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Abstract—Owing to high compliance, adaptiveness, and easy
controllability, soft actuators are widely adopted in soft grippers to
grasp irregularly shaped or fragile objects. The specific motions can
be preprogrammed into the flexible and constrained structures of
the actuator, which provides an inexpensive and convenient method
for desired motions. However, most preprogrammed structures
cannot change the constraints on the actuator to achieve differ-
ent kinds of deformations, which limits the motion diversities of
actuators. This article proposes a scaffold reinforcement mecha-
nism, where rotatable scaffolds distribute on the surface of the
soft structure. The orientation adjustments of the scaffolds can
change the deformation constraint of the actuator, which results
in different kinds of motions. Based on the scaffold reinforcement
mechanism, a scaffold-reinforced actuator is proposed, which can
achieve bending motion and complex helical motion in the 3-D space
by properly adjusting the orientation of the scaffolds. In addition,
both the kinematic and mechanical models are proposed to forecast
the behavior of the actuator when driven by cable displacement
or tension force. Experimental results verify the validity of the
theoretical model, and the actuator can achieve an independent
control of bending and helical motion, which can be adopted in
applications where both high dexterity and flexibility are required.

Index Terms—Cable driven, helical scaffold

reinforcement, soft actuator, soft gripper.
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1. INTRODUCTION

OMPARED with traditional rigid-body robots, soft robots
C can achieve high compliance, adaptability, and safety by
preprogramming complex motions into flexible structures and
showing their outstanding advantages in grasping soft objects
with irregular shapes, adaptability to unknown environments,
and convenient control, which have attracted more and more
research interest in recent years. Diverse stimuli, such as fluidic
pressures (pneumatic or hydraulics) [1], [2], [3], [4], [5], [6],
[71, [8], [9], [10], [11], tendons [12], [13], [14], [15], elec-
tric/magnetic forces [16], [17], [18], [19], [20], and chemical
reactions [21] are adopted to trigger soft actuators. Hence,
transforming the power into the deformation of the soft robot
by preprogramming the desired motions into the soft structure
becomes a popular research topic.

The pneumatic artificial muscle (PAM) appeared as an early
actuator in the 1950s, which is featured with the axial ex-
tension/contraction, and bending under pressurization and has
been widely applied in computer—human interaction scenarios.
A class of pneumatic networks (PneuNets) bending actuators
was developed in [22] and [23], which can conduct bending
behavior due to the material inconsistency of the embedded
chambers when being pressurized. Nevertheless, the tubular
chamber structure of the PneuNets bending actuator compli-
cates the actuator design process. The fiber-reinforced bending
actuator was proposed in [24] and [25], whose fiber reinforce-
ment winding in a double-helix pattern constrains the radical
deformation of the actuator and a strain-limiting layer embed-
ded inside the actuator produces the bending behavior of the
actuator in the corresponding direction. In addition, a particle
jamming mechanism was introduced to adjust the stiffness
of the fiber-reinforced bending actuator [26], [27], [28], [29],
[30]. Yang et al. [31] combined soft pneumatic actuation and
muscle-like supercoiled polymer actuation to achieve bending
motions and variable stiffness. However, these actuators can only
achieve motion in a 2-D plane rather than the 3-D space [32].
This behavior may lead to two drawbacks: 1) the reachable
workspace of the 2-D bending actuators is limited; and 2) these
kinds of actuators cannot achieve dexterous motions in the 3-D
space.

Fortunately, helical motions are ubiquitous (e.g., octopus
arms for grasping/tendrils for climbing and elephant trunks for
grasping) and widely explored due to their dexterity, flexibility,
and gripping power. Inspired by these attractive characteristics,
many soft actuators with helical deformation emerged. Guan
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et al. [33] proposed a family of helical extensile PAMs/helical
contractile PAMs exploiting reinforced flexible frames in differ-
ent orientations, which show the gripping and posing capabilities
in the 3-D space. The soft PneuNet actuators were proposed
to achieve the helical motion by preprogramming the desired
deformation into an oblique chamber structure [34], [35], [36],
[371, [38], [39]. The fiber-reinforced actuator can also achieve
helical motion with single-helix pattern fiber reinforcement at-
tributing to its expansion along the direction of the fiber when
pressurized [40].

In addition, Santoso et al. [41] utilized variable stiffness mate-
rial to achieve multiple-degree-of-freedom actuation. Tonazzini
et al. [42] used patterned variable stiffness fibers to control a
continuum actuator in the 3-D space. Nevertheless, the response
of these actuators under thermal stimuli is quite slow. Wang
et al. [43] proposed a helical actuator based on polymer—paper
bilayer composite. The polymer, which can respond to external
stimuli, is fabricated by 3-D printing on a paper substrate with
twill patterns. Owing to the constraint of the paper substrate, the
actuator can achieve a helical motion when the polymer—paper
bilayer composite is actuated by external stimuli. Based on the
deformation principle, a shape-memory-alloy-based 3-D printed
helical actuator, which is composed of a soft matrix with rigid
fibers diagonally printed on its bottom surface, was proposed
in [44]. However, the variations of helical pitch and radius
are determined once the structure parameters of these helical
actuators based on the polymer—paper bilayer composite are
designed, which cannot change in the application.

The constrained structures, in general, such as fiber reinforce-
ment and twill pattern polymer, are embedded into the actuator
to achieve specific motions, which are important in the soft
robot field as a means of tailored specific deformation. However,
these actuators cannot change their shapes or posture due to
their immobilization of the structure. As a result, these actuators
cannot conduct the other motions except the preprogrammed
ones, which limits the motion diversity. Reconfigurable struc-
tures are adopted to achieve motion diversity. Yoshida et al. [45]
proposed an actuator, which can implement different behav-
ior (e.g., twist, elongate, and contract) via changing the fiber
alignment. However, the 2-D workspace of the actuator is not
large enough to realize more sophisticated tasks. Moreover, Kim
et al. [46] utilized reconfiguring inflation trajectories of 2-D and
3-D spaces by adhering lamina to the surface of their actuators
to achieve more complicated tasks. Nevertheless, it is hard to
accurately adhere the lamina to the initial 3-D shape of soft
bodies.

In view of the above limitations, a scaffold-reinforced actuator
is proposed, as shown in Fig. 1. Herein, a dual-layer structure
is adopted, which is composed of a soft layer and a scaffold
reinforcement layer. The scaffold reinforcement layer is featured
with rotatable scaffolds distributed on the surface of the soft
structure. It should be noted that the stiffness of the scaffold is
higher than that of the soft layer. Thus, the actuator can only bend
around an axis parallel to the scaffold and curl up to a helix in
the 3-D space when actuated. Moreover, there does not exist any
force between the two layers when the structure is in its natural
state. Consequently, the direction of the scaffolds can be adjusted
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Fig. 1. Structure of the proposed actuator based on scaffold reinforcement.

dynamically to achieve different helical postures. In contrast
to the traditional method, the scaffold-reinforced actuator can
implement the decoupled control of helical radius and pitch.

Importantly, the main contributions of this article are as
follows.

1) A scaffold-reinforced mechanism is proposed as an effec-
tive and convenient way to achieve different 3-D motions
by adjusting the cable-driven scaffold constraint, which
has not yet been reported in the literature.

2) A dual-layer structure is proposed based on the scaffold-
reinforced mechanism, which can independently control
the helical radius and the pitch of the helical motion si-
multaneously by adjusting the orientation of the scaffolds.

3) Theoretical models are presented to quantitatively analyze
the behavior of the actuator when driven by the displace-
ment or the tension of the actuation cable.

The rest of this article is organized as follows. Section II
demonstrates the basic structure of the scaffold-reinforced ac-
tuator and the corresponding deformation principle. Then, a
kinematic model is presented to analyze the helical motion in
Section III, where a mechanical model is also developed based
on energy theory. Section IV presents the fabrication process of
the actuator based on the scaffold reinforcement method. The
experimental results verify the validity of the theoretical models
in Section V. Finally, Section VI concludes this article with some
brief discussion.

II. INNOVATIVE ACTUATOR DESIGN
A. Actuator Design

Fig. 1 depicts the basic designs of the proposed scaffold-
reinforced actuator based on a dual-layer structure. The ac-
tuator consists of a soft layer and a scaffold reinforcement
layer. The former is fabricated by elastic material to endow
the actuator with sufficient flexibility, and an actuation cable
is also inserted into the U-tube embedded in the soft layer. The
latter is composed of uniformly distributed rigid scaffolds, a
flexible spine, and flexible linkages. The scaffolds support the
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Fig. 2. Concept of scaffold reinforcement element. (a) Bending motion when
scaffolds are perpendicular to the spine. (b) Helical motion when scaffolds are
not perpendicular to the spine.

softlayer because of their higher stiffness, which can enhance the
stiffness of the actuator. Furthermore, the scaffold can constrain
the bending direction of the actuator. Because of the hinge
connections, the adjacent scaffolds, spine, and flexible linkages
form a parallelogram structure, which ensures the consistency
of the deflection angles between the scaffolds and the spine. Two
control cables connect to the two flexible linkages, respectively,
to control the deflection angle between the scaffolds and the
spine. The two layers are combined as a unit by the ball joints
embedded in the middle of the scaffolds.

B. Deformation Principle

Compared with the pure bending actuators, the scaffold re-
inforcement endows the actuator with more deformation diver-
sity. In the free state, the actuation cable is slack, the actuator
keeps the original shape, and there does not exist pressure
between the two layers. Therefore, the scaffolds can rotate freely,
and the orientation of the scaffolds can be regulated by properly
adjusting the control cables.

When the actuator is driven, the case of the scaffolds perpen-
dicular to the spine is considered first. Once the actuation cable is
driven, the change of the cable displacement leads to the tension
increase. Thus, a force is generated on the tip of the distal end
along the actuation cable, which results in a bending moment
toward the soft layer due to the offset between the actuation cable
and the neutral layer, as shown in Fig. 2. Note that the pressure
and the friction force between the two layers would maintain
the direction of the scaffolds relative to the spine during the
deformation process.

If the scaffolds are not perpendicular to the spine, the strain-
limiting along one direction of the actuator depends on the
scaffolds’ angle due to the scaffolds’ stiffness being much larger
than that of the linear elastic material used in the soft layer.
Moreover, the component of the driven force perpendicular to the
scaffold still leads to a moment toward the soft layer. Since the
component force is not perpendicular to the spine, the bending
axis of the actuator is not parallel to the scaffold. Therefore,
the actuator curls up to an approximate helix, considered as
coupled bending and twisting motions in the 3-D space, as
shown in Fig. 2. Therefore, the deflection angle can determine
the degree of the twist. Similarly, the deflection angle would
remain constant during the deformation due to the pressure and
the friction force between the two layers.

III. MODELING
A. Assumptions

According to the deformation principle, the actuator defor-
mation is determined on the condition that the helical radius and
pitch are determined. Before analyzing the deformation of the
actuator, some assumptions are made as follows.

1) The scaffold reinforcement layer is continuous, and the
soft layer and the scaffold reinforcement layer connect
tightly.

2) There does not exist friction between the control cable and
the silicone layer.

3) The actuator generates constant curvature deformation all
the time during the deformation process.

4) The deflection angle remains constant during the defor-
mation process.

5) The silicone material is an isotropic linear elastic material.

6) The kinematic model neglects curvature in the direction
perpendicular to the spine.

7) The elastic energy stored in the actuation cable is
negligible.

B. Kinematic Model

The proposed actuator can achieve desired helical deforma-
tion by properly controlling the actuation cable displacement.
Furthermore, the geometrical parameters also affect the behav-
ior of the proposed actuator. Therefore, the influences of the
geometrical parameters of the actuator and the actuation cable
displacement are quantitatively analyzed.

Provided that the assumptions 1), 3), and 4) are satisfied
during the actuator deformation process, a kinematic model can
be developed based on the geometrical relationship of the helix.
Denote the helical pitch, helical radius, helical angle, and de-
flection angle between the spine and the scaffold as P, R, 0, and
, respectively, as shown in Fig. 3. To describe the geometrical
relation between 6 and ¢ unfolded drawing, a plane coordinate
is defined on the unfolded drawing of the actuator, whose X -axis
and Y -axis are along the vertical direction of the scaffold and the
axial of the helix, respectively, as shown in Fig. 3(c). According
to the deformation principle, the scaffolds are always parallel to
the axis of the helix, and the spine is along the helical curve;
thereby, the following equation can be obtained based on the
unfolded drawings of the actuator:

™
prb=1. (1

Since the deflection angle ¢ does not change during the helical
deformation, the helical angle # remains a constant once the
initial value of ¢ is determined before actuation. The helical
radius is the only factor determining the state of helical motion
on the condition that the design parameters and deflection angle
are given. Therefore, it is essential to depict the relationship
between the helical radius and the actuation variable.

The modulus of elasticity of the spine is much larger than that
of the soft layer, assuming that the length of the spine does not
change during the helical deformation. Denote the length of the
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Fig. 3. Kinematic analysis of the proposed actuator. (a) Front view. (b) Side
view; the dashed-dotted line represents the spine, and the dashed line represents
the actuation cable. (c) Unfolded drawing; the solid lines represent the scaffolds,
and the dashed-dotted line represents the spine.

spine and the bending angle as L and «, respectively. According
to Fig. 3, the following equation can be obtained:

«a- R = Lcos#. 2)

During the helical deformation, the actuation cable displace-
ment decreases. Accordingly, the soft layer is compressed due
to the driven force. Assume that the offset between the actuation
cable and the spine does not change during the deformation. The
offset between the actuation cable and the spine is denoted as
h¢, as shown in Fig. 3(b), and the actuation cable displacement
is defined as AL,. These assumptions lead to the following
equation:

a-(R—he)=(L—AL,)cosé. 3)
Dividing (2) by (3), one has
R L
R—h., L—AL, @
which can be simplified as
he
= L, 5
R AL, %)
For a cycle of the helix, one has
P
tanf = ——. 6
an 5 R (6)
Substituting (1) and (5) into (6), we obtain
2wh.L T
P=27R-tanf = AL, ~tan(§—g0>. 7

Since h. and L are the design parameters of the actuator, ¢
can be adjusted by the control cables in a free state. According
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to (5) and (7), P and R are inversely proportional to AL,.
Therefore, a large value of AL, makes the actuator deform
more significantly, while the helical radius and pitch become
smaller with a large value of A L. Furthermore, the helical pitch
has a negative correlation with the deflection angle. Namely,
a larger value of the deflection angle directly diminishes the
twisting effect. Especially, if the scaffolds are perpendicular to
the spine, the helical pitch is 0, and the corresponding helical
deformation becomes a pure bending. Since the deflection angle
o is only related to the pitch P, it provides the possibility for the
decoupling control of the helical radius and pitch. According to
the twisting requirement, the deflection angle can be modified
at first by adequately adjusting the length of the control cable
in a free state, and then, the actuation cable can be controlled to
achieve desired helical motion.

C. Mechanical Model

In Section III-B, the kinematic model analyzes the behavior
of the proposed actuator based on the geometrical relations.
However, it does not consider the influences of the characters
of the actuator material and cannot forecast the behavior of the
actuator under certain cable tension. Therefore, a mechanical
model is proposed in this part.

The minimum potential energy method [47] is adopted to
forecast the deformation of the proposed actuator. Provided that
the assumptions 1)-4) hold, based on [37] and [48], a total
potential energy function [] is denoted as

[[=U.+w. (8)

where U, and W, represent the elastic potential energy stored
in the dual-layer structure and input energy, respectively. The
elastic potential energy magnitude of the dual-layer structure
can be calculated based on two second-order strain matrices,
which is formulated as

2
Ue=Y" / e 0 eWdu; ©)
=1

where ¢ € {1,2}; it represents the layer of the actuator. For
1 = 1, it represents the soft layer of the actuator with thickness
h1, while for ¢ = 2, it represents the scaffold reinforcement
layer with thickness ho, as shown in Fig. 4(b). Variable v; is
a finite element of the volume in the ith layer. Variable (*)
represents the second-order strain matrices, and C'(¥) represents
the fourth-order material stiffness matrices. Symbol : represents
the two-point product of matrices [49], and the elastic potential
energy of each layer obtained by (9) is scalar. Hence, the total
elastic potential energy of the dual-layer structure can be ob-
tained by summing up the integration of the elastic potential of
infinitesimal elements in each layer. For the potential energy of
each layer, the fourth-order material stiffness matrix C @) con-
forms to the principle of symmetry; therefore, it can accomplish
the mathematical operation with the strain matrix (.
The input energy can be formulated as

W.=F. AL, (10)
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Fig. 4. Detailed parameters and coordinate systems of the actuator. (a) Carte-
sian coordinate frame. (b) Diagram of the partial actuator, which is consisted of
a silicon layer with thickness k1 and a scaffold-reinforced layer with thickness
ha. (c) Demonstration of a helical deformation schematic diagram. (d) Principal
strain plane a—03, where the a-axis rotates anticlockwise from the x-axis by (.

where F is a scalar, which represents the tension of the actuation
cable. AL, is defined same as before.

To describe the deformation of the proposed actuator, several
coordinates are defined. First, a global coordinate frame X-Y -7
is introduced, whose origin point is at the base of the actuator.
X-axis, Y-axis, and Z-axis always orient along with the length,
width, and thickness of the actuator, respectively, as shown in
Fig. 4(a). Then, a local relative reference coordinate frame x—y—
z is introduced, whose origin point of the frame is at the center
of the upper surface of the soft layer and the directions of the
frame are parallel to the global coordinate frame in the original
free state, as shown in Fig. 4(b). Nevertheless, the direction of
the local relative reference frame will be changed as the actuator
deforms. Finally, a scaffold-based relative reference coordinate
frame a—f—y is introduced to describe the relative deformation
between the two layers. a-axis can be obtained by rotating the
z-axis around the z-axis with scaffold deflection angle ¢; v is
along the direction of the z-axis of the local relative reference
coordinate frame.

Based on the Euler—Bernoulli beam theory in material me-
chanics [47], shear deformation can be neglected during the
deformation process for a long straight beam. Therefore, there
does not exist shear deformation in the finite-element volume on
the strain plane a—#3, and the strain tensor only has three positive
components. Denote the strain tensor in any plane parallel to the

plane a—( as ", which can be formulated in the a—3—y frame
e =cha®atehBoB vy (1)

where «, 3, and v represent three orthogonal direction vec-
tors. €7, €59, and €55 represent three principal components of
the strain in the a—f—y frame, respectively. €, = e11 + zK1,
€5y = €22 + 2K, and €55 = e33 + zq, z denotes the distance
between any parallel plane and the a—@ principal plane, the
variable ¢ denotes the gradient of the strain component along
the z-axis, and k1 and k9 are the curvature along the o and
[ axes, respectively. e;1, ea2, and ez3 represent three principal
components of strain tensor at z = 0 plane in the a—(—y frame,
respectively.

For the soft layer, the corresponding strain matrix is set in
the local relative reference coordinate frame x—y—z for com-
putation convenience. The corresponding strain matrix in the
scaffold-based relative reference coordinate frame a—(5—y can
be mapped into the local relative reference coordinate frame
x—y—z; therefore, the corresponding transformation matrix Q*)
can be defined as

sing cosp 0
QW = —cosp sing 0 (12)
0 0 1

where ¢ is a nonzero value in the transformation matrix.

According to the coordinate transformation formula, the cor-
responding strain tensor in the x—y—z frame can be obtained
as

e — Q(l) ETQ(I). (13)

For the scaffold reinforcement layer of the actuator, the scaf-
folds restrict the direction of the helical deformation of the
actuator, namely, the scaffolds parallel to the direction of the
central line of helical deformation. Based on the Euler—Bernoulli
beam theory, the corresponding strain matrix should be set in
the scaffold-based relative reference coordinate frame a—/3—y.
Hence, the strain tensor in the scaffold-based relative reference
coordinate frame a—(—y can be directly obtained as

e® =g (14)

Both the scaffold reinforcement and soft layers of the actuator
are made of linear elastic materials. The fourth-order stiffness
matrix can be formulated in the material Young modulus FE,,
and the Poisson ratio y,,. Based on the Voigt symmetry prin-
ciple [50], the stiffness matrices of different materials can be
simplified into an explicit formulation. The first layer of the
actuator is made of silicone, which is an isotropic linear elastic

1- Hm, Hm Hm 0 0 0
Lo, 1—pm L, 0 0 0
E 1 — 2pm,
c| = m 0 0 0 0 0 (15)
[ } (1+,u'm) (172,U4m) 2 1_2/“
0 0 0 0 du 0
S T
0 0 0 0 —
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Fig. 5.  Scaffold reinforcement soft actuator fabrication process.

material. Therefore, the corresponding stiffness matrix can be
formulated as

For the second layer, ¢ = 2, the corresponding stiffness ma-
trix is C'@. Since the scaffold reinforcement layer consists of
anisotropic material, the corresponding stiffness matrix cannot
be obtained directly as (15) shown at the bottom of the previous
page. According to [47], o = Ce and € = So; the relation
between stiffness coefficient matrix C' and the compliance co-
efficient matrix S can be formulated as
-1

Si1 Si2 Si3 0 0 0
S12 Sz Szz 0 0 0
S13 Saoz S 0 0 0
(2) _ -1 _ | o113 S23 Ss3
c =857 = 0 0 0 Su O 0 (16)
0 0 0 0 Ss5 O
0 0 0 0 0 See

The computation of C'?) can be converted as the computation
of the corresponding S. Generally, the compliance coefficient
Si; can be obtained by the engineering constant. According to
the consequences of linearity [51], the same direction strain pro-
duced by independent stress can be superposed. Consequently,
when three sets of loads are applied on the element of a cube in
the scaffold reinforcement layer, the strain €1; in the direction
of the z-axis can be superposed by three sets of strain, which are
denoted as €f,, €7, and 7, respectively. Note that €7, is equal
to 011/ E1, where o1 represents the stress along the z-axis, and
E; represents Young’s modulus in the z-axis. €Y, is equal to
—092i21/ Eo, where F5 denotes Young’s modulus in the y-axis

4
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and p9; is the Poisson ratio, which is the ratio of the transverse
strain €1; to the principal strain €99 during the plane state of
stress, and can be obtained as

H21 = ——. (17

€22

%, can be obtained in the same way as £%,. Consequently, the
strain can be formulated as

_ Yy z _ 011 O22H21  O33H31 18
€11 = €11 teq ten o) B, B (18)
Similarly, the strains €25 and €33 can be formulated as

O11M12 | 022 033132

= - — = 19

2 £y Es Es 19
O11M13  O22/423 033

= - - —_. 20

€33 E1 £ + s (20)

The shearing strain can be obtained based on the engineering
constant of orthotropic material and set of loads

o12 013 023
2619 = G 2e13 = G 2e93 = G
12 13 23

2
where 2¢;; represents the variation of angle between two direc-
tions, the shear stress is denoted as 0 ;, and the shearing modulus
is denoted as G;;; 7 and j represent corresponding directions.



JIANG et al.: NOVEL SCAFFOLD-REINFORCED ACTUATOR WITH TUNABLE ATTITUDE ABILITY FOR GRASPING 7

Based on (17)—(21), S can be obtained as

ro1 H21 31 T
e I !
Ey 1E2 L3
H12 H32
AR
B, E 1E$
13 H23
O R

s=| & B B (22)
0 0 0 0 0
Gas )
0 0 0 0O — 0
Gi3 1
0 0 0 0 0 —
L Gia J

The nine independent material coefficients of the scaffold
reinforcement layer S can be obtained based on the rule of
the mixture and uniaxial tension tests. The description of test
methods and the calculations of the nine independent coeffi-
cients of the scaffold reinforcement layer are detailed in the
Appendix. According to the principle of superposition [47], the
corresponding stiffness coefficient matrix C'(2) can be obtained
to calculate the elastic potential energy of the second layer.

The soft layer and the scaffold reinforcement layer are
isotropic elastic; the fourth-order stiffness coefficient matrix
C™ can be obtained based on Young’s modulus E,, and the
Poisson ratio fi,,. In addition, Young’s modulus and the Poisson
ratio of silicone rubber (Ecoflex 00-30) are F,, = 68 kPa and
= 0.48, respectively, which are provided in the Ecoflex
Series technical overview [52]. According to the minimum
potential energy method, the elastic potential energy U; stored
in the first layer can be expressed in tensor form as

0 0
1 LW
U, :/ —eW .ty Wy, = —/ gijoijdz.
—hl 2 2 _hl

(23)
The elastic potential energy Us stored in the second layer can
be expressed as (tensor form)

—h11 LW —h
i 2 2 Jom

H

(24)
where the expression of the elastic potential energy of the dual-
layer actuator is tensor form, which can be transformed into
scalar form according to the tensor analysis [49].

Based on the elastic mechanics’ analysis of the soft layer, the
normal strain magnitude is £1; = €7, cos?p + e5,sin¢p. Since
the offset value between the upper surface and the actuation cable
is h,, according to actuator design, the actuation cable displace-
ment driven by the external motor is AL, = L -€11],——p,,-
According to (10), the energy consumption of motor W, can
be formulated as

W, = LF, [(611 — hyki) cos?p + (ean — hyko) sin2<p] .
(25)
Based on the mechanics’ analysis, the potential energy
(8) includes seven unknown variables, and the potential en-
ergy can be formulated as a variable function, denoted as
[1(e11, €22, es3, K1, K2, q, ). According to the elasticity
theory [53], the potential energy should have a local minimum
value when the boundary conditions of the elastic actuator are

satisfied. Therefore, the energy optimization in every dimension
should be achieved, and the optimal solution is

Ol _y oIl _y oIl _, 9l _,

8611 ’ 8622 ’ 8633 o 8/431
Ol _y 2l _, ol _ 26)
Oko dq dp

By resolving  (26), the value of variables

€11, €22, €33, K1, Ko, ¢, and ¢ can be numerically solved. It
is worth noting that k1, ko, and ¢ can determine the posture
of the actuator. Based on the geometrical characteristics of the
helical curve [48], the value of pitch P can be formulated as

(k1 — K2)sin 2p

K2 cos? p + k3 sin? ¢

P=r 27

where P is positive if the actuator twists toward a positive Y -
direction. Meanwhile, the radius can be obtained as follows:

K1 cos2 @ + kg sin? @

R= (28)

2 cog2 2412,
K] COS* ¢ + K5 sIn” ¢

Based on the mechanical model, the helical posture of the
actuator can be determined by the tension of the actuation cable
and the scaffold deflection. Correspondingly, the deformation
behavior of the actuator can be predicted, which provides the
foundation for actuator control.

IV. FABRICATION

A prototype of the proposed soft actuator was fabricated to
verify the validity of the proposed model. Meanwhile, a soft grip-
per based on the scaffold-reinforced actuator was manufactured
simultaneously. The scaffold-reinforced actuators and the soft
gripper base were fabricated separately. The multistep approach
of assembly and molding was adopted to fabricate the actuator, as
shown in Fig. 5. The components of the soft actuator and the base
were fabricated by A8 FDM commercial 3-D printer, which is
produced by Shenzhen Aurora Technology Co., Ltd. (Shenzhen,
China). The spine and flexible linkage were made by thermoplas-
tic polyurethane elastomer (TPU), while the scaffold, soft grip-
per base, and mold were made by polylactic acid material (PLA).
The fabrication technique of the proposed gripper is comprised
of four parts: First, the nylon thread was coated with petroleum
jelly in advance, which could avoid friction between the silicone
and the nylon thread. Second, the nylon was threaded through the
reserved hole. Then, the scaffolds, spine, flexible linkage, and
mold were assembled based on the designed structure to define
the contour of the structure of the actuator and the silicone rubber
(Ecoflex-0030 silicone, A/B, Smooth-on, Inc., Macungie, PA,
USA) cured inside the assembled mold. It should be mentioned
that the soft layer is adhered to the scaffold-reinforced layer by
the Sil-Poxy (Smooth-on, Inc., Macungie, PA, USA). Finally,
three actuators were fixed on the base of the soft gripper to
complete the assembly, as shown in Fig. 5.
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Fig. 6. Experiment environment. (a) Experiment platform. (b) Measurements
of radius and pitch based on the visual feedback.

V. EXPERIMENTS

Experiments were conducted to verify the proposed model
of the scaffold reinforcement actuator and the grasping perfor-
mance of the gripper.

A. Experiment Environment

An experiment platform was developed, as shown in Fig. 6.
The proximal end of the proposed actuator was clamped in a
rigid fixture, and the distal end can bend or twist freely. The two
ends of the actuation cables were fixed to the shaft of a stepper
motor (controlled by Arduino control board). The control cables
were connected in the same way. The coordinate paper was set in
the front and left to the actuator to record the actuator’s position
during deformation. Two high-definition cameras (DSLR, Rebel
T51, Canon Inc., New York, NY, USA) were adopted to monitor
the actuator from the front and the side. Radius and pitch values
of the actuator can be obtained based on the pictures from the
two cameras, as shown in Fig. 6.

Fig. 7 shows the performance of the actuator under different
angles ¢ and different cable displacements AL,. In general,
the actuator conducted pure bending when the direction of the
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ALa=9mm A La=12mm
n "

Fig. 7. Performance of the actuator under different deflection angles ¢ (30°,
60°, and 90°) and different cable displacements AL, (3 mm, 6 mm, 9 mm, and
12 mm).

scaffolds was perpendicular to the spine. Otherwise, the actuator
curled a helix. It is worth mentioning that the scaffolds are always
parallel to the axis of the helix no matter what the value of
the deflection angle is. More discussed details will appear in
Section V-B1 that follow.

B. Model Verification

1) Kinematic Model: The deflection angle ¢ was set as 30°,
45°,60°, 75°, and 90°, respectively, and the actuator was driven
by the reduction length ranging from 1 to 10 mm at an interval
of 1 mm. Fig. 8(a)—(e) shows that the helical radius is inversely
proportional to the cable displacement AL,. The deflection
angle ¢ does not contribute to the value of the radius, which
is consistent with the theoretical result.

It is worth noting that the experimental radius value is always
larger than the theoretical one, and the maximum deviation can
reach 30%. This phenomenon can be explained as that (5) is
obtained because & does not change during the deformation.
However, the soft layer is compressed during the deformation;
as a result, h, increases. Thus, the actual value of the radius
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is larger than the value obtained based on (5). Another reason
for the discrepancies between the theoretical value and the
actual one is that the bending deformation in the y-direction is
ignored, namely, ko is regarded as zero in the kinematic model.
Correspondingly, the theoretical value equals 1/k7, which is
smaller than the value obtained (28).

The pitch curve of the helical motion is plotted in Fig. 8(f).
It reveals that the helical pitch has a negative correlation with
the cable displacement A L, on the condition that the deflection
angle ¢ keeps constant. Meanwhile, the helical pitch decreases
as the deflection angle increases. There also exist differences
between the actual values and the theoretical ones. The same as
before, the differences can be explained as the offset between the
actuation cable and the spine increases during the deformation
process, which makes the actual pitch value larger than the the-
oretical one. It should be cautioned that the difference between
the actual value of the pitch and the theoretical one is larger when
the deflection angle is smaller. This is because ¢ + 6 = 7/2 is
applied to obtain (7). However, the actual value of ¢ + 6 might
not equal 7 /2.

To investigate the actual value of ¢ + 6, a repeatability test
was carried out, in which the actuator repeated to twist under
6-mm cable displacement for 25 times. The corresponding test
results are shown in Table I, which demonstrates that ¢ + 6
is always less 7/2, and the gap increases as the deflection
angle decreases. This phenomenon can be explained as that
© + 6 = 7/2 is obtained based on the unfolded drawing of the
actuator. It holds based on the two assumptions: 1) the deflection
angle remains constant during the deformation process; and 2)
the actuator along the y-direction does not deform, namely,
ko = 0. There still exist angular rotations of scaffolds despite

TABLE I
REPEATABILITY TEST

The sum of deflection and helical angle

Deflection angle ™ ™ Gecond Third Fourth Fifth P
30° 76.9°  764° 75.6° 754° 767° 053
45° 80.3° 81.6° 80.7° 80.3° 81.1° 0.50
60° 842° 835° 85°  843° 84.6° 0.50
750 87.4° 87.6° 87.1° 87.5° 869° 026
90° 90°  90°  90°  90°  90° 0

the existence of friction between the scaffolds and the soft layer.
Furthermore, there exists deformation along the y-direction dur-
ing the helical deformation process. The effect of deformation
along the y-direction becomes more significant as the twist
deformation increases. This explains why the gap between ¢ + 0
and 7/2 increases as the deflection angle decreases.

2) Mechanical Model: To verify the validity of the proposed
mechanical model, experiments with five groups of different
deflection angles were conducted. A force-meter (HANDPI,
SH-100, range: 100 N, accuracy: 0.01% E.S.) was connected
to the actuation cable to measure the internal tension of the
actuation cable. The experimental results of the actual helical
radius are shown in Fig. 9, which demonstrates that the helical
radius is inversely proportional to the tension. Meanwhile, the
radius decreases as the deflection angle increases when the
tension is the same. This can be explained as that curvature
k1 increases as the deflection angle increases, and k1 >> ko;
the radius is mainly determined by curvature ;. Namely, the
radius has a negative correlation with x; according to (28).
Therefore, the radius decreases as the deflection angle increases.
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(a) Theoretical deformation curves of radius, which are different deflection angles, change as the different tension based on the mechanical model. The error bar
and the theoretical value are depicted in (b)—(f). The solid line shows the theoretical value, and the point shows the experiment result in the same deflection. The
experiment result and the theoretical value are shown in (g), same as before. (h) shows the elastic relationship between cable displacement and tension of the
actuator. It shows the theoretical and experimental results of the elastic of the actuator with different deflection angles.

The experimental values are close to the theoretical one, and
the deviation value is much smaller than the one based on
the kinematic model. However, the deviation value is relatively
larger on the condition that tension is small. The maximum value
of the root-mean-square error in the mechanical is 4.57. The
reason is that the measurement error is more significant once
the deformation of the actuator is small.

Fig. 9(g) demonstrates that the helical pitch has a negative
correlation with the tension on the condition that the deflection
angle ¢ remains constant, and the helical pitch does not change
significantly when the tension force is over 8§ N. Meanwhile, the

helical pitch increases as the deflection angle ¢ decreases. It is
worth noting that significant deviations still exist between the
actual values and the theoretical ones when the tension force
is slight. This can be explained as that the helical pitch cannot
be measured accurately when the deformation of the actuator is
less than a circle of spiral.

Compared with Figs. 8(f) and 9(g), it can be found that the
pitch trends are similar as the actuator was actuated by the cable
displacement and the tension, respectively. Fig. 9(h) reveals that
the cable displacement changes linearly as the tension changes
for the given pitch. This can be explained as follows: as the
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(d)

Fig. 10.

Grasping performance of the gripper in the different attitude. (a) Grasping a wood square piece, ping-pong ball, injector (26.5 g), and glue straw in the

attitude that the scaffolds of fingers 1, 2, and 3 are perpendicular to the spine. (b) Grasping a video disc, packaging tape (253.2 g), plastic box, and stepper motor
driver in the attitude that the scaffolds of fingers 1 and 2 are not perpendicular to the spine, while finger 3 is perpendicular to the spine. (¢) Grasping a stepper motor
(374.1 g), lemon, screwdriver, and stapler in the attitude that the scaffolds of fingers 1, 2, and 3 are not perpendicular to the spine. (d) Unscrewing a bottle cap.

material parameters and the deflection angle of the scaffolds
are determined, curvatures x; and ko can be formulated as
proportion functions of the tension according to the solution
of (26). According to (27), therefore, P can be formulated as
P =¢/F, and the proportional coefficient ¢ can be obtained
based on the material parameters and the deflection angle.
Meanwhile, P o< 1/AL, according to the geometric constraint
(7). Correspondingly, F' o« AL,.

These results demonstrate that the proposed actuator is en-
dowed with linear elastic property to some extent, and the elas-
ticity coefficient is determined once the design parameters and
the deflection angle are determined. The linear elastic property
provides a convenient way to realize the mechanical control
of the proposed actuator. First, the kinematic method can be
adopted to calculate AL,; then, the actuation tension can be
obtained based on the corresponding elasticity coefficient of
the actuator. This method can avoid the intensive calculation
of solving (26). However, the ignorance of bending deformation
in the y-direction results in the deviation between the actual

cable displacement and the theoretical one to achieve the desired
deformation, which might limit the control precision.

C. Grasping Experiments

To verify the dexterity of the proposed actuator, objects of
various natures were grasped by the prototype gripper fabricated
in Section IV. We define the actuator on the front left and the
front right of the base as fingers 1 and 2, respectively. In contrast,
the other actuator on the behind of the base is finger 3; the
corresponding deflection angles of the three fingers are defined
as 1, 2, and @3, respectively. The grasping performance,
as shown in Fig. 10, demonstrated that the proposed actuator
can adjust the attitude via switching of the scaffolding
mechanism in real-time situations according to the shape of
the objects (see supplementary video, S1). Fig. 10(a) presents
the grasping of a wood square piece, a ping-pong ball, an
injector, and a glue straw, respectively (@1 = p2 = @3 = 90°).
Three actuators conducted pure bending to grasp these
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regular shape objects. Fig. 10(b) demonstrates the grasping of
a video disc, a packaging tape, a plastic box, and a stepper
motor driver (91 = @2 = 50° and 3 = 90°). These objects are
characterized by flat shape. Owing to the scaffold-reinforced
mechanism, two actuators could achieve helical motion, while
the other actuator conducted pure bending motion. As a result,
three actuator tips were arranged almost in line. This behavior
can increase the contact area to improve grasping stability for
the flat-shaped or cylindrical-shaped objects. Fig. 10(c) shows
the grasping of a stepper motor, a lemon, a screwdriver, and a
stapler (@1 = 2 = @3 = 45°). These irregular, slender shapes,
and heavier objects are grasped based on the helical motions
of the three actuators, since the helical motion can increase the
contact surface of the actuator, which will directly increase the
friction between the object and the actuator. Fig. 10(d) displays
the process of unscrewing the bottle cap (¢1 = s = 30°).
Since the actuators with helical deformation can provide the
normal bending actuation force and a friction force in the
transverse direction, the corresponding resultant force can be
adjusted along the thread rotation direction of the bottle cap.
Hence, the bottle cap can be completely unscrewed by the
actuators. The grasping test and the unscrewing test are shown
in the supplementary material (see supplementary video, S1).

VI. CONCLUSION

To achieve high compliance, adaptability, and easy controlla-
bility, the soft actuator usually preprograms the desired motions
into the flexible structures, which can realize specific motion
at a low cost. However, the preprogrammed structure also con-
strains the motion diversity of the actuator. Therefore, this article
proposed a scaffold reinforcement actuator, rotatable scaffolds
were uniformly distributed on the surface of the soft layer,
and the different deflection angles of the scaffolds can provide
deformation constraints in different directions. The actuator can
achieve various helical motions in the 3-D space, and the bending
and helical motions can be decoupled by adequately adjusting
the orientation of the scaffolds.

Based on the geometrical feature of the scaffold-reinforced
actuator, the kinematic model was developed to predict the
behavior with explicit relationships between the actuation cable
displacement, deflection angle, helical radius, and pitch. Fur-
thermore, a mechanical model was also proposed to quantify
the relationships between drive force, deflection angle, helical
radius, and pitch, which can forecast the performance of the
actuator under a given driven force and deflection angle. In
addition, actuators were fabricated to verify the validity of the
proposed models. The experimental results demonstrate that
both the kinematic and mechanical models can predict the helical
motion of the actuator with reasonable accuracy. Finally, the
fabricated gripper can grasp a variety of irregularly shaped
objects by means of adjusting the attitude of its fingers. Hence,
its enhanced universality can be adopted in applications where
both high versatility and flexibility are required.

Although the gripper can grasp various irregularly shaped
objects, there are still some drawbacks to our current gripper.
For example, the load capacity of the gripper is limited because
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Fig. 11.  Experimental results of uniaxial tensile test for (a) PLA and (b) TPU.

the scaffold reinforcement layer is composed of many joints
and links, which are not robust against an external force. In
future work, we will increase the load capacity of the gripper by
exploring the influence of different materials of two layers and
optimizing the structure of the scaffold reinforcement layer.

APPENDIX

The stress—strain relationship of the PLA and TPU was ex-
perimentally obtained by uniaxial tension tests that were con-
ducted using an electromechanical universal testing machine
(CMT5540, MTS Systems (China) Co., Ltd., Shanghai, China)
according to the ISO 37 standard, where the samples were
stretched at a rate of 1| mm/min at room temperature. Moreover,
the uniaxial tension tests of PLA and TPU were repeated four
times (see supplementary material S2), and the average exper-
imental stress—strain data are shown in Fig. 11. Based on the
mechanics of materials [54], the stress is directly proportional
to the strain in the elastic stage, and if the axial loading of the
material exceeds the proportional limit, the yield of the materials
shows serious plastic deformation, which will affect the normal
work of the materials. Hence, Young’s modulus of PLA and
TPU in the elastic stage was measured as E, ~ 1.4 GPa and
E: =~ 6.0 MPa, respectively. The Poisson ratios of PLA and TPU
used in the model are p, = 0.48 and p; = 0.46, respectively.
Assume the volume fraction of the PLA and TPU in the scaffold
reinforcement layer is 50%, respectively. The shear modulus
for PLA and TPU can be calculated by G), = E,, /(2 + 2p,)
and Gy = E;/(2 + 2u,), respectively. The nine independent
material coefficients of the scaffold reinforcement layer are
calculated according to the rule of the mixture as

N
E,=EV,+EV, Bo=——2"___ FE.—F Al
1 pVp + E Vi, B Eth-l-EtV})’S 2 (Al
Gi2 = GpVp + G Vi, Gz = Gi2,Ga3 = Gy (A2)
p12 = ppVp + e Vi, 13 = p12, oz = . (A3)
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