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Abstract

Supernumerary robotic limbs (SRLs) have great potentials to assist human in daily activities and industrial manufacturing by
providing extra limbs. However, current SRLs have heavy and rigid structures that may threaten the operator safety; moreo-
ver, their limited degrees of freedom and movement modes are not suitable for complicated tasks. Although soft SRLs have
exhibited advantages in structure compliance and flexible manipulation to address these problems, it remains challenging to
accurately design the geometrical parameters to adapt to specific tasks, and accurate control is also required to realize the
expected movement. Inspired by the biological characteristics of the octopus arm muscle fibers, fiber-reinforced actuators
(FRAs) are employed to realize various motions, including extension, expansion, bending, and twisting; multiple FRAs are
assembled to implement the SRL to achieve complex movement trajectories. The analytic model of the FRA is established
to reveal the relationship between its deformation and geometrical parameters as well as input air pressures, which is vali-
dated with finite element simulation. Trajectory and payload optimization algorithms are proposed to optimally design the
SRL and its control strategy with meeting the prescribed requirement of movement trajectory and payload capacity. Finally,
experiments are conducted to validate the proposed robotic system.

Keywords Supernumerary robotic limb - Fiber-reinforced actuator - Design and fabrication - Finite element method -
Trajectory optimization - Payload optimization

1 Introduction

Supernumerary robotic limbs (SRLs) are a new type of wear-
able auxiliary equipment to perform as an extra leg or arm
for the operator [1]. SRLs have broad applications in many
fields like daily activities and industrial manufacturing. A pair
of robotic manipulators are used brace an aircraft assembly
worker body and guide the wearer’s hands by placing a drill
jig on the aircraft structure surface for drilling assistance
[2]. A SuperLimb is developed to assist with the operator to
accomplish overhand tasks by providing necessary supporting
forces on overhand objects, such that his/her both hands are
available for complex operation [3]. While the operator works
near floor level in an uncomfortable posture, the braced SRL
Youfu Li can support on the ground to keep balance and reduce load
meyfli @cityu.edu.hk on human body [4]. A SRL powered by magnetorheological
actuators can assist human in walking and completing vari-
ous teleoperation, such as vegetables picking, painting on a
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wall, and washing a window [5, 6]. The current mainstream
research on SRLs primarily employs rigid structures with
motors and tendons as the driving units. Although the ben-
efits from using SRLs are evident, current SRLs are mostly
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composed of heavy and rigid structures, and it is unavoidable
for them to interact with obstacle objects and human bod-
ies, decreasing the wearing comfort and even threatening the
operator safety. Moreover, the limited motion flexibility and
degree-of-freedom categories (only translation and rotation)
of traditional SRLs are inadequate to handle with complex
manipulation tasks, especially in three-dimensional space.

One potential solution to tackle these challenges originates
from soft robotics. Generally, soft robots have the advantages of
lightweight structure, high power-to-weight ratios, great adapt-
ability to changing environment and compliant human—robot
interaction, exactly compensating for the limitations of tradi-
tional rigid SRLs [7]. The blend of soft robotics and SRL sets
forth the emergence of soft SRLs, but the research of soft SRLs
has just begun with limited outcomes. A Soft Poly-Limb is
developed using modular ring-reinforced actuators, and it is
capable of three-dimensional motion in space [8]. Each actua-
tor extends axially when pressurized, and the contact interac-
tions between the actuators induce spatial bending motion of
the SRL. Subsequently, a SRL implemented with high-strength
inflatable fabrics demonstrates increasing payload capac-
ity [9, 10]. Thermoplastic polyurethane actuators encased in
nylon fabric casings constitute bending actuator array, and it
can generate vertical and horizontal bending motion when
inflated. Obviously, the compliant nature of soft SRLs allows
comfortable wearing experience, and their manipulation flex-
ibility achieves better effects than rigid SRLs. Nonetheless, the
drawbacks of current soft SRLs lies in that the existing actua-
tion methods can only generate monotonous motion mode, not
capable of accomplishing complicated manipulation tasks.
Soft SRLs typically consist of soft materials, which exhibit
nonlinear relationship between the driving position/force and
their influencing parameters. The lack of theoretical model that
quantitatively analyzes the deformation regulation hinders the
accurate control of the soft SRLs. Therefore, a novel soft SRL
that can realize complex and controllable motions is required
to address the abovementioned drawbacks.

Creatures in nature have inspired us much to improve robot
design. For example, octopus arms can realize various motions
due to the biological characteristics of the muscular hydrostat,
where different classifications of muscle fibers are arranged.
Specifically, transverse, longitudinal and oblique muscle fibers
are distributed in different locations and orientations, and they
function cooperatively to move in arbitrary direction in three-
dimensional space [11, 26]. By mimicking the muscle fibers
of octopus tentacles, fiber-reinforced actuators with changing
fiber angles can produce different motions, including axial
extension, radial expansion, bending, and twisting [12]. More
complex motions can be achieved by combining multiple fiber
arrangements. In addition, as a soft elastomer in which fibers
are embedded, the softness and compliance of FRA materi-
als are friendly to human body. Therefore, taking advantage
of the motion variance and structure softness, FRAs have the
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potential to be applied to implement the soft SRLs. Actually,
FRAs have been employed in many fields of robotics, such
as flexible spine for gecko-inspired wall-climbing robots [13],
soft robotic gripper [14], eel-inspired underwater robots [15],
and soft robotic sleeve supporting heart function [16]. Apply-
ing FRAs into the implementation of the soft SRL is expected
to achieve better manipulation and wearing experience. In this
article, a soft SRL based on FRAs are designed and imple-
mented. The main contributions of this study are as follows:

(1) A bioinspired soft SRL is designed and implemented,
and it is composed of multiple FRAs to mimic the var-
ious motions of octopus arms, realizing comfortable
wearing experience and flexible manipulation.

(2) Analytic model and finite element model of the FRA
are established, based on which, movement trajectory
and payload capacity of the SRL are optimized to com-
plete complex operation tasks.

(3) The feasibility and superiority of the proposed SRL
system are performed through experiments, and it
exhibits comfortable wearing experience, various
motion types, accurate motion control and great pay-
load capacity compared with state-of-the-art SRLs.

The remainder of this article are organized as follows: the
design and fabrication of the SRL with FRAs are presented
in Section 2; the analytic model of each FRA is established in
Section 3 and validated with finite element method in Section 4,
to complete a prescribed complex trajectory, automatic design
of the SRL to get expected movement trajectory and payload
capacity is presented in Section 5 and Section 6, respectively;
experiments are conducted in Section 7 to validate the devel-
oped robot; finally, Section 8 concludes this article.

2 Design and Fabrication

In the applications of traditional rigid SRLs, the operator bod-
ies may be damaged due to their heavy weights and interactive
collisions, and the lack of flexible manipulation hinders the
operators from completing complex manipulation tasks. To
address these problems, a soft SRL is developed in this study.
Octopuses give us great inspiration in that they are mollusks
with completely soft bodies, and their tentacles can realize
various motions, which exactly meet the requirements of the
expected SRLs. A unique type of soft tissues structures can be
found in octopus arms, termed “muscular hydrostats”, com-
prising a three-dimensional arrangement of muscle fibers and
connective tissue fibers surrounding a central axial nerve cord.
Three primary muscle fiber orientations can be observed in
the octopus arm musculature, including transverse muscle fib-
ers, longitudinal muscle fibers, and oblique muscle fibers [11].
Biomechanics analysis of the octopus arm suggests that the
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contraction of the transverse musculature leads to the elonga-
tion of the arm, the longitudinal musculature is responsible for
shortening, and the arm bending motion is achieved by con-
tracting the longitudinal muscle fibers on one side of the arm
while contracting the transverse muscle fibers, and the torsion
can be obtained due to the oblique musculature [17, 18]. Since
the muscle fibers are arranged with multiple orientations in the
muscular hydrostats, the arm motion can be flexibly controlled
in all three dimensions. Moreover, by selectively activating
specific muscle fibers, the octopus arm can complete a wide
diversity and complexity of movements.

Inspired from the biological phenomenon of octopus arms,
a fiber-reinforced mechanism is employed to mimic the func-
tion of the muscle fibers in the muscular hydrostats; therefore,
fiber-reinforced actuators (FRAs) are developed to reproduce
the motion characteristics of octopus tentacles. Basically, the
FRA is a hollow silicone tube surrounded by fiber reinforce-
ments, and deformation occurs once it is pressurized by input
air. By varying the fiber orientations, different types of defor-
mations can be achieved for the FRA, including axial extension,
radial expansion, bending, and twisting, which are identical as
the effects of the muscle fibers of octopus arms. In detail, the
arrangements of the fiber reinforcements for specific deforma-
tion are explained as follows (Fig. 1). Extension & Expansion:
the fiber reinforcement is wrapped in a symmetrical and dou-
ble-helix configuration, as the fiber angle (the angle between
the horizontal axis and fiber) is increased from zero, radial
expansion increases and axial extension decreases until finally,
the fibers are axially arranged, the maximal radial expansion
occurs without axial extension. Bending: the fiber reinforce-
ment is wrapped in a symmetrical and double-helix configura-
tion, where fiber angle is regulated so that the actuator can only
expand axially, and a strain-limiting sheet of inextensible mate-
rial is added to prevent this expansion on one side of actuator.
Twisting: the fiber reinforcement is wrapped in a single helix

configuration, instead of a symmetrical double helical wrap-
ping in the above cases. Furthermore, by combining multiple
segments with different fiber configurations in series, more
complex and customized actuator behaviors can be observed.
The fabrication of the FRA mainly involves the following
procedures. The mold of the FRA is designed with Solid-
Works and then manufactured with 3D-printing technology.
It should be noticed that ridges are made in the mold, so that
thread grooves can be left on the surface of the actuator for
further fiber winding. The orientation of ridges should be
planned elaborately because it determines the path for wind-
ing the fibers and the motion category of the FRA. The mold
parts are assembled and firmly held together, with a cylindri-
cal steel rod inserting into indentation at the bottom of the
mold. Elastomer (DragonSkin 30 silicone, Smooth-on Inc.,
USA) is then poured into the mold after removing trapped
gas with a vacuum chamber. A 3D-printed cap is placed at
the top of the mold to hold the rod and encapsulate the whole
mold. The mold with the filled elastomer is left overnight at
room temperature to cure. Next day, the steel rod along with
the attached actuator main body is removed from the mold.
After that, woven fiberglass is attached to the actuator body
as a strain limiting layer particularly for the bending FRA,
or the elastomer materials for the two halves of the mold
possess different stiffnesses. Kevlar fibers are circumferen-
tially wound in a helical pattern around the actuator outside
and along the actuator length (exactly along the prescribed
thread grooves). At each end of the actuator, the fibers are
looped around a few times and tied, and silicon glue (Sil-
Poxy, Smooth-On, Inc., USA) is rubbed on the knot areas
to reinforce them. The entire actuator is then encapsulated
with a thin silicon layer (DragonSkin 20 silicone, Smooth-on
Inc., USA) to anchor all fiber reinforcements. Subsequently,
the actuator is removed from the rod using isopropanol as a
lubricant. Finally, the both ends of the actuator are capped,

(a) (b)

(c) (d)

Fig. 1 FRAs with different deformations. a Extension; b Expansion; ¢ Bending; d Twisting
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and a vented screw is inserted on one end to allow one port
for the inflow/outflow of air. Once pressurized air is inflated
into the port, the fabricated FRA starts to deform.

Based on the introduction of the FRA, a soft SRL is devel-
oped whose design scheme is illustrated in Fig. 2. Connecting
multiple FRA modules in series, a highly maneuverable con-
tinuum soft SRL is generated. Each FRA module is made by
bundles of FRAs in parallel, and the FRAs in one bundle share
the same fiber configuration and motion type. A connector is
set between two FRA bundles and holds the embedded FRAs
tightly. The original length of the whole SRL is designed to
approximately match the length of the wearer’s arm. At the
connector of the distal FRA bundle, a variety of end-effectors
can be equipped to manipulate objects, such as suction cup and
grasper. The SRL is worn on the human waist with belts, which
are made of soft fiber textile materials to ensure comfortable
wearing experience. Placing the SRL at the user’s waist does
not hinder the normal motion of the user’s upper and lower
limbs, and the SRL is allowed to be align with user body’s
center of mass, thereby minimizing additional burden exerted
on the torso. The contacting area of the belts are designed to be
relatively large to reduce the pressure on the human body. The
power and control units are placed in the bag on the user’s back.

As the proposed SRL have the advantages of comfortable
wearing experience, flexible motion trajectory and controlla-
ble stiffness, it has great potentials in some particular scenarios.
For example, the proposed SRL can be used as the user’s both
upper and lower extremities. As for daily life, diverse motions
for upper extremities, like grabbing and carrying objects and

bag with power and
control unit

fiber-reinforced
actuator

connector end-effector

Fig.2 Design scheme of the SRL with FRAs
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feeding, can be completed by the SRL due to its flexible motion.
Utilizing the extending deformation of the FRA, the difference
between the upper and lower extremity size can be compensated.
The SRL can complete both of stance and swing to assist walk-
ing as lower extremity by adjusting its stiffness. Moreover, as
for the assembly of aviation equipment, the proposed SRL can
provide support and protection for workers who stay in uncom-
fortable posture like over-head lifting or near-ground crawling,
and it can also be used to complete dexterous operations such as
guided drilling, auxiliary welding, and tool delivery.

3 Analytic Modeling

As described in the previous section, the proposed SRL is
composed of multiple FRAs. One FRA can be modeled as
a hollow cylinder of isotropic elastomer, surrounded by a
thin layer of anisotropic fiber reinforcement. The fibers are
tightly embedded in the elastomer, and interaction effects
like sliding friction between the elastomer and fiber are
neglected. The isotropic cylinder has initial inner radius R;,
outer radius R, and initial length L. The initial fiber orienta-
tion is determined as S = (0, cosa, sina)T with a being the
fiber angle. Once inflated, the FRA deforms to realize differ-
ent motions, including extension, expansion, bending, and
twisting. Specifically, after deformation, the FRA undergoes
alength change L — [, aradius change R; —» r;and R, — r,,
and rotation of one endcap relative to another in radians
(twist angle) ®. Let define the radial, circumferential, and
longitudinal coordinates in the reference configuration as
R, ©, and Z; in the pressurized configuration, any point in
the FRA is transformed as R —» r, ® — 0, and Z — z. The
axial stretch is denoted as 4, = %, so z = A,Z. The radius
transformation is formulated as r* — r? = AR - R?). The
twisting effect is expressed as @ = O + Z %. Particularly for
the bending deformation, the cross-sections of the cylinder
remain planar upon pressurization; therefore, we assume that
the radial expansion can be ignored, i.e. é = 1. Additionally,
because the bending actuator has a symmetric arrangement
of fibers, no twisting takes place in the bending FRA, i.e.
@ = 0. A deformation gradient [19] can be formulated as
follows to describe the parameter change.

Jor 1 or or R
= -= = - 00
Fo| B E8 G, o
- g oo oz |7 0 57T 6]
A A o B
AR R3O 0Z z

The stress stored inside the FRA is correlated to its strain
and material properties, and a strain energy function can
be given to reveal the relationship. The FRA mainly com-
prises two different types of materials, including isotropic
elastomer and anisotropic fiber. The elastomer is fabricated
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using silicon rubber and can be modeled as an incompress-
ible Neo—Hookean (NH) material [20]. The strain energy
for the elastomer is

Hi
We]astomer = ?(I] - 3) (2)
where y, is the initial shear modulus of the elastomer, and
I, = tr(FFT) with F being the deformation gradient as (1).
For the fiber reinforcement, the strain energy is formulated
as
H

(1, -1y 3)

Wﬁber = 2

where p, denotes the initial shear modulus of the fiber, and
I, = s+ 5 with s = FS. It should be noticed that the above
formulation is effective for one set of fibers arranged at the
same fiber angle. If multiple sets of fibers are embedded in
the FRA, the strain energy needs to be modified as [21]. In
this study, only one set of fibers are arranged symmetrically
or asymmetrically to realize different motions.

Combining the strain energies of the two components
(elastomer and fiber), the total strain energy for the FRA is

W= Welaslomer + Wﬁber (4)

After determining the strain formulation of the FRA,
Cauchy stress o can be used to express the magnitudes of
differential stresses in the FRA in cylindrical coordinates.
The relationship between the Cauchy stress o, strain energy
W, and deformation F is presented as

Oy Org Oy

< ow
0 =| Opy Opg Op; | = FFT -pl 6)
Oz 020 O

where hydrostatic pressure variable p is a Lagrange multi-
plier arising from the incompressibility of the FRA wall, and
I is the identity matrix. The Cauchy stress of the FRA wall
is illustrated in Fig. 3.

When a fixed pressure P is input to the FRA, its stretch
A, twist @, and new radii 7; and r,, are required to quantify
the deformation. The radius can be determined by assuming
the deformed FRA stresses satisfy a hydrostatic equilibrium;

Fig. 3 Differential element of
the FRA wall and associated
stresses [19]

in other words, there is no net stress on an arbitrarily cho-
sen subsection of the FRA wall. The FRA wall needs to be
incompressible for holding the equilibrium equations as

0o, 1 do,,y J0,, 1
s b L+ (0, —0y) =0
or 5 r 0010 0z -;- r( r; 60)
() - L% Op: z —
o Troe T T 700 =0 (6)
06r: 1 6692 + 00':: + 10. — 0
or r 00 0z rore T

As we assume that the composite material of the FRA
wall is incompressible, the stresses are uniform in z direc-
tion and around the FRA wall. Consequently, none of the
stresses vary in 6 or z direction along the FRA wall, i.e.
00,y = do,, = 0. Because of axial symmetry and uniform
stretch, we are primarily interested in the first equation of
(6), which is rearranged to induce that a;;' = 1(0'99 - 0,.)-
The boundary conditions of ¢,, are sets as o,, r,») = P and

o,.(r,) = 0, integrating which induces that

o 1 R, R/lz
P = /ri;(%e —0,)dr = /Rim(aoe —0,)dR (7)

where oy — 0,, can be expressed with the FRA dimensions
and strain energy as

R
/”1,,2/1? (8)

Gop— G,y = 2/42(14 _ 1)(rtbzma rczsa)
Combining (7) and (8), the relationship between the input
pressure and deformation parameters, including the radius,
length, and twist angle, can be clarified.
Moreover, assuming there is no external axial force or
moment exerted on the FRA, the axial load can be obtained
as

N = Pxr? )

The axial moment for the FRA with extending, expanding
and twisting deformation is zero. However, as for the bend-
ing FRA, the bend angle of the FRA does not appear in the
above Egs. (7), (8) and (9).

Actually, the FRA bends due to the moment created by
the internal pressure acting on the actuator caps M., rather
than the force exerting on the FRA wall for the extending,

@ Springer
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expanding, and twisting deformation. The internal stretch
of the actuator materials results in an opposing bending
moment M,, .. Hence, at each bending configuration, a
torque equilibrium can be reached as M, = M,,,,,.

As presented in Fig. 4, the pressurized force exerted
on a micro-area of height 4 from the bottom edge of the
actuator cap, where i = R;(1 — cos¢p) with ¢ being the
circumferential angle. As the air pressure is exerted on
the actuator cap, whose infinitesimal area is defined as
dA = 2R;singdh, the differential pressure force is calcu-
lated as df = PdA = 2PR;singpdh, where dh is the differential
height. Therefore, the force due to the air pressure acting on
actuator cap results in a moment around the bottom edge O
is formulated as

2R

where o, is the axial stress of the FRA. As the FRA has a
multilayered structure, it is assumed that the effective initial
shear modulus of the FRA is denoted as i, which can be
obtained through calibration tests [22], and the axial stress
can be written as ¢, = ﬁﬁf - % Alternatively, readers can

refer to [19] to find the detailed formulation of o,,. The lon-
gitude stretch A, can be calculated as

LoWe+b-1 _ b-1¢
= = +

(L/p) L
where @ is the bend angle.

By solving the moment equilibrium equation M, = M,,,,
with combing (10), (11), and (12), the relationship between

1 12)

M,,, = 2P (h + b)R;singpdh = 2P / [R,(1 — cosg) + bIR?sin*pd¢p (10)
0 0

where b is the initial FRA wall thickness, i.e.b =R, — R;; d
¢ is the differential circumferential angle element.

The resistance moment inside the FRA wall generated by
the material can be calculated as

b prrx

M,, =2 / / Ao (R +7)((R +b) — (R, + 7)cosp)) Ldgdr
0J 0

1D

Fig.4 Cross section of the
bending FRA

@ Springer

the input pressure of the FRA and its bend angle can be
obtained as
Jof o 0. (R +7)((R; + b) — (R, + 7)cosp))Ldpdr

P =
JIRi(1 = cos¢) + bIR?sin* pdep

13)

A-A
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To this end, the analytic models of a single FRA with
different deformations, including extension, expansion,
bending, and twisting, are completely established. Once the
structure size and input pressure of a FRA are informed,
its deformation can be explicitly quantified. Not limited to
this, the kinematics of one FRA with complex fiber arrange-
ments or the combination of multiple FRAs (different types
of deformations are integrated), is expected to be resolved
based on the proposed analytic models.

4 Finite Element Modeling

The aforementioned analytic model quickly generates
insights into the geometry deformation behavior of the
FRA with responding to the input pressurized air. In order
to validate the accuracy of the proposed model, finite ele-
ment method (FEM) is utilized to describe realistic charac-
teristic of the FRA. By constructing FEM models, intuitive
visualization of the FRA deformation can be exhibited.
Also, the FEM models can be used to optimize the FRA
structure based on the SRL’s performance requirement.

+S.969e+012

+4.354e-03
+2.709e-03
+1.686e-03

+9.855¢-04

The FEM models are constructed and analyzed with
ABAQUS/Standard. The elastomers of the FRA are mod-
eled using solid tetrahedral quadratic hybrid elements
(Abaqus element type C3D10H). The fiber windings are
modeled using quadratic beam elements (Abaqus element
type B32), which are connected to the elastomer by tie
constraints. Elastomeric samples of the individual mate-
rials used to fabricate the actuator are tested according
to ASTM D638 (Type 1V) at a rate of 500 mm/min for
uniaxial tensile strength and material properties. A hyper-
elastic incompressible Yeoh material model is used to
capture the nonlinear material behavior of the SmoothOn
DragonSkin material [23]. As Kevlar threads are selected
for the fiber reinforcement, they are modeled as a linearly
elastic material with the specifications: Young’s modulus
is 31076 MPa and Poisson’s ratio is 0.36. Three identi-
cal FRAs are coupled tightly in parallel. After completing
the mesh refinement, quasi-static nonlinear simulations are
performed, where one end of the actuator is fixed, and a
pressure load is applied to the inner surface of the actua-
tor. The deformation of the FRA obtained with the FEM
model is illustrated in Fig. 5. In this design of the SRL, the

+2.200e+02
+7.000e+00
+7.759e-01
+8.600e-02
+9.533e-03
+1.057e-03
+1.171e-04
+1.298e-05
+1.439¢-06
+1.595e-07
+1.768e-08
+1.960e-09
+2.172e-10
+2.408e-11

+3.167e+02

(d)

Fig.5 FEM models of FRA bundles with different motion types. a Extension; b Expansion; ¢ Bending; d Twisting
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three parallel FRAs in one bundle are independently fixed
to the connectors, and the distance between each FRA and
connector center is designed to isolate the contact of the
three parallel FRAs. Inspired by [26], the nonsmooth con-
tact issue will be studied in our future work to improve the
modeling accuracy.

Under different air pressures (P), the deformation param-
eters for each type of FRA (stretch A, for the extending FRA,
deformed outer radius r, for the expanding FRA, bend angle
@ for the bending FRA, and twist angle ® for the twisting
FRA) are presented. By comparing the analytic results to
FEM results with varying air pressures, great agreement
is found in Fig. 6. The discrepancies between theoretical
modeling and simulation (less than 3% in each deformation
type) are mainly because simplified hyperelastical model for
silicon chamber and homogeneous assumptions for restric-
tion layers.

260
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5 Trajectory Optimization

To complete a grasping or delivering task, the SRL is usu-
ally required to perform a complex motion with achieving
the target and avoiding the obstacles. In most cases, such
complex motion can be represented as a combination of
extending, expanding, bending and twisting motions. The
proposed analytic model can be used to inversely design
the SRL with multiple FRA segments that follow a specific
trajectory.

Firstly, the objective trajectory is planned and catego-
rized into extending, expanding, bending, and twisting
motions manually, and the individual deformation-related
geometrical parameters of the related FRAs are extracted
in Table 1. A complete motion trajectory can be divided
into several sections (or phases) in time series. At the
first cycle, the initial geometric, material and loading

30 1
—FEM Simulation
— Analytic Moedeling

25|

Radius (mm)
5 o 8

W

0 10 20 30 40 50
Pressure (kPa)

(b)

40 - 7
——FEM Simulation
— Analytic Modeling

3
(=)

0 10 20 30 40 50
Pressure (kPa)

(d)

Fig.6 Comparison between FEM simulation and analytic modeling. a Extension; b Expansion; ¢ Bending; d Twisting

Table 1 Specifications of FRAs

. . . FRA motion
to realize different motions

Extension Expansion Bending Twisting

Initial geometric parameters
Loading parameters

Deformed geometric parameters

inner radius R;, outer radius R, length L, fiber angle
air pressure P

length [ outer radius r,, bend angle ¢ twist angle ®

@ Springer
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parameters are roughly estimated, and the deformed geo-
metric parameters are calculated using the proposed ana-
lytic model. In fact, errors are unavoidable in comparing
the deformed shape with the target trajectory. An optimi-
zation algorithm is designed to find the optimal design
parameters of each FRA to cooperatively replicate the
prescribed trajectory.

An objective function is defined as the summation of the
shape difference square between the desired trajectory and
the theoretically calculated trajectory, such as

ALL Rextend

upmul M, nd
JRT RS Jod Yen IR S 3 i

6 Payload Optimization

In addition to the deformation trajectory while operating
the SRL, the payload capacity should also be taken into
account to complete manipulation tasks like pick-and-place
and heavy support. The term “payload capacity” refers
to the maximum payload that can be carried by the SRL
end-effector when the wearer stays in static state, and the
FRA is inflated to maintain the SRL in a horizontal posi-
tion parallel to the ground. We assume that the FRAs are

~f e Y Y e -8 a4

where 1,045 Rexpanas Mpenas and 1y, are the numbers of
extending, expanding, bending, and twisting FRA seg-
ments, respectively, and N, is the number of sections. The
first term measures the difference between the required (Z-)
and achieved length (/;) of the extending FRAs; the second
term measures the difference between the required (7, ;) and
achieved radii (r,, ;) of the expanding FRAs, and it should be
noticed that in the expanding deformation, the increasing
cylinder radius might result in the decrease of its length;
the third term measures the difference between the required
(@,) and achieved bend angles (¢@;) of the bending FRAsS;
and the fourth term measures the difference between the
required (&)i) and achieved twist angles (®;) of the twisting
FRAs. The parameters ¢y, ¢,, ¢3, and ¢, are the weights that
balance the relative importance of each FRA segment with
different motion types. The design variables are iteratively
updated to minimize the objective function (14) with particle
swarm optimization algorithm. When the minimal value of
F is found, the geometric parameters (R;, R, L, a) and air
pressure (P) for each FRA segment is optimized. The main
objective the trajectory optimization algorithm is to solve
the design parameters of the SRL with planning a tailored
movement trajectory, and it is a straightforward way to com-
plete the specific task. Usually, the trajectory optimization
is treated as the high-level controller, and the low-level con-
troller is also required to track the planned trajectory. The
inverse solution of the abovementioned analytic modeling is
an effective approach to realize the planned trajectory. In our
future work, a high-precision control will also be studied for
accurate control performance. In addition to the trajectory
optimization for specific tasks, performance-based optimiza-
tion is also vital. For example, some application scenarios
have deformation capacity or workspace requirement, except
transferring these performance metrics to the design param-
eters in Table 1 with the inverse kinematics of the SRL, it is
also suggested to utilize the Pontryagin’s minimum principle
as an alternative for performance-based optimization [27].

mounted evenly in parallel within one bundle and each has
both ends attached to the connector. The end-effector is
ax1ally equipped at the distal connector. A position vector

= [d¥ d" &% ] is defined to denote the point where the
zth FRA is attached and a unit vector a; = [a’ a! a” ]
used to express the direction of the assoc1ated FRA axis.
Let f; = [FX FY FZ M* MY MIZ] be the force exerted by
the ith FRA on the connector, where FX, F) and FZ are the
component of the force along the X-axis, Y-axis and Z-axis
of the end-effector frame, respectively, and MX, M) and M?
are the moment about X-axis, Y-axis and Z-axis of the end-
effector frame, respectively (Z-axis is along the central axis
of the end-effector) [24]. Therefore, the components of the
vector f; can be computed from the axial force F; and twist-
ing moment M, of the ith FRA as

[FX FY FZ]" = aF, (15)

[MX MY MZ] = |d;X|a;F; + a;M; (16)

where | d;x | is the matrix notation for the cross-product with
d;:

1

0 —d* d
ldx]=| a 0 -af
~d" d* 0

The total force f,,,; is the sum of the individual forces of
all FRAs, which can be formulated as

NFRA NFRA
for = D, fi= 2, " DJIP, an

where N, is the number of FARs in one bundle; P; is the
input pressure of the ith FRA; J; denotes the relationship
between the generalized deformation and input pressure,
which has been revealed in (9) and (10); and D; is matrix
that contains the position and orientation vectors as
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a; 0

Q—[Mnithﬂ

Given a payload task whose desired capacity is f,,,, and
the optimization attributes to shrink the difference between
Srorr @0d f,,. Select the parameters for to be optimized as
x =I[L,R;,R,;,a;, P;,a;,d;]" with the subscript i denoting
the ith FRA, and the optimization problem is formulated
as (18).

2

o Nowmte Gt = Ties)
minimizeJ(x) = Z,_l ple Ztotal - des” (18)
= Nsample
where Ny, is the number of samples. The

Broyden—Fletcher— Goldfarb—Shanno (BFGS) algorithm
together with a penalty barrier algorithm, is employed to
find the optimal parameters [25]. The purpose of the payload
optimization is to obtain the optimal SRL design parameters
 for a given payload.

7 Experiments

After designing the proposed SRL with FRAs, the robot pro-
totype is manufactured and presented in Fig. 7. The SRL is.
The air source is provided by a miniature diaphragm pump
(KZP-PF, Kamoer), and the pressurized air is transmitted to
the solenoid valves (VQ110U, SMG) through pipes. Each
FRA is driven by connecting the vented screw to the pneu-
matic valves. The pressure is regulated by a microcontroller
(Arduino Mega) and potentiometers, and MOSFETs and
switches are used to control the opening and closing of the
solenoid valves. The miniature diaphragm pumps and valves
are selected to ensure the driving speed of the FRAs. Pres-
sure sensors (ASDX, Honeywell) are equipped to provide
feedback on the inflow of the FRAs, based on which, the
command signals of the microcontroller are adjusted for
accurate tracking of the desired pressure. All of the control
components are integrated in a breadboard and put into the
bag. The overall weight of the SRL limb is 2 kg, not includ-
ing the drive control units, and the payload-weight ratio of
the SRL is approximately 15.

To evaluate the effective workspace, the SRL is initially
mounted parallel to the ground, and reflective markers are
placed at the proximal and distal ends of the SRL and inter-
connecting points of each FRA to create virtual bodies. The
positions of the markers are captured and recorded using a
motion capture system. Individual FRAs are inflated in vari-
ous configurations using a maximum pressure to illustrate
the entire workspace with Monte Carlo method as shown in
Fig. 8. The maximal reach, horizontal range, and vertical
range of the SRL are 0.81 m, 0.79 m, and 1.20 m, respec-
tively. The SRL is capable of reaching any point inside the

@ Springer

(b)

Fig. 7 Prototype of the SRL with FRAs. a Side view; b Front view

workspace. This workspace provides enough vertical and
horizontal range to assist a user in daily life activities.

In order to test the motion controlling performance of the
proposed SRL when used in real-life situations, the user is
asked to complete a pick-and-place task. Specifically, the
target object should be reached by the SRL without touch-
ing obstacles. For this experiment, a gripper is equipped
at the SRL’s end-effector. The experiment is set up for the
user to operate the SRL to pick a water bottle (0.6 kg) on
one end of a table and move it across and inside a target box
(0.3%x0.3x0.2 m) that is placed 0.4 m away. Four users with
no previous experience are timed while performing the task
for five times each. The timed results are shown in Table 2,
which demonstrate the gradual adoption and improvement
in operation of the SRL.

The operation task difficulty is increased by adding obsta-
cles and changing target positions. The positions of the target
object and the end-effector of the SRL are captured by using
vision trackers to detect the markers on them. The time series
data of the coordinates of each marker in three-dimensional
space are planned according to the requirement of the task
completion and obstacle avoidance, and four sections are
selected in this study (N, = 4) to constitute the entire move-

ment trajectory of the SRL. Based on these data, the deformed
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Fig. 8 Illustration of the effec- 700
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Table 2 Pick-and-place time duration

Users Attempt 1 Attempt2 Attempt3 Attempt4 Attempt 5
1 522 37.1s 259 14.8 s 94s

2 343s 189s 143s 129s 10.6 s

3 379s 325s 26.0s 204 s 16.7 s

4 484 s 33.8s 22.8s 143s 93s

5 385s 353s 19.2s 14.5s 104 s

configuration for each FRA are determined by analyzing the
inverse kinematics of the SRL, and the initial geometrical
parameters for each FRA are optimized through (14). The
planned trajectories and the input pressure in each time-
phase are depicted in Fig. 9. Three groups of experiments are

(b)

conducted, where the target and obstacle objects are placed in
different locations. It should be noticed that the SRL should be
redesigned in each experiment, including the structure sizes
of the FRAs and their deformation types and arrangement
orders. Each trial is conducted for five times for accuracy.
From the experiment results, it can be found that the SRL can
successfully achieve the target object, and no collision occurs,
even though the number and type of the FRAs are quite differ-
ent among these three groups of experiments. The deforma-
tion types of the FRAs (from near-body to distal) are listed
in Table 3, along with the root-mean-square-error (RMSE)
and maximal error between the target object and end-effector
center positions for the three groups, respectively. Subtle dis-
crepancies exist mostly due to inaccuracies in measuring the
actuator motion (for example, misalignment of cameras) as

@ Springer
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Table 3 Optimal design and control results
Experiment FRA deformation type RMSE  Max
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Fig.9 Trajectory controlling performance. a Group A; b Group B; ¢
Group C
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Group A Extension Bending Extension 0.34 mm 0.67 mm
Group B Twisting  Bending Extension 0.27 mm 0.46 mm
Group C Extension Bending Bending 039 mm 0.68 mm

well as defects in actuator fabrication (such as nonuniform
wall thickness), but the successful grasping operation is not
affected. Therefore, the proposed soft SRL along with its tra-
jectory optimization provides an effective strategy to auto-
matically inverse design the structure based on the specific
task requirement, and the input air pressure can be accurately
controlled to realize satisfactory movement trajectory track-
ing performance. Moreover, although other soft SRLs have
been developed, their control accuracy is not obviously veri-
fied, and the control accuracy of the proposed SRL is more
advantageous than current soft SRLs. It should be noticed that
the trajectory controlling experiments are conducted under
unloaded condition, where the effect of the payload on the
trajectory tracking accuracy is not considered herein. The
experiments on the trajectory performance with payload will
be explained thereafter.

Additionally, experiments are carried out to test the pay-
load capacity of the proposed SRL. Force load cells (Load-
Star RAS1-25 Ib) and moment load cells (LoadStar RST1-
6Nm) are placed on the distal end of the SRL to measure the
end-effector forces and moments, respectively. The SRL is
fully extended and parallel to the ground with gravitational
forces exerting orthogonal to the SRL, and the user operates
the SRL to generate forces and moments with counteract-
ing gravity. In this study, three FRAs are mounted evenly in
parallel in one bundle, and the distance between each FRA
and connector center is set as d,. All of the three FRAs are
orientated to the end-effector central axis, so that

d =[d, 00]"
d. \/3d r
d=|-% 5L o]
T

a1=a2=a3=[001]T

Based on this configuration, the transformation matrices
in (17) are written as
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b [0010-d0
'“lo000 0 1
[ Vad, d,
p,= 0015250
000 0 01
D 001 — \/—d dso
L=
(000 0 01

Once the transformation matrices are prescribed, the
resulting force can be calculated through (17). For given
movement trajectory tasks, each FRA’s length, inner radius,
outer radius and fiber angle are determined with (14); after-
wards, different payload requirements f;,, are prescribed,
the FRA attachment point positions d, can be optimized
with (18). Increasing the air pressure can test the designed
SRL’s actual payload. Four groups of the desired payload
capacities are tested with load cells, and the SRL’s end-
effector payload capacities under varying air pressures are
depicted in Fig. 10. It can be found from the figures that the
resulting force can successfully meet and even exceed the
payload requirements, and the proposed payload optimiza-
tion approach proves effective. By increasing the desired

Group A, Desired payload=5 N

test 1: extension + bending + extension. d, = 9.21 mm
: twisting + bending + extension. d, = 8.78 mm
tension + bending + bending. d, = 8.65 mm

v

Payload (N)

10 20 30 40 50 60 70 80
Pressure (kPa)

()

20 Group C, Desired payload=15 N
T

Payload (N)

0 I
0 10 20 30 40 50 60 70 80
Pressure (kPa)

(©)

payload and optimally designing the SRL, its maximal pay-
load capacity can be tested, i.e. the payload-weight ratio is
over 15. The validation of the SRL trajectory under each
desired load condition is conducted based on time duration,
the root mean square error (RMSE), and repeatability error
of the placing position, as listed in Table 4. As the weight

Table 4 Trajectory performance with payload

Payload test Time RMSE Repetitive Error
5N 1 7.52s 0.38 mm 0.53%
2 8.05s 0.31 mm 0.48%
3 6.83s 0.42 mm 0.57%
10N 1 7.89s 0.43 mm 0.57%
2 8.33s 0.33 mm 0.52%
3 7215 0.45 mm 0.61%
15N 1 8.23s 0.47 mm 0.61%
2 8.59s 0.36 mm 0.55%
3 7.68 s 0.49 mm 0.65%
20N 1 8.66 s 0.51 mm 0.64%
2 8.84s 0.40 mm 0.59%
3 8.07s 0.55 mm 0.69%

Group B, Desired payload=10 N

test 1: extension + bending + extension, d; = 8.24 mm
test 2: twisting + bending + extension. d; = 7.76 mm
test 3: extension + bending + bending. d,= 7.55 mm

E

0 10 20 30 40 50 60 70 80
Pressure (kPa)

(b)

Group D, Desired payload=20 N

Payload (N)

—test |
——test 2
= = test3|

,=6.85 mm
7.03 mm
i~ 6.67 mm

Payload (N)

0 10 20 30 40 50 60 70 80
Pressure (kPa)

(d

Fig. 10 Payload optimization experiments. a Group A; b Group B; ¢ Group C; d Group D

@ Springer



71 Page 14 of 16 Journal of Intelligent & Robotic Systems (2024) 110:71
Table 5 Comparison results
Structure Motion type Workspace Control accuracy Payload capacity
stiffness
Super Limb [3] Rigid Rotation overhead High 4x
SRL with MRAs [5, 6] Rigid Rotation 1.3x1.4x1.5m High 0.6 %
Soft Poly-Limb [8] Soft Extension, 0.55%0.69%x0.72 m Not mentioned 2.35%
bending
Fabric soft Poly-Limb [9] Soft Bending 0.28x0.695%0.63 m Not mentioned 10.1x
Proposed SRL Soft Extension, expansion, 0.81x0.79%x 1.2 m High 15%x

bending, twisting

of the payload increases, although the time required for
each test group of SRL to complete the trajectory gradually
increases, the RMSE and repeatability errors remain subtle.
Therefore, the proposed SRL is proved to stably and accu-
rately complete the target tasks. Although the designed SRL
is able to encounter support tasks in daily life, its payload
capacity of the SRL can be further enhanced by adding the
number of FRAS in each bundle. To this end, for completing
specific operation tasks, including movement trajectory and
payload capacity, the SRL can be optimally designed and
implemented with the verified approaches, which lays the
foundation for future applications of soft SRLs and other
soft robotic manipulators. It should be noticed that, by con-
trolling the payload within the capacity range, the trajectory
accuracy of the SRL remains stably high. However, when
the payload of the SRL reaches its maximum value, the
execution accuracy of the predefined trajectory decreases.
As the payload continues to increase, the FRAs may fail due
to excessive load, resulting in the inability to complete the
specified operation or support tasks. Trajectory compensa-
tion can be utilized to adapt to the varying payload with
ensuring motion accuracy [28].

Moreover, in order to manifest the advantage of the pro-
posed SRL surpassing other state-of-the-art SRLs, discus-
sions on the representative SRLs’ characteristics compari-
son are made. The candidate SRLs contain Super Limb [3],
SRL with magnetorheological actuators (MRAS) [5, 6], soft
Poly-Limb [8], fabric soft Poly-Limb [9] as well as the pro-
posed one. They are compared in terms of structure stiffness,
motion type, workspace, motion control accuracy, and pay-
load capacity (payload-weight ratio). The comparison results
are listed in Table 5. As the first two SRLs are made of rigid
materials, the merits of light-weight and wearing experi-
ence cannot be obviously exhibited. Owing to the applica-
tion of the FRAs, the proposed SRL have more motion types
(including extension, expansion, bending, twisting and their
combined motions) than other rigid and soft SRLs, which
supports itself in complicated operations. Besides, the pro-
posed SRL has larger workspace than other SRLs except the
SRL with MRAs, but much more compliant motion is per-
formed on the proposed SRL. Payload capacity and control

@ Springer

accuracy are drawbacks of soft SRLs as usual. In previous
soft SRL studies, the movement trajectory control effect has
not been emphasized due to the lack of theoretical modeling
of the soft materials, not to mention the payload calculation.
But as for our proposed SRL, the analytic model and FEM
model of the FRAs are constructed, and the trajectory and
payload optimization algorithms are proposed to resolve the
abovementioned problems. In summary, as we can see from
the comparison results, the proposed SRL outperforms other
state-of-the-art SRLs to achieve comfortable wearing expe-
rience, various motion types, accurate motion control and
great payload capacity.

8 Conclusion

In this paper, a soft SRL is designed and implemented. The
SRL is composed of multiple FRAs to mimic the various
motions of octopus arms, realizing comfortable wearing
experience and flexible manipulation. The analytic and finite
element models of the FRA are established to reveal the rela-
tionship between its deformation and geometrical parameters
as well as input air pressures. Based on this, the movement
trajectory and payload capacity of the SRL are optimized, so
that the SRL can be optimally designed to complete complex
operation tasks. Finally, the feasibility and superiority of the
proposed SRL system are performed through experiments.

In future work, the human-robot coupling dynamic model
will be established to quantitatively describe the interac-
tion mechanism between the proposed SRL and the wearer.
Integration of multiple modalities of sensing information,
such as posture, electromyography, and electroencephalog-
raphy signals, can be a potential approach to capture the
wearer motion intention. The control of the SRL based on
the wearer’s motion intention will be studied, so that the
SRL’s versatility in various operation tasks can be enhanced.
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