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Abstract

Conventional manipulators with rigid structures and stiffness actuators have poor flexibility, limited obstacle avoid-
ance capability, and constrained workspace. Some developed flexible or soft manipulators in recent years have the
characteristics of infinite degrees of freedom, high flexibility, environmental adaptability, and extended manipulation
capability. However, these existing manipulators still cannot achieve the shrinking motion and independent control of
specified segments like the animals, which hinders their applications. In this paper, a flexible bio-tensegrity manipula-
tor, inspired by the longitudinal and transversal muscles of octopus tentacles, was proposed to mimic the shrinking
behavior and achieve the variable motion patterns of each segment. Such proposed manipulator uses the elastic
spring as the backbone, which is driven by four cables and has one variable structure mechanism in each segment
to achieve the independent control of each segment. The variable structure mechanism innovatively contains seven
lock-release states to independently control the bending and shrinking motion of each segment. After the kinematic
modeling and analysis, one prototype of such bionic flexible manipulator was built and the open-loop control
method was proposed. Some proof-of-concept experiments, including the shrinking motion, bending motion, and

Variable structure mechanism

variable structure motion, were carried out by controlling the length of four cables and changing the lock-release
states of the variable structure mechanism, which validate the feasibility and validity of our proposed prototype.
Meanwhile, the experimental results show the flexible manipulator can accomplish the bending and shrinking
motion with the relative error less than 6.8% through the simple independent control of each segment using the
variable structure mechanism. This proposed manipulator has the features of controllable degree-of-freedom in each
segment, which extend their environmental adaptability, and manipulation capability.

Keywords: Bio-tensegrity, Cable-driven actuation, Multi-degree-of-freedom (Multi-DoF), Flexible manipulator,

1 Introduction

The technologies about the mechanical design and
motion control of traditional robots are relatively mature.
However, traditional robots for heavy industrial applica-
tions usually utilize rigid materials, inelastic articulation
components, and stiffness actuators, which have severe
limitations in other circumstances, such as collaboration
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and manipulation in confined space [1]. In the complex
and unstructured environment, traditional robots are
limited by their own rigid structures, which also restrict
their obstacle avoidance and manipulation capabilities
[2]. Those traditional robots have relatively poor flex-
ibility and adaptability and therefore cannot efficiently
complete some tasks in a safe manner, especially involv-
ing the physical human-robot interaction. In contrast,
looking back on the animals in the biological world,
they are characterized by soft and compliant substance
[3, 4], such as their skin, limbs, muscles, even includ-
ing muscular hydrostatic skeletons [5]. In order to deal
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with the challenges of traditional robots, some flexible
or soft robots have been developed with the characteris-
tics of infinite degrees of freedom (DoF), high flexibility,
environmental adaptability, and extended manipulation
capability in recent years. There are three roadmaps to
achieve the compliance characterized by the nature ani-
mals, including soft robot with intrinsic actuation [6],
continuum robots with extrinsic actuation, and tradi-
tional robots with elastic/compliant actuation [7].

Soft robots are a class of robots using soft materials
including gases, liquids, polymers, foams, gels, colloids,
granular materials, as well as most soft biological materi-
als [8—11]. Inherent compliance of gas and liquid make
soft pneumatic actuator and hydraulic actuator as good
candidates for many challenging tasks [12-14]. Some
work pointed out that soft pneumatic actuator have some
considerable characteristics, such as multiple degree
of freedom (Multi-DoF) actuation [12], high force, and
reliability [13]. Shiva et al. [15] proposed a pneumati-
cally continuum manipulator with embedded chambers
in the soft silicone structure. However, the overall size
and weight of peripheral device such as compressor unit,
on-board electronics, confines the possibility of using
these actuators. Sometimes, the term of soft robot also
can be especially described a class of robots using some
advanced functional materials with intrinsic actuation as
the soft-body material, such as shape memory polymer
(SMP) [16], shape memory alloy (SMA) [17-19], electro-
active polymer (EAP) [20, 21], and so on, therefore soft
robots are featured with physical self-driven character-
istics [16, 22]. Soft material have great prospects in the
small-scale robots because of their inherent advantages,
such as lightweight, compliance, high strain with contin-
uum deformation. However, full soft material robots are
usually not able to achieve some functional requirements
including large force, fast motion and controllability from
the current research status.

Continuum robot is used here to especially refer to an
actuatable structure with extrinsic actuation. Continuum
robot usually have discrete structure, multi-backbone,
and driven by tendon/cables [23]. Many continuum
manipulators are usually proposed. An elephant’s trunk
robot described in Ref. [3], with very few driving con-
straints, consists of a series of novel underactuated link-
age units and a single motor to drive, which can achieve
stable grasping of objects with different shapes and
sizes. A multi-section soft manipulator dynamics was
presented based on a discrete Cosserat approach [24].
The model can accommodate continuum robots having
any number of sections with varying physical dimen-
sions [25]. Yeshmukhametov et al. [26] presented a novel
approach of kinetic, kinematic modeling and design
solutions of the wire-driven universal joint backboned
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continuum robot. However, existing continuum robots
with multiple segments require the separate power
source to actuate different segments [25], therefore,
the dependent control and planning process is very
complicated.

Traditional robot combined with elastic/compliant
actuator [27, 28] is another recipes to obtain structural
compliance. The advantages of elastic/compliant actuator
is that series elastic actuators [27] and variable stiffness
actuators [28] combine the elastic element or compli-
ant mechanism with conventional stiffness actuators to
regulate energy transmission [29], to improve energy effi-
ciency, and to achieve safety physical interaction. Ham
and Sugar et al. surveyed the various elastic actuators
with passive adjustable compliance and controllable stiff-
ness for robotic applications [28]. However, the typical
elastic/compliant actuators comply with compliance only
along their axes of rotation. Structural compliance is hard
to achieve motion control of Multi-DoF. Therefore, this
drawback restricts the range of motion space.

Comprehensive research on soft and continuum robots
has accomplished significant progress in recent years,
but the following deficiencies generally remain: a) Envi-
ronmental adaptability in extreme and unstructured
environment. b) Complex control of multiple segments.
Existing continuum robots require the separate power
source to actuate different segments [25].

Inspired by the biological feature and mechanism of
the octopus tentacles, a kind of novel flexible manipula-
tor based on the bio-tensegrity structure is proposed in
this paper. The underlying beauty of the proposed flex-
ible bio-tensegrity manipulator is manifold. Firstly, the
conventional materials, including springs and cables,
are used in the proposed method to constitute a flex-
ible bio-tensegrity manipulator, enabling to mimic the
behaviors of transversal and longitudinal muscles. This
tensegrity mechanism is not only lighter and easier to
handle for actuation [30], but also has the main advan-
tage of high load capacity. Secondly, each segment with
Multi-DoF can be independently controlled to achieve
the shrinking and bending motions through the variable
structure mechanism, while there is no need for a sepa-
rate actuation source. The variable structure mechanism
innovatively contains seven lock-release states to control
the variable motion pattern of the flexible bio-tensegrity
manipulator. This flexible bio-tensegrity manipulator
not only has continuum deformation and Multi-DOF as
soft materials but also has better stability against various
decays and is easier for modeling and control.

The main contents of this paper include the following
aspects. Firstly, inspired by the biological principle of the
octopus tentacles, the novel manipulator based on the
bio-tensegrity structure is proposed in Section 2. Then,
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the simplified modeling and kinematic analysis of the
flexible manipulators are carried out in Section 3. After
that, one manipulator prototype is constructed accord-
ing to the above design principles. After integrating the
mechanism and controlling modules, the performance
and effectiveness of the bionic flexible tensegrity manipu-
lator are validated by some proof-of-concept experiments
on this platform in Section 4. Finally, Section 5 discusses
the conclusions and future work to be conducted.

2 Bionic Design Method and Mechanism

2.1 Inspiration of the Octopus Tentacles

Lives in nature have evolved over hundreds of millions of
years, and the mechanisms of each species are complex
and perfect [4]. Inspired by biological specimens, such
as elephant trunks [3], earthworm [31], and snakes [32],
various continuum robots were proposed and built to
traverse confined spaces, manipulate objects in complex
environments. Through the study of mollusk octopus in
the animal kingdom, it is found that the octopus can not
only rely on its soft body to adapt to various obstacles but
also can freely bend, twist and shrink the body’s shape of
different segments to achieve movements such as peri-
stalsis and fluctuation. As shown in Figure 1, the octo-
pus is a typical muscular hydrostatic skeletal structure
(Additional file 1). The tentacles of octopus are capable
of actuating the different segments of muscles, in such
a way, that it can control its body length by shrinking as
the A region shown in Figure 1(a) and bend the specified
segment as the B region in Figure 1(a) of its arm, ena-
bling the animal to complete extremely complex move-
ments, such as obstacle avoidance, catching and gripping
fish or even walking across the seabed. Figure 1(b) is an
anatomical view of the octopus tentacles [33], where T
represents the transversal muscle; L represents the lon-
gitudinal muscle; O represents the external oblique mus-
cle, and N denotes the nerve cord. At the same time, the
soft has the following features: a) the soft tentacle with
an infinite degree of freedom to enhance environment
adaptability; b) independently controlling the motion
patterns of each segment to bend and shrink.

The tentacles have four longitudinal muscles and one
transversal muscle to provide the actuation power. We
can use four flexible or soft actuation elements and one
center actuation element to mimic the motion of the
octopus tentacle. The technologies of the soft-material
robot just satisfy the requirements of achieving those
features. Nevertheless, the full soft materials with inher-
ent compliance are by no means fitted for building the
large force and fast motion applications from the cur-
rent research status. Meanwhile, soft robots aren’t able
to achieve functional requirements of large forces and
controllability.
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a Octopus arm shrinking the tentacle in the A region and
bending the tentacle in the B region

Transversal

Oblique muscle

Nerve cord Longitudinal muscle

b Anatomical view of structure diagram of the octopus tentacles

Figure 1 Motion and structure diagram of the octopus tentacles: a
Octopus arm shrinking the tentacle in the A region and bending the
tentacle in the B region, b anatomical view of structure diagram of
the octopus tentacles

2.2 Design of Flexible Tensegrity Manipulator

From the conventional view of design,it is relatively
hard to implement Multi-DOF and such great adapt-
ability as the octopus. The original method to achieve
space flexibility is using a parallel mechanism. The par-
allel mechanism is a closed-loop mechanism with two
or more degrees of freedom and is driven in parallel on
a moving platform, and another platform that is fixed is
connected by at least two independent motion chains,
as shown in Figure 2(a). Because of the rigid bracing
piece and telescopic links,the motion space and flex-
ibility are limited. The overall weight is too large, which
contributes to poor safety performance.

In order to achieve the flexibility and lightweight
design, super-elastic rods or strings are the extensive
strategies to build the parallel continuum robots [12].
Unfortunately, the super-elastic materials have no func-
tion of segmented control to achieve both bending and
shrinking motion at the same time. Meanwhile, the
nonlinear elasticity limits the stability and real-time
control with conventional control methods.
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Figure 2 Various Multi-DOFs mechanisms: a 6 DOF parallel
mechanism, b flexible 6 DOF bio-tensegrity mechanism
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Figure 3 Flexible bio-tensegrity manipulator with three compliant
mechanism segments

Therefore, we proposed the bio-tensegrity mecha-
nism with the cable-driven and compliant element. The
bio-tensegrity mechanism manipulator proposed in
this paper adopts the idea of tensegrity design and the
inspiration of octopus tentacles’ structure. As shown
in Figure 2(b), the rigid body structure in the middle is
replaced by the elastic material to mimic the transverse
muscle. When the mechanical arm moves to a certain
position within a certain range, the elastic arm can be
elasticized. The material is considered as a rigid body, at
which point the position of the arm can be determined.
Secondly, each segment has an independent control to
achieve its bending and shrink. Therefore, the segment
can achieve telescopic motion because of the existence
of elastic materials. Additionally, the driving element is
used as little as possible. To a certain extent, the reliabil-
ity is enhanced.

The overall 3D model of the proposed bionic flexible
manipulator is shown in Figure 3, which includes three
segments. This 3D model contains two variable struc-
ture mechanisms, three spring elements, four cables,
and four actuators. Four actuators, realized by four DC
motors in our prototype, respectively drive the four
cables that distribute 90 degrees around the continuous

Cam

— Top cover i"
Clutch ) \ .
motor % ’A
S - T Bottom cover
3 E Locking lever

A Single section mechanism b Variable structure mechanism

Figure 4 Segment connection device mechanism

f/ Z Locking lever 4
O (0]
1
(W
\ .

Rotation axis D

Cable hole D

Figure 5 Variable structure mechanism with four locking levers
evenly distributed every 90 degrees

flexible manipulator. Changing the length of the cables
can achieve continuous deformation in a certain
direction.

The implementation of variable structure in the control
of the bionic flexible manipulator is due to the presence
of a built-in variable structure mechanism. The diagram
of the variable structure mechanism is shown in Fig-
ure 4(a) and (b), which includes the top cover, the bottom
cover, the lock motor, and the internal variable structure
mechanism. The internal variable structure mechanism
is the lock-release mechanism that realizes the locking
or releasing state regulation of cables. The lock-release
mechanism adopts the improved eccentric force pressing
mechanism, which has the advantages of simple structure
and convenient control. In this proposed prototype, one
clutch motor can control the locking and releasing state
of the four cables in different directions.

The variable structure mechanism is contained in the
midst of the top cover and the bottom cover to improve
reliability. The principle of the variable structure mecha-
nism is shown in Figure 5, which comprises one cam,
four locking levers, and four cable holes. The cam is
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actuated by the clutch motor and rotate to one accurate
position. When the clutch motor actuates the cam to
one proper position, the protruding part of the cam will
push the locking lever to rotate around the rotation axis,
and the locking lever will tightly press the corresponding
cable through the cable hole. The cable length in this seg-
ment cannot be changed if the cable was locked through
the cable hole. The variable structure mechanism can
achieve seven kinds of locking states including the state
in Figure 5 and states from Figure 6(a) to Figure 6(f). The
corresponding states can be found in Table 1.

Figure 6 is a schematic view showing the position of
the locking device before and after the rotation, and the
structure of the other three locking states Figure 6(b)-
(d) can be obtained in sequence. Figure 6(e) shows the
simultaneous locking of cable A and C, in which case the
axial expansion and contraction of the overall mechani-
cal device can be achieved. Figure 6(f) shows the simul-
taneous locking of cable B and D, in which case the axial
expansion and contraction of the overall mechanical
device can be achieved.

) 0 '
€ Cable 4 and Clocked f Cable B and D locked

Figure 6 Six locking states of variable structure mechanism
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Table 1 Seven variable structure states

States Cable Cable B Cable C Cable D state
A state state state
Figure 5 R R R R
Figure 6(@) L R R R
Figure 6(b) R L R R
Figure6(c) R R L R
Figure 6(d) R R R L
Figure 6(e) L R L R
Figure 6(f) R L R L

Note: R denotes the releasing state, L denotes the locking state

3 Modeling and Analysis

In this section, the kinematics modeling of the proposed
manipulator are introduced. In the relevant modeling
and analysis, firstly we considered the motion of a sin-
gle segment in space, then extended such method to the
whole model.

3.1 Single Segment Model

The length of each cable determines the motion of the
manipulator. The configuration of the ith segment in
3D space shown in Figure 7 can be controlled by chang-
ing the length of the L, Lg;, L, Lp,; cables. In order to
analysis the position coordinates of each node, the global
frame is fixed at the base of manipulator and denoted as
Oy~ (%o, Yo» 20), and the local frame i—1 is attached at the
head disk of the ith segment. As shown in Figure 7, the
local frame of the ith segment is described as O;_;~(x ,_;,
Yi_1 2 ;_1). The axis z ;_; is the normal of the disk i—1
plane. Meanwhile, the local frame i is attached at the
end disk of the ith segment. The central angle of curve
0, is the subsegment bending angle. The bending plane
angle is ¢,. The subsegment twist angle denoted as ¢; is

s =1/ki

Figure 7 Position coordinates, parameters and frame definition of
single segment in the workspace
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the curvature corresponding to torsion in the local z;_;
direction. The subsegment curvature magnitude k;. The
subsegment length /; is the spring length of spring after
deformation. L, is the original length of spring in the ith
segment.

The local rotation matrix and the center point coordi-
nate can be expressed as follows:

R = R, (9)Ry ()R, (8; — ¢i),

. ) (1)
1 _ - -1
P = Vo Poyy Po:| -
where
[ cos —sinf 0]
R,(0) = | sinf cos6® O],

0 0 1

[ cos® 0 sin6 |
Ry(0) = 0 1 0 ,
—s1n9 0 Cose

P6 i = cos@;(1 — cos GL)/kL,
P’Oi,} = sin @;(1 — cos 0;) /k;,
Pg, = sin;/k;.

The positions of cable holes can be expressed in the
frame O,_;~(x ,_1, ¥;_1, 7,_;) as follows:

Pt =[d/2,0,0]",P5L =[0,d/20]",

Pl = [=d/2,0,0)", P51 =[0,—d/2,0]",

P =P R [d/zoo], o
PLt =Pt 4 RM0,d/2,0]",

PE! =P+ R [-d/2,0,0]",

Po1 =P+ R0, —d/2,0] "

As shown in Figure 7, the cable A pass through the
cable hole A, ; in the Disk i—1 and the cable hole A4, in
the Disk i. Similarly, the cable B, C, D cable pass through

B, B, C,_,C, D,_\D,. Therefore, the nominal length of
cable A, B, C and D in the ith segment can be expressed
as the distance of two corresponding holes, shown below:

_ i—1 i—1
La = PAi - PAi—l 9’
N pie1 i-1
Lp, = PBi - PBi—l o 3
Lo — |pi=t _ pi-t ®)
e Ci1l|y’
N pi-1 i—1
Lp, = PDi — I“Di_1 .
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Figure 8 describes the special case of the ith segment
after deformation when the ¢; =0 and ¢; =0. In this case,
the cable A is contracted and this segment bends by 6;
around y,_;. The cable B and cable D overlap after projec-
tion to the plane O,_;x;_;, z;_;. The relationship between
the cable length and bending angle 8; can be expressed as
follows:

— (Lci — Lai)?
242 ’

(4)

cosf; =

3.2 N Segments Model

The N-segment model can use the recursive method. The
position coordinates at the end of each segment model is
determined by the length of the four cables, therefore,
there are totally 4N parameters determining the position
and configuration of the manipulator. The global orienta-
tion R; of disk i can be expressed as follows:

Rt i=1
R‘ — i ’ )
' {RHR;—l, 2<i < N. ®)

The global position P; of disk i can be expressed as:

pi! i=1
Pi=1{ i : ’
' {Pi_l +R;_1P7Y, 2<i < N. (©)

The total length of each cable can be expressed as:
i=N
Ly = Zi:l Lais

i=N
Lp = Zi:l Lpi,

i=N 7)
Lc = Z Lcis
i=1
i=N
Lp = Z Lp;
i=1
Zi-1 A
&
A
.~~~\‘~.
// \\LAI 91/ \\\\
Cis 0. Aw M xi,
Figure 8 The case of the ith segment if o;=0and ;=0
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Figure 9 depicts the projection graph obtained by
N-segment model intercepting the projection of the end
three sections of the model when the ¢; =0 and ¢; =0.
The position coordinates of O, and configuration of the
full manipulator are obtained by the recursive method.

4 Experiments of Principle Prototype

4.1 Prototype and Control System

In order to verify the performances of the proposed flex-
ible bio-tensegrity manipulator, one primary prototype
shown in Figure 10 was built according to the 3D model
described in Figure 3. Considering the model structure
and the force status of each component, the ABS mate-
rial was selected as 3D printing material. The prototype
consists of three segments and two variable structure
mechanisms. The 1st clutch motor and 2nd clutch motor
can control the rotation of cam to regulate seven differ-
ent locking and release states. The lengths of four cables,
denoted as cable A, cable B, cable C, and cable D, can be
controlled by four DC motor respectively. In this pro-
totype, the original cable length of each segment is 100
mm. The distance of cable holes d is 60 mm.

The control system shown in Figure 10 mainly includes
power supply, main controller, motor driver and Blue-
tooth communication. The power supply part uses a
high-power dynamic battery with high output power
and large current, which meets the power requirement
of multiple motors at the same time. Romeo BLE mini
controller equipped with the ATmega328p control chip
was adopted as the main controller, which is suitable for
the design of desktop micro-robot. The main controller
can program four DC motors to retract and release the
cables that are symmetrical 90-degree distribution. Two
clutch motors also can be controlled to change the state
from the seven variable states. Meanwhile, the main

/
Ley

LB,n (LD’n)

Oo
Figure 9 The special case of N segments model in plane
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Figure 10 Mechanical model prototype and control system

controller has 8 digital interfaces and 4 analog interfaces,
which makes it convenient to connect various sensors for
closed-loop control in the future. In addition, the con-
troller integrates a Bluetooth 4.0 communication chip of
CC2540, which supports remote control and code update
download through the Bluetooth communication. In our
experiments, we adopt the open-loop control scheme to
control the length of cables.

4.2 Experiment Results
According to the mechanical prototype and the simpli-
fied control method proposed above, relevant experi-
ments were carried out to analyze the bending and
shrinking motion of each segment (Additional file 2).
Figure 11 shows a series of screenshots of continuous
deformation toward left direction. In this case, two var-
iable structure mechanisms should control to the state
of Figure 11(a). Therefore,the cable A in the first seg-
ment and the cable C in the second segment are locked.
If the DC motor drives the cable C to contract, the
manipulator will bend to the left. Similarly, if two vari-
able structure mechanisms are the state of Figure 11(c).
The cable C in the first segment and the cable C in the
second segment are locked, the model will be bent to
the right direction under the force of the cable A. Fig-
ure 12 shows a series of screenshots of the continuous
deformation. It can be seen that the continuous bend-
ing motion of the model can be achieved. Meanwhile,

Figure 11 Series screenshots results of left bending
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Figure 12 Series screenshots results of right bending

o Al
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Figure 13 Series screenshots results of shrinking

we can also obtain similar considerable results if we
control the prototype to bend to other directions.

If both of two variable structure mechanisms are the
state of Figure 5, all four cables are released. The four
motors can drive four cables to shrink at the same time,
and the model will shrink along the axis. Figure 13
shows the model changes continuously during shrink-
age. It can be seen that the function of global shrinking
can be realized, but a certain side of bending occurs.
The reason for the result is that the shrink in the con-
trol of four cables is not synchronized. Meanwhile, dif-
ferent friction exists in the symmetrical structure. The
parameter error and the friction can be reduced by
using the better performance motor with a robust con-
trol algorithm.

The spatial position and deformation of the model are
determined by both the states of two variable structure
mechanisms and the length of four cables. In order to
verify the function of the variable structure mechanism,
we made the four cable-driven motors work in the same
way and control the rotation angle of cam to change
different lock-release states of two variable structure
mechanisms Figure 14(a) gives a series of screenshots
of the continuous deformation of the first segment
when both two variable structure mechanisms are con-
trolled to lock cable A and cable C. We found that only
the first segment is deformed while the other two seg-
ments have no deformation. If only the second variable
structure mechanism is controlled to lock cable A and
cable C as shown in Figure 14(b), the two segments are
deformed even though we give the same cable control.
If both two variable mechanisms keep release state, all
of the three segments would have motions. Figure 14(c)
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shows a series of screenshots of the continuous defor-
mation of all the three segments when the cables are
contracted.

In order to analysis different spatial positions and var-
iable motion patterns of three cases shown in Figure 14.
We supplied the same open-loop control scheme to
change the length of cables. In this experiment, the
changed length of cable is setting as 60 mm in all three
cases. Because the three cases have different states of
variable structure mechanism, different segments have
different motion configurations and spatial positions.
The experimental results of case 1 can be compared
with the corresponding simulation results by the tri-
angle markers described in Figure 15. After meshing
a series of screenshots of the continuous deformation
by the MATLAB, we can obtain the deformation val-
ues and configuration under different locking-release
states. The simulation and experiment results of three
cases are described in Figure 16. The displace of the
end-effector are approximately (—201,172), (— 160,
204), and (—120, 235) respectively under the three
states above. The offsets and configuration of the mod-
els under different variable structure states are differ-
ent, and the results have a negative correlation. The
more controllable the model is, the smaller the curva-
ture of the model is even though the same control of
cables is done. This verifies the effectiveness of the pro-
posed model with the variable structure mechanism.
The flexible manipulator is capable of achieving con-
tinuous deformation.

The experimental results can be compared with the
simulation results. The simulation results are described
in Figure 15 by the triangle markers. There are about 1-2
cm errors with the relative error less than 6.8% between
the simulation results and experimental results, through
the simple independent control of each segment using
the variable structure mechanism. The reasons for caus-
ing this error are manifold. The first reason is that there
is no sensor feedback and we only adopt the open-loop
control. The second reason is that we didn’t account for
those factors in applications, such as slack cables and
vibrating spring.

5 Conclusions

In this paper, inspired by the variable motion patterns
and muscle of the octopus tentacles, a flexible bio-tenseg-
rity manipulator was proposed to mimic the shrink-
ing behavior and achieve the variable motion patterns
of each segment. Some proof-of-concept experiments
were conducted to validate the feasibility and validity of
our proposed prototype. The following conclusions are
drawn:
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¢ Case 3: all three segments have deformation

b Case 2: two segments have deformation

Figure 14 Series screenshots results with different states of variable structure mechanisms
.
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Figure 16 Simulation and experimental results with different states
of variable structure mechanism

(1) The flexible bio-tensegrity manipulator com-
bines the elastic element spring and cable-driven
to mimic soft structure. Compared with other
cable-driven continuum robots, this flexible bio-
tensegrity manipulator not only shows the bend-
ing motion, but also can demonstrate the shrinking
motion that not featured in the other cable-driven
continuum robots. Meanwhile, the proposed
manipulator has the characteristics of Multi-DOF
and high flexibility, which extended their environ-
mental adaptability and manipulation capability.

(2) The main variable structure mechanism innova-
tively contains seven kinds of lock-release states to
achieve the lock and release of different cables. In
this way, we control the length of each cable and
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adjust the motion patterns of each segment. Com-
pared with other multi-section continuum robots
[25], the independent control of each segment is
realized under the conditions of without adding
more actuation power source.

(3) We then designed and fabricated a mechanical
prototype. One open-loop control method was
utilized to adjust the lock-release states and con-
trol the cable length. By this way, the flexible bio-
tensegrity manipulator can achieve the considerable
motion and the variable motion patterns. We also
perform some relative experiments, such as bend-
ing motion, shrinking motion, and variable mecha-
nisms motion, for demonstrating its high flexibility,
environmental adaptability, manipulation capability.

In the future, we need to integrate the system more
tightly with sensor devices and considerable control
scheme to fully demonstrate its abilities. We are also
considering to perform closed-loop feedback control to
realize more precise position and stiffness control. Mean-
while, those influence factors in applications which are
not analyzed here, such as slack cables, transmission
clearance, and vibrating spring, should be taken into
account. Moreover, the range of its speed and stiffness
within its workspace should be carefully evaluated and
directly compared with other existing research results.
In order to improve reliability and expand its application
area, modular design can be adopted. If each module can
be conveniently arranged in series and replaced, the reli-
ability of the whole manipulator will be greatly improved,
and this modularization is easy to be popularized.
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