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Abstract— Torsional actuators are a class of artificial muscle
technology that generates torque and produces rotary motion
in response to various stimuli. This paper presents a novel tor-
sional actuator combining an origami-inspired twisting skeleton
and an artificial muscle. The process of torsional actuator design
starts from identifying a foldable twisting skeleton which is
capable of achieving helical motion thereby translating linear
motion to rotational motion. This is followed by the integration
of an artificial muscle to drive the twisting skeleton. Kinematics
of both the twisting skeleton and artificial muscle are analyzed.
Following the design and kinematic analysis, a prototype is de-
veloped by bonding 3D printed polylactic acid (PLA) parts and
thermoplastic polyurethane (TPU) films to form the twisting
skeleton and laminating TPU membranes by using heat sealing
tools to form the artificial muscle. A pneumatic control system
is built to evaluate the performances of torsional actuator by
testing the relationship between twisting angle, air pressure,
driving force and output torque. Experimental results show that
the relationship between air pressure, driving force and output
torque is proportional at a given twisting angle. The novel
torsional actuator augmenting an origami-inspired skeleton and
soft artificial muscle leads to simplified analytical model and
has potential of driving robotic systems in environment where
pneumatically actuated systems are preferred over electrical
machines and drives.

[. INTRODUCTION

In recent years, rigid-bodied robots [1], [2], [3] have been
extensively explored and developed to perform various tasks
in challenging environments [4]. These robots are driven by
electrical motors and able to quickly respond to control sig-
nals thereby rapidly adjusting their contacts with the ground
to move stably and keep balance. However, working in some
extreme environments such as high temperature, nuclear
plants, combustible gas and oil is still a tough challenge for
them as their actuators and batteries could be easily damaged
by heat and radiation, or cause explosion of fuel. By contrast,
soft legged robots like pipe-climbing robot [5] and modular
quadruped robot [6] powered by pneumatic actuators are
lightweight and can be fabricated by flexible materials such
as heat resistant and fatigue resisting fabric, which allow
them to be applied to extreme scenarios such as radiation.
The soft robot with integrated fluidic circuit, switches and
actuators [7] is also able to walk and grasp in combustible oil
and gas environments. However, the deformations of most
soft robots are continuous, complex and highly compliant
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without well-understood kinematic models. These factors
have negative influences on the motion control of soft robots
[8]. Origami-folding structures are considered to bridge this
gap between rigid-bodied robots and soft machines as they
have the characteristics of deployability and portability [9],
can be precisely modeled for dynamic control and also can
be fabricated by foldable fatigue resisting materials.

Torsional actuators, also known as torsional artificial mus-
cles, generate torque and produce rotary motion in response
to various stimuli such as heating, electrochemical charging
or chemical absorption [10]. Fluid is a practical way to
actuate artificial muscles as it is safe to users and friendly to
environment. For instance, two McKibben artificial muscles
with inner tubes driven by pneumatic pressure serve as a
biomimetic torsional actuator for human-like robot limbs
[11], [12]. Antagonistic torsion shape actuators composed
of two oppositely oriented helix like structures are pneu-
matically driven to achieve pure rotational motion with
minimal linear motion [13]. Furthermore, the soft pneumatic
torsional actuators developed in [5], [6] can achieve twisting-
contraction motion when they are vacuumed. They are also
able to perform multiple motions including linear, twisting
and radial movements by connecting each other in different
ways. These actuators above do not have skeleton, leading
to limited stiffness.

Origami folding techniques are able to convert a 2D thin
sheet into 3D objects by folding flexible creases [14] to in-
crease stiffness and realize the required functions [15], which
provides inspiration for scientists and engineers in finding
feasible solutions for engineering problems in robotics field.
For example, an origami twisted tower is applied to a robotic
manipulator with three finger [16] and Kresling crease pat-
tern nested inside a paper bellow is used for constructing
a crawling robot [17]. Besides, a stiffening mechanism
based on the origami principle of perpendicular folding is
employed to increase the structural stiffness of an unmanned
aerial vehicle with self-locking robotic arm [18]. A crawling
robot which can autonomously fold itself from a flat sheet
with embedded electronics to a functional machine is also
developed [19]. Further, origami-inspired artificial muscles
[20] can not only provide softness and achieve multiaxial
controllable motions but also generate high stresses when
vacuumed or inflated. A twisting mechanism using origami
folding techniques allows helical motion and is employed to
convert translational motion to rotation [21].

In this work, we propose a novel torsional actuator aug-
menting a twisting skeleton and an artificial muscle. A
parallel foldable origami structure is employed as the twist-
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Fig. 1.
of the torsional actuator, (d) prototype of the torsional actuator.

ing skeleton while a multilayer square artificial muscle is
designed to drive the twisting skeleton. The twisting skeleton
is fabricated by 3D printing polylactic acid (PLA) parts
and bonding them with thermoplastic polyurethane (TPU)
films. The artificial muscle is produced through laminating
TPU membranes on heat press machine to form air pouches
which are then connected with each other by heat sealer.
The proposed torsional actuator is driven by air pressure and
is durable in some extreme environments such as radiation
where electrical actuators are sensitive and easily damaged.
The contributions of this work include

1) The origami-folding inspired concept design and kine-
matics modelling for the scalable twisting skeleton of the
proposed novel torsional actuator.

2) The fabrication process for integrating the foldable
twisting skeleton and the square artificial muscle of the
torsional actuator.

3) A foldable and light-weight torsional actuator capable
of large twisting angle under low air pressure.

In the following sections, we first introduce the concept
design of torsional actuator augmenting a twisting skeleton
and an artificial muscle. Following this process, section III
presents the kinematic modelling of the twisting skeleton
and the artificial muscle. Section IV details the fabrication
process of the twisting skeleton and the artificial muscle.
They are then combined together to form a torsional actuator.
Section V reports the experimental results of a prototype and
section VI gives the conclusion of this paper.

II. CONCEPT DESIGN OF THE TORSIONAL ACTUATOR

Origami can evolve from 2-dimensional flat sheet model to
3-dimensional complex structure by arranging the sequences
of folding creases. The distinct deployability and foldability
of origami have wide potential applications in areas such
as designing multi-part systems and making soft robots.
Here we take the essential principles of origami-folding into
consideration and propose a novel torsional actuator.

The 3UU triangle platform and the 4UU square platform
in [22], modifications of Wren Platform, are acted as de-
ployable structures for using in uni-dimensional deployment
applications. Further, the kinematic analysis of a kinematic
variant of Wren platform in [23] reveals that the twisting
mechanism consisting of three identical four-link limbs, one

Design of the torsional actuator. (a) internal structure of the torsional actuator, (b) twisting skeleton of the torsional actuator, (c) the whole structure

base and one platform in congruent isosceles triangles, can
achieve helical motion when it is twisted.

Taking the origami-inspired twisting mechanism as skele-
ton and incorporating the skeleton with an artificial muscle,
a novel torsional actuator is designed and illustrated in Fig.
1. The twisting skeleton consists of a platform, a base and
four identical limbs, while the internal structure is composed
of a bearing, a bearing connector and an artificial muscle.
The role of the internal artificial muscle is to generate force
to push and pull the outer skeleton, while the role of outer
skeleton is to output torque and achieve the twisting motion.

A square artificial muscle is employed to drive the tor-
sional actuator. This square artificial muscle is made of
TPU fabric and constructed by connecting a number of
square layers of fabric along their edges. As the thin TPU
fabric is extremely soft, the square artificial muscle can be
compressed into a configuration of small volume and stored
into the base of the twisting skeleton when it is vacuumed.
By contrast, it will extend when inflated, thereby achieving
a large expansion ratio [24].

III. KINEMATIC MODELLING OF THE TORSIONAL
ACTUATOR

A. Kinematic model of the twisting skeleton of the torsional
actuator

The kinematic model of the twisting skeleton of the
torsional actuator is illustrated in Fig. 2. For the sake of better
understanding, the base and the platform are represented by
two identical crosses denoted by JABCD and OA’B'C'D’,
respectively. A, B, C' and D are the common points where
the axes of revolute joints R;1(¢ = 1,2,3 and 4) and the
base are perpendicular and intersected, while A’, B’, C’ and
D’ are the common points where the axes of revolute joints
R;4 and the platform are perpendicular and intersected. The
point of intersection between lines BD and AC' on the base
is denoted by O, while the point of intersection between
lines B’D’ and A’C’ on the platform is denoted by O’. The
distances from O to A, B, C' and D are equal, while the
distances from O’ to A’, B’, C' and D’ are also the same.
Further, axes of the revolute joints R;; and R, in each limb
are perpendicular and have common points denoted by E, F,
G and H, respectively. In comparison, axes of the revolute
joints R;3 and R;4 in each limb are perpendicular and have



Fig. 2.

Kinematic model of the twisting skeleton

common points denoted by E’, F’, G’ and H’, respectively.
Axes of the revolute joints R;2 and R;3 are parallel and the
offsets between any two successive joints in all four limbs
are equal.

B. Helical motion of the twisting skeleton

As shown in Fig. 2, a Cartesian coordinate frame O —
XY Z is set up at the base where the origin of frame is
coincident with the midpoint O, X axis passes OA, Y
axis passes OB, and Z axis follows right hand rule and is
collinear with OO'. Local coordinate frames are also set up
for each limb where the origin of each frame is located at E,
F, G and H, respectively. x; axis is parallel to OX, y; axis
is parallel to OY and z; axis is set through right hand rule.
The projection of axis of joint Rjs on the base is AM and
the projection of the link connected to joints Rj2 and Ri3
is M N. The angle measured between lines OA and AM is
defined as ¢, while the angle measured between line M N
and the link connected Ri2 and Rz is defined as 3. The
motion screws of limb 1 composed of joints Ry;(j =1,2,3
and 4) expressed in the local coordinate frame E — x1y121
are

S =

Si=[0 0100 0]
Sg[c¢s¢0000]
[

cp sp 0 —IsBsp IsPco —ZCB]T
S4—[O 0 1 Icfcop IcPBso O]T

(1)

where ‘c’ and ‘s’ are the abbreviations of cos(*) and sin(*),
respectively. The reciprocal constraint screws of (1) are
derived as

ST =

1§t = [ —cBs¢ cBep sB 0 0 0]
1S5, =[0 0 0 —s¢ cp 0]

The constraints applied to the platform by limb 1 can be
calculated by translating (1) from the local coordinate frame
E — x1y12; to the global coordinate frame O — XY Z.
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a is the distance of OA and b is the distance of AE.

Since the four limbs of the twisting skeleton are symmet-
rical, the constraint screws of limbs & (k = 2,3 and 4) can
be derived by rotating the screw vector S} along Z axis by
a =7/2,7 and 37/2, respectively.

' R(e) 0 r
Skj = [ 0 R(w) :| 1j 4)
in which
cosa —sina 0
R(a) = | sina cosa 0
0 0 1

The constraint-screw system employed on platform is then
derived as

ST =
Sty =[ —cfsp ched B wu w5 acfed |
S, =[0 0 0 —s¢ cp 0]
Shy=[ —cBep —cBs¢ s¢ w2 w5 ached |
22:[ 00 —cp —sp 0]"
[cﬂsqS —cfBehp sB w3 X35 acﬂch]T
—[0 00 s¢p —co 0]
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(5)
where
xr14 = —bcfeg, w15 = —asfB — befPsg
T2q = asf + befsg, w5 = —befeg
34 = befeg, w35 = asP + befso

Taq = —asP — beBsg,  x45 = befecd

Based on reciprocal screw theory, the motion-screw sys-
tem of platform is further derived as

Sm=8=[0 0 1 0 0 —acotfcp ] (6

It indicates the platform has one degree of freedom (DOF)
and can achieve helical motion along Z axis.

Based on the structure of twisting skeleton, the relation-

ship between twisting angle and height can be derived as
0 12— h?
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in which 6 is the twisting angle of the platform corresponding

to the base, h is the distance between the platform and the

base, [ is the length of link connecting R15 and Ry3, and ¢

is the radius of the circle defined by points A, B, C,and D.



C. Modelling of the square artificial muscle

The function of internal artificial muscle is to drive the
twisting skeleton so as to achieve the corresponding motion.
A square artificial muscle is designed in this paper since it
can achieve a large extension ratio and is lightweight.

The model of square artificial muscle is shown in Fig. 3(a).
The force generated by artificial muscle [25] is calculated by

Fdﬁve:P'S (8)

where P is the air pressure and S is the contact area between
artificial muscle and bearing connector.

In order to estimate the maximum length of artificial
muscle, the chamber which is the unit forming the square
artificial muscle can be simplified and modelled as a geo-
metric solid with straight edges [25] (Fig. 3(b)), even though
it will have a complex shape in inflated state. e denotes
the length of side where the chamber is bonded to its
neighboring chamber, f is the distance between the edge
and the bonded side of the chamber, and w is the distance
across the chamber, which will change when the chamber
is being inflated or deflated. The volume of the chamber is
calculated by

_ 4 2 (W 2 2 2 _ (E)z
V—3w<f <2>>—|—we + 2wen | f 5 9)
where the first term is the volume of four corners, the second
item is the volume of the central cube, and the last item
is the volume of four sides excluding four corners. The
configuration of the artificial muscle with maximum volume
can be determined by calculating the derivation of V' in (9),
i.e. the maximum volume Vj,,x can be obtained with w,y.
Wax 18 used for determining the number of chambers which
form an artificial muscle with a design length of [,..

Ly
N = ceil ( )
wmax

IV. FABRICATION OF THE TORSIONAL ACTUATOR

(10)

A. Additive manufacturing of the twisting skeleton

In order to achieve a large twisting angle of 90°, the
design parameters for twisting skeleton should be ro = 1/v/2
based on (7). Here we fabricated a twisting skeleton with
[l =30mm and rg = l/\/§

(@) I” P (b)

&= —

Fig. 3. (a) Model of the square artificial muscle, (b) model of a chamber.

A commercial 3D printer, the Ultimaker 3 with 0.4mm
nozzle, was used to print the parts of twisting skeleton, i.e.
both the left and right sides of limb illustrated in Fig. 4(a),
the platform and the base shown in Fig. 4(c). PLA filament
was selected as the printing material.

After printing the parts of twisting skeleton, three-layer
structure was employed to design limbs. As shown in Fig.
4(a), the bottom layer is one side of a limb and the top
layer is another side of the limb, while TPU membrane with
thickness of 0.3 mm is selected as the middle layer to bond
other layers together with super glue. As TPU membrane is
flexible and resistant to wear and tear, it is used as the joint
to connect links.

A limb was obtained (Fig. 4(b)) by bonding three layers
shown in Fig. 4(a). This limb was then adhered to the
platform and the base (Fig. 4(c)). A twisting skeleton was
built though repeating the steps from Fig. 4(a) to Fig. 4(c)
to make other three limbs. Fig. 4(d) presents a sample of
twisting skeleton.

B. Fabrication of the artificial muscle

In order insert the artificial muscle into the twisting skele-
ton, the design parameters of artificial muscle are f = 8mm,
e = 8mm and [, = 30mm. When wy,, = 11.69 mm, the
maximum volume is V = 2234.68 mm? calculated by (9).
The number of chambers for making artificial muscle is

. Iy . 30 .
N = ceil (wmax) = ceil (11.69) =3

Considering both mechanical properties and compatibility
with other materials, air tight TPU membrane was chosen to
fabricate the artificial muscle. The crystallisation temperature
of TPU membrane is 156°C and the melting point is 260°C
[26], so the heating temperature can be set in the range
of [156,260]°C for laminating TPU membranes to form a
chamber.

In order to laminate TPU membranes together, a PTFE
slice with a square hole (Fig. 4(e)) was employed as the
middle layer. Since PTFE has a low coefficient of friction and
is non-stick with most materials even in high temperature, it
can prevent the adhesion of two TPU membranes excluding
the area of square hole.

After aligning there layers (Fig. 4(e)), a heat press machine
with heating temperature at 160°C was applied to press
layers. Then a chamber was obtained (Fig. 4(f)) by removing
the PTFE slide.

A hole was made in in the chamber for the purpose of
pressure air supply. A sample of the chamber is shown in
Fig.4 (g). Heat sealer was then used to connect chambers
by sealing four edges of each chamber with its neighboring
chamber. Fig. 4(h) presents continuous three chambers based
on the calculation in (10).

In order to fabricate an air inlet, a small hole was made in
a TPU membrane. Then a silicone tubing with 4 mm outer
diameter (OD) was inserted into the hole. Other two tubes
with 4 mm inner diameter and 6 mm outer diameter, one
inserted from the end of thinner tubing and another inserted

Y
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Steps of fabrication of torsional actuator augmenting a twisting skeleton and an artificial muscle. (a) lamination with PLA 3D printed parts and

TPU membrane, (b) a limb of twisting skeleton, (c) limb bonded with platform and base, (d) a sample of twisting skeleton, (e) lamination with TPU
membranes and PTFE slice, (f) a chamber of artificial muscle, (g) a sample of the chamber with a central hole, (h) continuous chambers, (i) fabrication
of air inlet, (j) artificial muscle under vacuum and inflation, (k) a prototype of torsional actuator.

from the other end of thinner tubing, were lying outside of
the thinner tubing. Then thicker tubes firmly covered the hole
by pushing and bonding both together, as shown in Fig. 4(i).

The square artificial muscle was completed by sealing
the continuous chambers and the TPU membrane with an
air inlet. Fig. 4(j) demonstrates an artificial muscle under
vacuum and inflation, respectively. Then a bearing and a
bearing connector were utilized to connect the artificial
muscle with the twisting skeleton. A prototype of torsional
actuator is presented in Fig. 4(k).

V. EXPERIMENTS OF THE TORSIONAL ACTUATOR

In order to test the performance of the torsional actuator,
a pneumatic control system (Fig. 5) is built. A pneumatic
regulator, SMC ITV-212BL4, is used to control the air
pressure. The inlet of pneumatic regulator is connected with
air compressor, while the outlet is connected to the torsional
actuator and supplies pressure air. The output pressure of
the pneumatic regulator is controlled by voltage signals pro-
grammed through the controller Arduino using its accessory
software. Linear-torsion testing machine, Instron E10000, is

Torsional Actuator

Pnéumatic Regulator

Controller

Fig. 5. Pneumatic control system for the test of torsional actuator
utilized to control the position of the prototype and also
record the parameters including torque, force, displacement
and rotation angle, as shown in Fig. 7(a). (A video in the
supplementary information is attached for the tests.)

In order verify the helical motion of torsional actuator,
the twisting angle and height at different positions were
measured, as shown in Fig. 6(a). The red dots in Fig. 6(b)
are plotted from experimental data, while the black curve is

0 20 40 60 80
Twisting Angle (°)

Fig. 6. Helical motion verification. (a) measurements of twisting angle and
height, (b) relation between twisting angle and height.

(a)

Fig. 7. (a) Linear-torsion testing machine, (b) test of driving force, (c) test
of output torque.

drawn from (7). It is clear that these experimental data are
very close to the theoretical curve, so the derivation in (7) is
right and torsional actuator is able to achieve helical motion.

The role of artificial muscle is to drive the twisting
skeleton, so the driving force generated by artificial muscle
should be tested. The testing machine is utilized to test the
driving force by fixing the torsional actuator at different
heights and varying the air pressure from 1Psi¢ to 8Pst, as
illustrated in Fig. 7(b). The driving force is measured using
the transducer in Instron E10000, while the air pressure is
showed on the screen of pneumatic regulator.

The results in Fig. 8(a) show that the driving force is
proportional to the air pressure at a given height of the
torsional actuator. The proportionality coefficient between
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driving force and air pressure (PCFP) increases with the de-
cline of height. Fig. 8(b) illustrates the relationship between
PCFP and height is approximate to linearity. Therefore, the
fitting straight line in Fig. 8(b) can be used to determine the
PCFP of the torsional actuator at different heights, thereby
calculating the driving force of the torsional actuator.

The proportional relationship between driving force and
air pressure at a given height matches the model in (8).
However, the PCFP varies at different heights due to the
change in contact area between artificial muscle and bearing
connector. The diameter of the bearing connector is 28mm,
while the bonded area between artificial muscle and bearing
connector is 10mmx10mm. This connection can be seen in
Fig. 1(a). When the artificial muscle is fully inflated, the
contact area is approximate to the bonded area. By contrast,
when the height of torsional actuator decreases, the artificial
muscle is compressed, which increases the contact area,
thereby increasing the driving force and PCFP.

The role of twisting skeleton is to convert driving force
into output torque, so the relation between driving force and
output torque also should be tested. A connector incorpo-
rating a groove and a T-shaped plate (Fig. 7(c)) is made to
transmit torque and allow translational movement.

By fixing the twisting angle of the gripper of Instron
E10000 and varying the air pressure from 1Psi to 8 Psi, the
output torque and air pressure are measured. The air pressure
is then mapped to the driving force based on the results in
Fig. 8. The experimental results in Fig. 9(a) illustrate that the
output torque is proportional to the driving force at a giving
twisting angle. Further, as twisting angle increases (Fig.9(b)),
the variation of the proportionality coefficient between out-
put torque and driving force (PCTF) is approximate to a
parabola. The trend of this parabola significantly increases
until 55° and then gradually goes up to 90°, which is the
upper limit of rotation of the torsional actuator.

The proposed torsional actuator is aim to achieve rotation
and generate output torque, so the relationship among twist-
ing angle, air pressure and output torque are drawn in Fig. 10
based to the above experimental data. Fig. 10(a) shows that
the torsional actuator is able to achieve large twisting angle
and generate output torque, whereas Fig. 10(b) illustrates
that the output torque is proportional to the air pressure at a
certain twisting angle.
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VI. CONCLUSIONS

This paper presents the design and fabrication approach
of a novel torsional actuator augmenting an origami-inspired
twisting skeleton and a square artificial muscle. The kine-
matic modelling of the twisting skeleton indicates it has
one DOF and is capable of helical motion. A square ar-
tificial muscle is designed to drive the twisting skeleton.
Based on the proposed fabrication approaches, a prototype
of torsional actuator is produced and its performance is
tested. Experimental results show that for a given height or
twisting angle, the relationship between air pressure, driving
force and output torque is proportional. Further, when the
height decreases or the twisting angle increases, the driving
force and output torque generated by torsional actuator will
increase at a given air pressure. The proposed torsional
actuator is capable achieve a large twisting angle under low
air pressure.

The proposed design and fabrication approaches of tor-
sional actuator are beneficial to scalability of size and forces,
and has promising potential for the applications in extreme
environments like radiation. The combination of technologies
including 3D printing and thermal lamination also provides
a cost effective approach for fabricating torsional actuator to
actuate robotic devices.

Future work will focus on the position control and force
control of novel robotic systems driven by the proposed
torsional actuator and deployment in extreme conditions such
as nuclear plants, flammable gas and oil environments.
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