which is defined as reliable actuation lifetime,
is approximately 3000 cycles, after which creep and pre-
tension degradation become apparent. This can be mitigated by
applying pre-stress treatment to the string and more precisely
manufactured AAS geometry that completely eliminates resid-
ual impeding tension, thereby improving fatigue resistance and
extending operational reliability. The kinematic model, though
compact and practical, assumes uniform notch contact and
rigid segments, which constrains prediction accuracy at large
bending angles. Considering variable curvature and elastic
coupling between adjacent notches may improve its fidelity
in future implementations. In addition, the offset-plate pre-
tensioning method, while simple and repeatable, requires re-
identification of appropriate values whenever design parame-
ters change. As part of our future work, we plan to develop a
simple yet adaptive pre-tensioning method that retains quan-
titative control of the offset-plate approach while improving
adaptability to varying load and configuration conditions.

Currently, the system operates under open-loop control, and
future research will focus on integrating bending or tension
sensors to enable real-time feedback and closed-loop angle
control for enhanced precision. Beyond the current gripper
example, the antagonistic TSA concept can be scaled to
wearable exosuits, continuum arms, and other compact robotic
systems, broadening the reach of bidirectional, high-stroke
actuation mechanisms.
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