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Abstract— Due to their high tendon-based (muscle-like) linear actuation, large force generation, and good operational
bandwidth, twisted string actuators (TSAs) are strongly suited
to actuate robotic devices. TSAs have been widely employed in
numerous robotic applications; however, their inclusion in soft
robots has been limited. This paper presents the modeling of the
one-degree-of-freedom kinematics of a soft robotic manipulator
driven by TSAs. The manipulator consists of soft silicone
that bends in different directions due to the contraction of
three TSAs. A physics-based model was developed to predict
the bending angle of the soft manipulator. Furthermore, the
bending velocity of the soft manipulator was modeled by using
the equations derived from the bending angle model. The
proposed modeling approaches were experimentally verified
to be effective. For example, the proposed model predicted
bending angle and bending velocity with mean errors of 1.58◦
(2.63%) and 0.405 ◦ /sec (4.31%), respectively.

I. I NTRODUCTION
To make robots more ubiquitous in scenarios where safe
interaction with humans is necessary, it is highly desirable but challenging to realize robotic structures that are
safe, compliant, low-cost, and generate sufficient force. Soft
robots—robotic structures realized using soft materials or
compliant actuators—are ideal for these applications [1], [2].
Artificial muscles are a class of soft actuators that are widely
adopted in numerous soft robots [3], due to their shape
varying ability upon the application of external stimuli [4].
Although soft actuators and artificial muscles are highly
desirable, high-performance soft robots are challenging to
realize because most soft actuators and artificial muscles
that drive existing soft robots exhibit one or more limitations, such as (a) fabrication difficulty [5]–[7], (b) high
power requirement [7], [8], (c) slow actuation [9]–[11], and
(d) insufficient force generation [11]–[13]. A twisted string
actuator (TSA) is an artificial muscle that consists of at least
two strings connected to an electric motor at one end and a
load at the other end of the strings [14]. As shown in Fig. 1a,
actuation is realized by twisting the strings with a motor to
shorten the strings’ length and linearly displace the attached
load [14]. TSAs typically generate strains of 30–40% of their
untwisted length and exhibit high energy efficiency [14].
TSAs are advantageous and more efficient over a motor
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Fig. 1. (a) By twisting multiple strings with a motor, the twisted string
actuator (TSA) displaces a load that is constrained to linear motion. (b) The
TSA-driven soft robotic manipulator.

and spool configuration: TSAs convert rotational motion
to translational motion without the use of any external
mechanisms like gears [15]. Furthermore, TSAs can output
higher force with less input torque than motors and spools
[16], [17]. A brief study on the comparison of torque outputs
of TSAs and motors with spools was conducted in [18].
Although TSAs have been widely employed in multiple
robotic applications, such as tensegrity robots, robotic fingers, robotic hands, and exoskeletons [15], [19]–[21], their
applications in soft robots have been limited. This is likely
because motors are required to construct TSAs and are thus
difficult to be incorporated into soft structures. While the
strings used in traditional TSAs are not largely stretchable,
the flexibility and compliant properties of the twisting configuration could be very useful in soft robots. Actuating soft
robots with TSAs could present unique advantages over other
actuation mechanisms [5], [12], [22]. These advantages are
due to TSAs’ simplicity in fabrication and assembly, low
power requirement, high operating frequency, large linear
strain generation, and compactness [3].
In this paper, we present kinematic models which predict
the one-degree-of-freedom (DoF) behavior of the soft robotic
manipulator powered by TSAs (Fig. 1b). The manipulator
considered in this paper, first presented in [23], is the first
soft robotic structure to utilize TSAs for actuation. This is
the first study to present mathematical models which capture
the behavior of a TSA-driven soft robot. Unlike previous
models which are based on either numerical methods or
solid mechanics [22], the proposed models utilized TSA
kinematics and provided analytical solutions that enable

further analysis of the manipulator. Firstly, a physics-based
model to capture the one-DoF kinematic behavior of the soft
manipulator was derived. The model, which was developed
by considering the strain kinematics of the TSAs, provided
analytical solutions to predict the pose of the manipulator.
Secondly, the velocity kinematics of the manipulator were
studied. For this purpose, the equations provided by the
bending angle model and the TSA velocity equations were
utilized. The main contributions of this paper are:
• Physics-based modeling to capture the kinematic behavior of the proposed soft robotic manipulator using only
three constants and one independent variable.
• Modeling and experimental analysis of the velocity
kinematics of the proposed soft robotic manipulator,
with a performance comparison between three proposed
models.
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Fig. 2. (a) The CAD model of the soft robotic arm. (b) The placement of
the motors within the base. (c) Diagram showing the actuation of the soft
manipulator: When the strings twist, their contraction exerts an axial force
F on the soft silicone at a distance r to induce a bending moment. As T
increases, the bending angle θ increases.

II. M ANIPULATOR D ESIGN AND FABRICATION
A. Soft Manipulator
The soft manipulator, as shown in Fig. 2a contained three
independently actuated TSAs for bending in three individual
directions. The manipulator was constructed from SmoothOn Ecoflex™00-50 silicone. The 175-mm soft manipulator
contained three internal channels that housed the TSAs’
strings. The channels were placed evenly at angles 120◦
from each other near the circumference of the arm. The
base of the manipulator housed the motors and encoders of
the TSAs (Fig. 2b). An inertial measurement unit IMU (VR
IMU Breakout - BNO080, Sparkfun) recorded the orientation
of the manipulator. The bending angle depended on the
particular amount of rotation from the actuated motor. As
shown in Fig. 2c, when the strings twist, their contraction
exerts an axial force F on the soft silicone at distance r to
induce a bending moment. For more details on the design of
the manipulator, please see [23].
B. TSAs
This study utilized two strings with the same length and
material properties to construct each TSA. More strings with
different material properties could also be used [14], [24].
The strings were hung vertically in tension with one end
attached to the motor shaft. The free end of the strings was
attached to the top cap of the arm and was constrained such
that the arm bent due to the TSA’s contraction.
III. K INEMATIC M ODELING
A. Bending Angle
The diagram of the robot is provided in Fig. 3. The model
assumes the following:
1) The robot bends with a curvature radius R that is
uniform along the entire center arc length L0 .
2) The center arc length of the silicone, L0 , is constant
during bending.
3) The TSAs that are not twisted have negligible tension.
4) The length X0 of the untwisted TSA equals the height L0
of the unbent manipulator. Similarly, the twisted length
X of the TSA equals the arc length L of the bent robot.

5) The stiffness of the strings is considered to be great
enough such that, within the range of tested loads, the
axial force on the TSA alone caused negligible strain
in the TSA.
Assumptions #1 and #2 have been previously used in studies
on soft robotics [6], [12], [25]. Assumption #3 permits
an acceptably low modeling error. Assumption #4 is valid
due to the locations of the motors relative to the silicone.
Assumption #5 is due to the high stiffness of the strings.
The stiffness of a single 1.3-mm UHMWPE string was
measured to be 662 N, normalized to a unit length of 1 m.
The maximum force on a TSA was 16.27 N in this study.
Let θ be the bending angle of the robot in radians. The
arc length L is
L = θ (R − r),
(1)
where R is the center radius of curvature, and r is the distance
between the center of the soft silicone arm and the TSA’s
strings (Fig. 3). As shown in Fig. 3, r is not the radius of
the soft silicone itself, which is slightly larger than r. d =
3.25 mm is the difference between the silicone’s radius and
r, but its value does not affect the analysis. The center arc
length L0 = θ R can be rearranged as
L0
,
(2)
θ
where L0 is a constant and is the arc length of the robot when
it is not bent. During bending, L will decrease because the
axial forces exerted by the TSA will compress the silicone
body. Substituting (2) into (1) yields
R=

L = L0 − θ r.

(3)

As derived in previous studies [14], [24], the kinetostatic
model of the TSA is given by
q
(4)
X = X02 − T 2 w2 ,
where X is the length of the TSA’s strings and X0 is the
initial (untwisted) length of the TSA’s strings. Considering

1) Complete Model: As reported in [14], differentiating
(8) with respect to time yields

Ṫ w + T ẇ Tw
.
(9)
θ̇ = q
r L02 − T 2 w2
Equation (9) is hereby named the “complete model” because
it accounts for ẇ. The derivation for ẇ is as follows: By
differentiating (5), and using (4) with the assumptions that
L = X and L0 = X0 , the following equation is derived:
1
1/2
ẇ = w0 L0 L−5/2 Tw(T ẇ + Ṫ w).
2
Fig. 3. The diagram of the soft robot actuated by TSAs, with relevant
variables labeled. From the top view of the robot, the motors are placed
120° apart.

the robot’s structure, we can assume that L = X and X0 = L0 .
T is the angle of the motor’s shaft in radians and w is the
variable radius of the TSA. Consistent with existing studies,
(4) does not have a stiffness term [14], [24].
According to [14], the variable radius w of the TSA is
given by
r
L0
w = w0
,
(5)
L
where w0 is the radius of the string when it is untwisted [24].
In practice, w0 is measured with a caliper. The design of
the robotic manipulator restricts L from direct measurement.
Furthermore, L and w depend on each other. This requires
L to be estimated based on the previous estimate of w, such
that
q
L[k] =

L02 − T [k]2 w[k − 1]2 ,

(6)

where k is the discrete time index, w[0] = w0 , and T [1] = 0.
w[k] is then computed using (5) and (6) as follows:
v
u
L0
,
(7)
w[k] = w0 u
tq
L02 − T [k]2 w[k − 1]2
Considering L = X and L0 = X0 , equating the right-hand
sides of (3) and (4), and then solving for θ yields
q
L02 − T 2 w2
L
−
0
L0 − L
θ=
=
.
(8)
r
r
B. Angular Velocity
In this study, three different models of θ̇ will be proposed.
The characteristics of these models are stated below:
•
•
•

The “complete model” accounts for ẇ, the estimated
rate of change in the TSA’s radius.
The “conventional model” approximates that ẇ = 0.
The “linearized model” simplifies the conventional
model by approximating L as a linear function of T .

(10)

By rearranging terms and solving for ẇ,
1/2

ẇ =

w0 L0 Tw2
1/2

2L5/2 − w0 L0 wT 2

Ṫ .

(11)

2) Conventional Model: In many previous studies on
TSAs, ẇ is assumed to be negligible [24], [26], [27]. In that
case,




2T
w
1
1 dL
 Ṫ .
(12)
Ṫ =  q
θ̇ =
r dT
r L2 − w2 T 2
0
dL
is known as the “generalized reduction
The quantity dT
ratio” and denoted by h(T ) [24], [27]. Although h(T ) also
depends on w, w is implicitly a function of T . Therefore,
h(T ) is ultimately a function of T only. Other studies refer
dL
to dT
as the “TSA Jacobian” [26], [28]. This paper will use
the term “generalized reduction ratio” over “TSA Jacobian”
to avoid confusion with the overall system Jacobian J . If
constant radius of the TSA is assumed, the Jacobian of the
overall system is
h(T )
,
(13)
J =
r

where
θ̇ = J Ṫ .

(14)

Equation (14) is just another way to express (12).
3) Linearized Model: By rearranging (4) and consistent
with [14], [24], the following relationship is obtained for the
TSA:
(15)
T 2 w2 + L2 − L0 2 = 0.
By differentiating (15) with respect to time, the following
relationship is obtained:
T Ṫ w2 − LL̇ = 0,

(16)

where ẇ and L̇0 are assumed to be negligible relative to Ṫ
and L̇. This is because L0 is constant, and due to the TSA’s
high stiffness, ẇ is approximated to be 0. (More details can
be found in Section III.A.) Solving for L̇, the linear velocity
of the TSA, yields
L̇ =

dL
w2 T
Ṫ =
Ṫ .
dT
L

(17)
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Fig. 4. Experimental characterization and kinematic modeling results. As an example, the results from the actuation of TSA #2 are presented in (a)–(c).
(a) Applied motor angle T input sequence versus time t. (b) Experimental and modeled bending angle θ versus t. (c) Axial force F versus t. Experimental
and modeled θ versus T for (d) TSA #1, (e) TSA #2, and (f) TSA #3. (g) Modeling error magnitude. (h)–(l): Velocity modeling results. (h) Raw and
filtered θ versus T . (i) Experimental bending velocity θ̇ versus θ [T ] compared to three different models. Error magnitude from the (j) complete model,
(k) conventional model, and (l) linearized model.

dL
dT

approximation can be derived if one notes that

defines the generalized reduction ratio,

w2 T
w2 T
dL
.
=
=q
h(T ) =
dT
L
L02 − T 2 w2

dh
dT
(18)

w2
L02 − T 2 w2

=

w2
,
L0

(19)

= 0.

(20)

T =0

and
d2h
dT 2

The generalized gear reduction is also necessary for the
dynamic model of the system to translate a desired length
of the TSA into the desired motor rotation angle. A useful

T =0

= q

=
T =0

Tw4
3

2(L02 − T 2 w2 ) 2

T =0

Now using the Taylor Series expansion at T = 0 (also
known as the Maclaurin Series expansion), a second-order

approximation of h(T ) can be calculated. Since the Taylor
Series expansion was centered at T = 0,
h(T )|T ≈0 = q

w2 T
L02 − T 2 w2

=

w2
T + O(T 3 ).
L0

(21)

T ≈0

This defines linearization of the generalized gear reduction
h̃ and linearization of the system Jacobian J˜ when T ≈ 0,
respectively:
h̃(T ) =

w2
h̃(T )
w2
T, J˜ =
=
T.
L0
r
rL0

(22)

In this linear region, (14) can be simplified to
w2 T
θ̇ = J˜ Ṫ =
Ṫ .
rL0

r, and w0 were measured to be 0.175 m, 1.675 × 10−2 m,
and 6.5 × 10−4 m, respectively. As an example, the modeling
results of bending angle due to TSA #2 are presented as
a function of time in Fig. 4b. As seen from the results
in Fig. 4d–4f, the experimental results of the bending due
to the three TSAs agree well with the derived model. The
modeling error was computed as follows: Firstly, the error
in the model was computed for each TSA using the equation
Ei [k] = |θi,exp [k] − θi,model [k]|, where Ei [k] is the error of the
kth point of the ith TSA. θi,exp and θi,model are respectively
the experimentally-obtained and modeled bending angle for
the ith TSA. Secondly, by utilizing the errors computed for
each TSA, the weighted average error was computed using
the following equations:

(23)

Equation (23) is the linearized model.
IV. E XPERIMENTAL R ESULTS
A. Experimental Characterization
The input sequence for this experimental characterization
is provided in Fig. 4a. The motor rotations were applied
in monotonically increasing, then monotonically decreasing
steps for four complete cycles. These number of cycles were
selected to examine the repeatability of the soft manipulator.
The motor was actuated in steps of 1 rotation and paused
for 2 s to ensure the motor angle and bending angle became
steady. The motor angle (twists) varied between 3 and 18
revolutions (rev). The initial offset of 3 rev was introduced to
the motor to ensure the actuating strings were taut. However,
this offset was not applied for the other (non-actuating)
motors to ensure that they did not exert significant force to
oppose the motion of the manipulator. Because TSAs require
tension to actuate, this offset had a negligible effect on the
initial bending angle of the manipulator.
The experimental characterization was performed for all
three TSAs. As an example, the results of TSA #2 are
considered. The bending angle θ and axial force F versus time are shown in Fig. 4b and 4c, respectively. The
bending angle was measured about the axis normal to the
actuating motor shaft. Mild hysteresis was observed in both
the bending angle–motor turns, and the axial force–motor
turns correlations, which was consistent with previous work
[14], [29]. As shown in Fig. 4c, the axial force F exerted
by the manipulator on the TSA was measured using forcesensitive resistors (FSR-404, Interlink Electronics). An initial
force of 1.73 N kept the strings taut, and F increased as θ
increased. At 18 motor rotations, the TSA exerted an axial
force of 16.27 N. At low motor angles, small oscillations in
θ caused corresponding oscillations in F. As θ increased,
the oscillations in F disappeared because the silicone was
stiffened.
B. Modeling Results
1) Bending Angle Model: The model between turns and
bending angle in (8) was experimentally validated for the
three TSAs employed in the manipulator. The values of L0 ,

Ei =

1 ni
1 m
Ei [k], Eb = ∑ Ei ,
∑
ni k=1
m i=1

(24)

where E i is the mean error in the bending angle model for
the ith TSA, ni is the number of values in the data set for
the ith TSA, m = 3 is the number of TSAs, and Eb is the
weighted average error of the model. The error between the
experimental results and the model is presented in Fig. 4g.
The weighted average modeling error was found to be Eb =
1.58◦ , which was considered to be acceptable because the
range of bending angle was approximately 60◦ . For TSAs
#1, #2, and #3, E 1 = 1.36◦ , E 2 = 1.68◦ , and E 3 = 1.71◦ ,
respectively.
2) Bending Velocity Model: The model between the angular velocity of the motor shaft Ṫ and the bending angular
velocity θ̇ was validated through experiments. For this experiment, a step input voltage of 3.6 V was applied to the
motor for 14 s, after which the input voltage dropped to 0 V.
The motor reached a steady-state velocity of 1.90 rev/s. A
third-order Savitsky-Golay filter [30] with a window size of
151 samples taken at 53.9 Hz differentiated T to obtain Ṫ , θ
to obtain θ̇ , and w to obtain ẇ. The parameters of the filter
were selected such that a significant amount of noise was
eliminated while a negligible amount of bending information
was lost. As an example, the raw versus filtered θ values are
shown in Fig. 4h. This filter was used to determine ẇ instead
of (11) because ẇ was highly sensitive to the measurements
of w0 and L0 .
To model the correlation between Ṫ and θ̇ , three different
models were tested: the complete model, the conventional
model, and the linearized model. The experimental data and
modeling results for each strategy are shown in Fig. 4i.
At θ ≤ 3◦ , the experimental results significantly disagree
with the models. This disagreement is likely because the
actuated TSA is slightly loose in the initial twisting stage.
At θ ≥ 40◦ , the complete model and conventional model
significantly overestimate θ̇ . This overestimation may be
due to Assumption #3 in Section III.A: the tensions in the
non-actuated strings were not trivial, which could slow the
bending of the manipulator and lead to a smaller θ̇ than
expected.
Within the range of 3◦ ≤ θ ≤ 32◦ , the complete model
clearly performed the best. The errors for the complete,

conventional, and linearized models are shown in Fig. 4j,
4k, and 4l, respectively. The error was computed using
|θ̇i,exp [k] − θ̇i,model [k]|. In this range, the mean error in the
complete model was only 0.100◦ /s. The conventional model
and linearized model had errors of 0.224◦ /s and 0.356◦ /s,
respectively when 3◦ ≤ θ ≤ 32◦ . However, when 0◦ ≤ θ ≤
58.5◦ , the performance of the complete model decreased.
When 0◦ ≤ θ ≤ 58.5◦ , the complete model had the greatest
mean error (0.619◦ /s) but the least median error (0.226◦ /s).
The conventional model experienced similar spikes in error
as the complete model. It had a mean error of 0.405◦ /s
and median error of 0.287◦ /s when 0◦ ≤ θ ≤ 58.5◦ . In
comparison, the error spikes in the linearized model were
less drastic. Its mean error was 0.409◦ /s and its median error
was 0.292◦ /s for 0◦ ≤ θ ≤ 58.5◦ .
V. C ONCLUSION AND F UTURE W ORK
In this paper, models which predict the one-DoF kinematic behavior of a soft robotic manipulator powered by
TSAs were presented. Firstly, the design and fabrication
of the manipulator were discussed. Secondly, the kinematic
relationships between the TSA’s twists and manipulator’s
bending angle/angular velocity were modeled and experimentally verified. The experimental results confirmed the
high performance of the proposed models, whose simplicity
can be attributed to the inclusion of TSAs. Despite the
capabilities of the proposed models, improvements can be
made to further enhance the analysis. Firstly, the proposed
model could be extended to multi-DoF to capture the behavior of the robot in three-dimensional space. Secondly, a
model to predict the dynamic behavior of the manipulator can
be derived. Thirdly, inverse models and closed-loop control
could be developed to control the robot’s motion.
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