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Active-Bending Six-Bar Tensegrity Modular Robot
Driven by Thin Artificial Muscles

Ryota Kobayashi', Hiroyuki Nabae!, and Koichi Suzumori

Abstract—Significant progress has been achieved in the devel-
opment of tensegrity robots with rolling capabilities. However,
because rolling robots operate passively due to gravity, they
are limited to certain environments. So, our aim is to enhance
the versatility of tensegrity robots by modularizing a six-bar
tensegrity structure, enabling the robot to operate in more diverse
environments. Thus far, we have developed an active and large
stretch module and a torsion module with six-bar tensegrity.
In this study, we present the design and development of an
active and large-bend module for a six-bar tensegrity robot using
thin McKibben muscles. Similar to the stretch module developed
previously, we employed the 4/3 muscle winding method to create
the bend module. This approach enabled approximately 45 deg
bending in six different directions. The arrangement of artificial
muscles within the bend module is identical to that in the
stretch module, allowing not only bending but also stretching and
contracting. Further, we successfully constructed a tensegrity arm
with bending functionality to demonstrate the capabilities of the
bend module. We also conducted a pick-and-place demonstration
using the arm to demonstrate the potential application of the
bend module.

Index Terms—Tensegrity, bending, thin McKibben muscle, soft
robot applications

I. INTRODUCTION

N recent years, many researchers have focused on the

flexibility and resilience of tensegrity structures and applied
tensegrity structures to robots [1]. Tensegrity robots are more
flexible and adaptable to their surrounding environments than
conventional rigid robots. Their structural design combining
rigid struts and flexible threads enhances their resilience,
setting them apart from other soft robots [2] comprising solely
of soft bodies and actuators [3][4]. These unique properties are
expected to make tensegrity robots useful in unknown spaces
such as outer spaces and caves, where flexibility to adapt to
the environment and resilience against obstacles are important
requirements [5][6].

Tensegrity robots using six bars have been extensively stud-
ied [5][7]. The six-bar tensegrity has the simplest configuration
of all spherical tensegrity, and this has enabled tensegrity
robots to perform the rolling operation [S][8][9]. However,
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because rolling robots operate passively due to gravity, they
are limited to certain environments. Although robots can now
climb inclines [10], it is difficult for rolling robots to move in
complex and intricate environments such as caves. A tensegrity
robot operating in a space such as a cave must perform
active movements. However, only few studies have focused
on tensegrity robots that perform active movements in a cave-
like space, and design methods for such robots are lacking.

Therefore, our aim is to establish a versatile design method
for tensegrity robots to develop a six-bar tensegrity robot that
can perform contraction, torsion, and bending [6][11]. Further-
more, employing a recurrent neural network (RNN), we aim to
realize shape recognition of the surrounding environment by
estimating the shape of the tensegrity robot [12]. We presented
a module that produces large stretches and contractions [6]
and another one that produces large torsions [11] using six-
bar tensegrity and thin McKibben muscles [13]. Each module
is realized by attaching 12 additional artificial muscles to the
six-bar tensegrity structure. An inchworm robot that adapts
to its surrounding environment using several stretch modules
and a tensegrity robot arm that moves torsionally using torsion
modules were also developed. Unlike conventional rolling
tensegrity robots, these developed robots are based on active
motion and can operate in a wide range of environments. In
addition to the stretch and torsion modules, a bend module is
also developed to enable the easy design of a tensegrity robot
based on the application in this study.

Thus far, several studies have developed tensegrity robots
that perform bending deformations [14][15][16][17]. However,
many bending deformations are passive deformations caused
by external forces [14][15][16] or are small bending deforma-
tions in a long series of tensegrities [16][17]. To the best of
the authors’ knowledge, there is no research on active large
bending deformation in the six-bar tensegrity considered in
this study. A modular robot, which aims to actively operate in
a complex environment, is necessary to realize an active large
bending deformation.

This paper describes the bend module developed by ex-
tending the stretch module. The configuration of the bend
module mirrors that of the stretch module, comprising a
six-bar tensegrity framework and an arrangement of 12 thin
McKibben muscles based on the 4/3 muscle winding method
[6]. By activating different combinations of actuators, the
stretch module can also function as a bend module. The
utilization of lightweight thin McKibben muscles enables the
development of robots that are significantly lighter than those
reliant on motors or pneumatic cylinders. Furthermore, the
pliable nature of the actuators enables the robot to exploit the
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Fig. 1. Six-bar tensegrity used in this study with names and set variables for
vertices. The bend of six-bar tensegrity indicates that a tilt exists between the
two blue planes.

inherent flexibility of tensegrity structures.

The contribution of this work is establishing the design
method of a bend module for a soft tensegrity robot using
thin McKibben muscles. Additionally, a tensegrity arm with
bending manipulation was constructed to demonstrate the
capabilities of the bend module.

The remainder of this paper is organized as follows: Section
II describes the concept of bending deformation and the design
of the bend module; Section III describes the tensegrity arm
created as an application using the bend module; and Section
IV presents the conclusions and future plans.

II. DESIGN OF BENDING SI1X-BAR TENSEGRITY
A. Concept for bend module

The bending deformation of the six-bar tensegrity is defined
as the tilt between A1BICl and A3B3CZ, as illustrated in
Fig. 1. The six-bar tensegrity is a structure that is symmetrical
in three directions. Therefore, if bending deformation can
be produced in one direction with artificial muscles placed
symmetrically, bending deformation can be achieved in at
least three directions. However, artificial muscles cannot be
stretched when external forces are applied [18][19]. Therefore,
artificial muscles placed to achieve bending in one direction
can induce length constraints on bending deformations in other
directions, inhibiting deformation. Therefore, this interference
needs to be prevented to ensure that bending can be achieved
in multiple directions in one module. Thus, considering both
the symmetrical arrangement of the artificial muscles to the
structure and the interference of the artificial muscles are
important when designing a bend module. Therefore, in this
study, a bend module is developed by extending a stretch
module designed considering the interference caused by the
length of the artificial muscles [6].

The stretch module uses a new method of artificial muscle
arrangement called 4/3 muscle winding [6]. This method is
based on the idea of winding an artificial muscle around an

Rubber thread

Fig. 2. Two artificial muscles that affect the height displacement of A% when
using the 4/3 muscle winding method. To provide an upward displacement
to A%, the artificial muscle in (a) should be driven, and for a downward
displacement, the artificial muscle in (b) should be driven.

isosceles triangle (e.g. A{C1C3(Fig. 2(a))) that consists of
the endpoint of one strut (A1), another strut (C}C?), and
two rubber threads (A}1C}, A{C?%) within a six-bar tensegrity,
which collapse when the artificial muscle is driven; the strut is
made to contact with the endpoint of the strut. In Figs. 2 and 3,
the vertices of the isosceles triangle around which the artificial
muscle to be driven is wound are indicated by round marks.
Stretching and contraction deformations can be achieved by
combining this triangular collapsing motion [6]. The six-bar
tensegrity consists of six struts and 12 strut endpoints, with
each endpoint having an isosceles triangle where the 4/3
muscle winding method can be applied. Therefore, the stretch
module contained 12 artificial muscles surrounding each of the
12 triangles. It was described in [6] that contraction deforma-
tion can be achieved by driving 6 of the 12 artificial muscles,
and extension deformation can be achieved by driving the
other 6 artificial muscles. In this study, bending deformation
was achieved by changing the combination of the 12 artificial
muscles.

A} was used as an example to consider the effect of a
single artificial muscle on the height displacement of the strut
endpoints. The two artificial muscles that significantly affected
the displacement in the height direction of A} are shown in
Fig. 2(a, b). The two artificial muscles are arranged to surround
A1CiC? and A2C3C3, respectively. As shown in Fig. 2(a),
when the artificial muscle contracts, A% receives a pull in the
direction toward C1C%; thus, A} receives an upward force. The
artificial muscle shown in Fig. 2(b) is contracted, A? receives
a pull in the direction of C3CJ}. Meanwhile, strut A}A? is
subjected to a downward force, and A% receives a downward
force. Therefore, to displace A} upward, the artificial muscle
in Fig. 2(a) should be driven, and to displace A} downward,
the artificial muscle in Fig. 2(b) should be driven. Thus, the 12
artificial muscles in the structure can be considered artificial
muscles that provide upward and downward displacements to
the six endpoints of the struts located at the top and bottom
of the structure, respectively.

Pneumatic pressure must be applied to the six artificial
muscles to displace the endpoints of the top and bottom
surfaces for producing a deformation that brings the top and
bottom surfaces of the structure closer together, as indicated by
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Fig. 3. Artificial muscles to be driven and the deformation at that case.
When the artificial muscle is activated to apply the arrow displacement as
shown in (a) and (b), the deformations contract as shown in (d) and stretch as
shown in (e). The bend deformation (f) can be caused by applying the arrow
displacement shown in (c).

the arrows in Fig. 3(a). The deformation illustrated in Fig. 3(d)
is the deformation that performs the large axial contraction
introduced as Pattern 1 in [6]. Furthermore, when pneumatic
pressure is applied to the six artificial muscles to displace
each endpoint, as indicated by the arrows in Fig. 3(b), the
deformation, as shown in Fig. 3(e), shows the deformation that
performs large axial stretching; it is introduced as Pattern 2 in
[6].

To generate bending deformation in the structure using 4/3
muscle winding method, pneumatic pressure should be applied
to the artificial muscles for displacing each end point as shown
by arrows in Fig. 3(c) to provide a tilt between the top and
bottom triangles. Bending in other directions can be achieved
by rotating or reversing the artificial muscle arrangement
shown in Fig. 3(c).

B. Static simulation

As regards the tensegrity analysis, two distinct approaches
have been pursued: static analysis [20], which addresses
rigidity and stability from a mathematical perspective, and
dynamic modeling [21] [22] [23], which handles the dynamic
behavior of tensegrity structures subjected to external forces.
Recently, the finite element method (FEM) has also been
applied for this purpose [24]. In this study, performing a
coupled analysis of the force characteristics of the artificial
muscle with a conventional tensegrity structural analysis is
necessary when considering the force balance of a tensegrity
structure integrated with an artificial muscle. Therefore, the
authors performed numerical static analyses based on the
potential energy in [6] and [11]. In this study, the similar
statistical analysis was used.

The arrangement of the six artificial muscles used to pro-
duce the displacement as shown in Fig. 3(c) as follows: The
vertices of the six isosceles triangles surrounded by the six
driven artificial muscles are indicated by round marks in

Fig. 3(c), and they are symmetrical about u-axis that passes
through the center of gravity of A?BiC} and the center of
gravity of AJBZC?. Therefore, the six artificial muscles were
arranged symmetrically about u-axis. In [11], a method for
static simulation of structures when driving artificial muscles
symmetrically along one axis is described. This method was
applied to simulate the bending deformation.

The rubber thread used for the tensegrity structure in this
study is the same as that used in [11]. The rubber threads
within the tensegrity structure exhibit slackening upon defor-
mation. To take this into account in the simulation, a functional
relationship between the load and length of the rubber was
derived, ensuring that the load diminishes to O N when the
rubber thread shortens below its natural length in [11]. The
same values and function were adopted herein for the static
simulation. In addition, thin artificial muscles (EM40-1, s-
muscle) with force characteristics shown in Fig. 4 are used.

As an example of a simulation of the bending deformation,
Fig. 5 shows the analytical results for the deformation of a
tensegrity structure whose natural rubber threads length are
50 mm. The endpoints located at the top and bottom of the
structure are displaced in the direction indicated by the arrows
in Fig. 3(c), and a large bending deformation is observed
in the structure as a whole. As with the stretch module [6],
artificial muscles are considered to be sagged at 1.1 times the
length of the path length to be placed; further, the simulations
assume that artificial muscles do not affect the structure when
they are sagged. Therefore, the structure did not deform up
to approximately 0.18 MPa. In actual tensegrity structures,
the positional relationship between the struts changes with
the increase in applied air pressure. Upon reaching a specific
air pressure threshold, the struts come into contact with one
another, effectively curtailing any further deformation of the
entire structure. This phenomenon was taken into account
during the simulation. A strut diameter Dy, and an activated
artificial muscle diameter D, ,sc1e must be considered owing to
the presence of two artificial muscles subjected to pneumatic
pressure between A1A2 and B3B} in Fig. 3(c), along with
the volume occupied by the strut. The distance between struts
ALA3 and B3BJ can be expressed as follows:

L (43— A} < (B3 - BY) - (B3 - 43)|
(A3 — A3) x (B — By)|
Consequently, the simulation was stopped when the distance

between struts A3A3 and B3B1 described as d reached the
maximum separation dp,,y given by

(D

dmax = Dstrut + 2Dmuscle- (2)

In this case, Dgiryt and Douscie Were set at 6 mm and 8 mm,
respectively, resulting in a dpax of 22 mm as per Eq. (2).
Thus, when the distance d defined by Eq. (1) reached 22 mm,
the simulation was terminated and the bending angle of the
tensegrity structure at pressures above the pressure causing
contact was set to match the bending angle at contact. For
example, Fig. 8 shows that during the simulation the struts
get in contact under a pressure of approximately 0.24 MPa
and a bending angle of 48 deg. Thus, for pressures exceeding
0.24 MPa, the bending angle remained fixed at 48 deg.
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Fig. 4. Force characteristic of thin artificial muscles used in this study.
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Fig. 5. Simulation result of bending deformation with respect to the pneumatic
pressure applied to thin artificial muscles. Artificial muscles are attached in
slack conditions and the structure is not deformed up to 0.18 MPa.
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Fig. 6. Bending angle of the bend module with respect to the natural length
of the rubber thread when 0.4 MPa is applied to the artificial muscles.

C. Case studies for the bend module design

As shown in [11], the relationship between the generated
force and the strain of the rubber thread is highly nonlinear.
Therefore, in this study, the natural lengths of the rubber
threads are optimized by simulations and experiments using an
actual structure; a design method for pre-stretching the rubber
thread is described.

The natural lengths of rubber threads comprising the tenseg-
rity were varied, and in each case, the bending deformation
was simulated based on Sections II-A and II-B. Furthermore,
the bending angle of the tensegrity structure was experimen-
tally confirmed when pneumatic pressure was applied to artifi-
cial muscles at 0.4 MPa. Notably, the deformation increased as
the pressure raised; hence, although higher pressure levels are
desired, pressures above 0.4 MPa tend to cause the breakage
of the artificial muscle. As a result, the designated air pressure
for utilization is set at 0.4 MPa. It is desirable for the bending
angle to be substantial under this specific pressure application
to the artificial muscles. Considering this, the pressure was
maintained at 0.4 MPa. In this study, the angle of bending
deformation O of the tensegrity structure is defined by Eq. (3).

O = tan~! (”) : 3)
la = (a-n)n|
where a represents the vector from the center of gravity of the
top triangle to A2, which is displaced upward, and n represents
the normal vector of the bottom triangle as defined by the
following equation:

a:Ag—%(A§+B§+C§),
n= (B} — A}) x (Cf — A7) )

Equation (3) computes the angle of the slope of a to the
bottom triangle AIB1C1 using Eq. (4). This is because us-
ing the angle between the top and bottom triangles of the
tensegrity structure can lead to errors caused by the addition of
inclinations in other directions in the actual device. Therefore,
Eq. (3) was used in both the simulations and the experiments.

The bending angle of the tensegrity structure when the
artificial muscle is driven relative to the natural length of the
rubber thread is shown in Fig. 6. To obtain the experimental
values, the deformation of the structure is measured five times,
and the error bars represent the standard deviation of the
measured data. Figure 6 shows that the bending angle of the
tensegrity is small when the natural length of the rubber thread
is short; the bending angle of tensegrity tends to be constant
as the natural length of the rubber thread increases to a certain
length. Therefore, in an actual machine, a natural rubber thread
length of 50 mm or more would cause sufficient deformation.
However, the deformation of the tensegrity structure caused
the rubber thread to sag more easily when the natural length
of the rubber thread is long. Our goal in environmental shape
recognition using tensegrity structures is to estimate the shape
of tensegrity structures using the resistance value of a rubber
thread, and therefore, it is preferable for the rubber thread not
to sag. Therefore, the natural length of the rubber thread was
set as 50 mm for this prototype.

The degree of force generated by the rubber threads was
considered in the design. In Fig. 6, the bending angle decreases
when the natural length of the rubber thread is short. This
is because the force generated by the rubber thread is so
large that the force of the artificial muscle cannot deform
the tensegrity structure. The most elongated rubber thread at
P = 0.24 MPa in Fig. 5 is 95.8 mm, which is approximately
1.20 times the initial length of 79.6 mm of the rubber thread in
the initial condition (P = 0.00 MPa). Therefore, in the case
of a rubber thread with a natural length of 40 mm, the strain of
the most elongated rubber thread is approximately 2.4 times
larger, and the generated force is extremely large, as shown in
[6]. Therefore, it was experimentally confirmed that the natural
length of the rubber thread should be designed such that the
force generated by the rubber thread is approximately 5 N,
smaller than the force generated by the artificial muscle, while
considering that the rubber thread elongates approximately
1.20 times in the simulation. The length of the most elongated
rubber thread, shown in Fig. 3(d), is 90.9 mm, and the length
of the most elongated rubber thread in Fig. 3(e) is 108 mm,
which are 1.14 and 1.37 times the initial state, respectively.
These values should be used to determine the natural length
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Fig. 7. (a) Initial state of the bend module and (b-i) deformation of the bend
module. The method of driving the artificial muscles is shown at the upper
right of each picture. (b) Contract deformation. (c) Stretch deformation. (d-i)
Bend deformation in six different directions.
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Fig. 8. Bending angle of the bend module with respect to the pneumatic
pressure applied to artificial muscles.

of the rubber thread used in the design of the contract, stretch,
and bend modules.

The prototype tensegrity structure used to obtain the results
in Fig. 6 is shown in Fig. 7(a). In this study, stainless-
steel pipes with an outer diameter of 6 mm, inner diameter
of 54 mm, and length of 130 mm were used as struts
of the tensegrity structure. An artificial muscle with force
characteristics shown in Fig. 4 is used as the actuator. A
version of the components used in [6] with a larger hole
was used for the connection between the strut and the rubber
thread.

The deformation caused by the artificial muscles of the
tensegrity structure with the optimized 50 mm rubber thread
is shown in Fig. 7(b-i). The artificial muscle arrangement
of the bend module in this study is exactly the same as
that of the stretch module [6], and therefore, the contraction
and stretching deformations shown in Fig. 7(b) and (c) are
possible. Figure 7(d-i) shows the bending deformation of
the tensegrity proposed in this study. For each deformation,

pneumatic pressure is applied to artificial muscles for dis-
placing the endpoints, as indicated by the arrows in the
respective upper-right figures. There are six ways to produce
bending deformation, as shown in the upper right diagram of
Fig. 7(d-i). These six deformations can be matched by rotating
or flipping them, as shown in Fig. 5. Thus, the bending angles
of the six deformations are all equal in the simulation.

The change in the bending angle when pneumatic pressure
is applied to the artificial muscle of the tensegrity with a
natural rubber thread length of 50 mm is shown in Fig. 8.
A hysteresis existed between the pneumatic pressure applied
to the artificial muscle and the bending angle of the tensegrity
in the direction indicated by the arrow in the figure. When the
pneumatic pressure of 0.4 MPa was applied, the structure bent
approximately 43 deg. However, the differences observed in
Figs. 6 and 8 between the experimental and simulated results
can be attributed to two primary factors. First, the influence
of friction at the bending points of the artificial muscles. As
depicted in Fig. 2, the configuration of the artificial muscle
can generate high levels of friction during bending, which
is not appropriately captured in the simulation, resulting in
unaccounted resistance during the experiment. Second, the
hysteresis observed in the force response of both the artificial
muscles and the rubber threads, as shown in [11] and Fig. 4.
The intricate hysteretic load-strain relationship is omitted from
the simulation, causing a disparity between the predicted and
actual behaviors of the structure.

The bending angles of the bend module developed in this
study were compared with those of the tensegrity in other stud-
ies. The longer the axial length of the tensegrity ¢, the greater
is the bending angle. The larger the diameter of tensegrity d,
the smaller is the bending angle. For this reason, comparisons
were conducted using the normalized bending angle, obtained
by dividing the bending angle after deformation by ¢/d of
the pre-deformation tensegrity. If the length of the strut is L,
the height of a single six-bar tensegrity ¢ is v/3L/2 and the
diameter d is v/42L /6. Therefore, by dividing 43 deg by ¢/d,
the bending angle normalized by ¢/d for the bend module
in this study is approximately 54 deg. The ¢/d value of the
tensegrity of [16] is approximately 2.4 from Fig. 2E of [16],
and the bending angle is approximately 90 deg from Fig. 2H
of [16]. Therefore, the bending angle normalized by ¢/d is
approximately 38 deg. The pre-deformation ¢/d values of the
tensegrity of [17] are approximately seven from Fig. 3 of [17],
and the maximum bending angle is less than 180 deg from
Fig. 11 of [17]. Therefore, the bending angle normalized by
¢/d is less than 26 deg. Therefore, the bending angle of the
bend module developed in this study are 1.4 and 2.1 times
larger than the bending angles of the tensegrity structures in
the previous studies.

III. DESIGN, EVALUATION, AND DEMONSTRATION OF
TENSEGRITY ROBOTIC ARM WITH THE BEND MODULE

A. Design and development

A bendable tensegrity robotic arm is fabricated by con-
necting two bend modules, I and II, as shown in Fig. 9(a).
The modules are connected to each other so that the two
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Fig. 9. (a) Developed tensegrity arm consisting of two bend modules. The
two structures are connected so that they are mirror images with respect to
the plane of symmetry. (b) Bending deformation when 0.4 MPa is applied to
the artificial muscles. (¢, d) Motion capture markers attached to the tensegrity
arm.

modules have a plane-symmetrical relationship. The top and
bottom triangles are equilateral triangles in the tensegrity
structure with no artificial muscle drive. However, the lengths
of the three sides of the top and bottom triangles differ when
the pneumatic pressure is applied to the artificial muscle.
Therefore, depending on the method used to connect the bend
modules, an extra force may be applied to the connection.
Therefore, pneumatic pressure is applied to the artificial mus-
cle to deform the two modules such that they are in a mirror
image relationship with the boundary of the two modules as
the symmetry plane. Modules I A2 and II A, I B2 and II
B}, and I C3 and II C} are tied together using rubber threads.
Each arm weighed 412 g. The root of the arm (i.e., AIBIC1
in module I) is fixed to the board, as shown in Fig. 9(a).

Figure 9(d) shows that a triangular component fabricated
using a 3D printer is attached to the tip of Module II. A hook
is attached to the center of the triangle, from which a weight
can be suspended. In addition, three motion capture markers
were attached to the board on which the arm was mounted,
and three motion capture markers were attached to the tip of
the arm, as shown in Fig. 9(c, d). By measuring the positions
of these markers, it is possible to measure the position of
the arm tip when the tensegrity is deformed, as shown in
Fig. 9(b). Figure 9(b) shows conditions of the tensegrity arm
when 0.4 MPa is applied to the artificial muscle.

B. Evaluation under no load

There are six methods to drive the 12 artificial muscles
for the bending deformation of one module, as shown in
Fig. 7(d-i). So, there are also six bending methods for the arm.
One deformation that displaces only one of the tip triangles
upward is shown in Fig. 10(a), and the one that displaces
two of the tip triangles upward is shown in Fig. 10(b). The
positions of the motion-capture markers at the tip of the arm
shown in Fig. 9(d) are indicated when 0.0 MPa, 0.2 MPa,
0.3 MPa, and 0.4 MPa are applied to the artificial muscles.
The pneumatic fitting shown of [6] is used, and pneumatic
pressure is supplied to all artificial muscles to be driven by a
single pneumatic hose.

The six positions of the arm tip under six different bending
deformations are shown in Fig. 10(c). These are the positions
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Fig. 10. Trajectory of the arm tip when the pneumatic pressure is varied.
There are two patterns shown in (a) and (b). As shown in (c), the arm tip can
move in six directions.

of the motion-capture markers at the arm tip when 0.4 MPa
is applied, indicating that bending in six directions can be
realized. In Fig. 10(c), one of the triangles at the tip with one
point displaced upward (Fig. 10(a) pattern) is red, and the two
points displaced upward (Fig. 10(b) pattern) are blue.

The magnitudes of the bending angles of the deformations
for the patterns shown in Figs. 10(a) and 10(b) are different.
The average deformation bending angles in the three directions
for each pattern are 83.2 deg for the pattern shown in Fig. 10(a)
and 75.8 deg for the pattern shown in Fig. 10(b). The bending
angle is defined as the angle between the planes consisting
of motion captures of the three points in Fig. 9(c) and the
plane consisting of the motion capture of the three points in
Fig. 9(d). The bending deformations in a single structure are
ideally equal, as shown in Fig. 7(d-i). However, it is possible
that triangular restraints at the tips and root of the arm affect
the bending deformations.

C. Evaluation with load

Changes in the bending angle of the tensegrity arm were
recorded when the weight was hung from the tip of the arm
after the arm was bent using an artificial muscle. The artificial
muscles are first subjected to a pneumatic pressure of 0.4 MPa,
which causes the deformation illustrated in Fig. 10(a). Subse-
quently, weights of 100 g each are incrementally added up to
a total of 600 g. Thereafter, the weights are removed one by
one. Throughout this process of adding and removing weights,
the corresponding bending angles are measured and recorded.
The displacement of the arm bending angle with respect to
the moment of force applied to the base of the arm by the
weight is shown in Fig. 12. Although the mass of the tensegrity
arm is 412 g, the displacement angle is 23 deg (the initial
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Displacement
caused by the load

Total weight = 600 g
(100 g each)

Fig. 11. Deformation when a total weight of 600 g is suspended at the tip
of the arm with the arm bent.
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Fig. 12. Bending angle displacement of the arm when a moment is applied
to the root of the arm by a weight.

bending angle is 83.2 deg), even when subjected to a moment
of 700 Nmm. The bend module can be used to manipulate
objects that are 1.5 times heavier than their own weight against
gravity.

D. Demonstration

Figure 13(a) shows that the tensegrity grip module described
in [11] is attached to the tip of the robot arm. The tensegrity
robot arm presented in [11] combines contract module as well
as grip and torsion modules. However, the bend module can
perform not only bending deformation but also contraction
deformation; therefore, it can assume the function of a contract
module without a stand-alone contract module. This grip
module is approximately 70 g, which is within the range of the
load from the weights tested in III-C, and a sufficient bending
deformation of the arm is expected, when considering the
increased moment of force caused by the shift of the center of
gravity of the grip module. Then, a demonstration is presented
to pick and place a ball with a diameter of 40 mm and a weight
of approximately 2.3 g.

The experimental setup is illustrated in Fig. 13(a), where a
rail made of an aluminum frame is placed on the lower side
of the arm to line up the balls. The second and subsequent
balls rolled downward when the first object is lifted by placing

| (I, II) Bend module

It can bend and contract.

[T Grip module]

Fig. 13. Demonstration of the tensegrity arm with grip module attached to
pick and place the balls. (a) Initial state. (b) Down the arm and grip the ball.
(c) Lift the arm. (d) Move and sort balls according to their colors in three
directions. (e) Release the ball.

the rails at an angle. This ensures that the object is always
present on the underside of the arm and that the object can
be continuously picked by the arm. In addition, 13 pneumatic
hoses are attached to the arms. Between the two modules,
artificial muscles, which are mirror images of each other
with respect to the plane of symmetry shown in Fig. 9(a),
are connected by pneumatic hoses. 12 pneumatic tubes are
attached to apply pneumatic pressure to each pair of artificial
muscles. The remaining pneumatic hose is used to drive the
grip module. A total of 13 solenoid valves were used to
determine which pneumatic hoses would apply the pneumatic
pressure.

A demonstration of sorting each of the three colored balls
from the rail into cups positioned in the three directions is
presented. In the initial state, as shown in Fig. 13(a), bend
modules I and II are in a contracted state. First, the arm tip is
displaced downward by releasing pneumatic pressure from the
artificial muscles of the bend module, as shown in Fig. 13(b).
After 0.5 s, the ball is grasped while the grip module is driven.
After 0.5 s, the ball is lifted by contracting the bend module, as
shown in Fig. 13(c), and after another 0.5 s, the ball is moved
to the upper side of the cup by driving the bend module in the
direction that matches the color, as shown in Fig. 13(d). 0.5 s
later, the ball is released by the grip module and placed in a
cup, as shown in Fig. 13(e). Then, after 0.5 s, it returns to the
state shown in Fig. 13(a), and 1.0 s after that, it deforms as
shown in Fig. 13(b). This enables a continuous pick-and-place
operation, and it takes 3.5 s per each ball sorting. However, the
arrangement of the tri-color balls is pre-established. Therefore,
the robotic arm simply follows a predetermined sequence and
no visual closed-loop control is performed. As shown in the
supplementary video file, each of the three colored balls can
be sorted into cups arranged in three different directions.

IV. CONCLUSION

This study described the achievement of active and large
bending deformations of six-bar tensegrity. The stretch module
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developed in [6] was extended to realize an active bending
deformation of approximately 45 deg in each of the six
directions. The module has 12 attached artificial muscles, and
it was shown by changing the combination of the driven arti-
ficial muscles; the structure as a whole can perform bending,
contraction, and stretching deformations.

A robot arm was fabricated using the bend module, and
the deformation was checked when no load was applied and
when load was applied. The mass of the tensegrity arm
integrated with the thin artificial muscles was as light as 412 g;
however, it was shown that the displacement was limited to
approximately 20 deg even when a 600 g weight was hung
while the arm was bent by approximately 80 deg. Furthermore,
a ball pick-and-place operation was performed by attaching
a grip module weighing 70 g to the end of the arm, which
demonstrated one of the applications of the bend module.

In future, we plan to realize a tensegrity robot that can
explore unknown environments by modularizing the “stretch,
contract, torsion, and bending” functions that have been real-
ized so far. We plan to recognize the shape of the surrounding
environment from the robot’s own shape estimation using an
RNN as the robot progresses through the environment.
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