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Inflated Bendable Eversion Cantilever Mechanism
with Inner Skeleton for Increased Stiffness
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Abstract—Inflatable structures used in soft robotics
applications have unique characteristics. In particular, the tip-
extension structure, which extends the structure from its tip, can
grow without creating friction with the environment. However,
these inflatable structures need high pressure to maintain their
stiffness under various conditions. Excessive inner pressure
limits their application in that it prevents the structure from
maintaining its curved shape and from complying with
specifications. This study aimed to simultaneously lower the
pressure and increase the rigidity of the structure. Our work
resulted in the proposal of a mechanism that combines a skeleton
structure consisting of multi-joint links with functions to
increase the rigidity. Insertion of this mechanism into an
inflatable structure obviates the need for high inner pressure, yet
enables the structure to bend and maintain the intended shape.
We devised a design based on rigid articulated links and
combined it with a membrane structure that utilizes the
advantages of the tip-extension structure. The experimental
results show that the payload of the structure designed to
operate at low pressure increases compared to that of the
membrane-only structure. The findings of this research can be
applied to long robots that can be extended into open space
without drooping and to mechanisms that enable structures to
wrap around the human body.

Keywords—Soft Robot Materials and Design, Mechanism
Design, Compliant Joint/Mechanism

I. INTRODUCTION

Soft robotics, in which a soft, compliant part is in contact
with the environment, has many advantages that cannot be
realized using conventional rigid mechanisms. One such
advantage is that the body is deformable; hence, precise
positioning is unnecessary [1]. In addition, their performance
is highly stiff (equivalent to that of rigid materials) by applying
huge pressure in a limited application, even though they are
fabricated using soft materials.

Among soft robotics, inflatable structures, which are
composed of flexible membranes, allow a large body to be
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Figure 1. (a) High payload eversion mechanism to support human body
posture (b) Low frictional insertion into under arm by tip extension
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Figure 2. (a-1) Bellows type extension actuator (a-2) Eversion
membrane (b) Eversion membrane with skeleton

stored in a small space [2], as shown in the concept in Fig. 1.
An inflatable structure consists of a flexible membrane that is
pressurized in an enclosed space in order to expand to form a
structure that is more rigid than the membrane. In particular,
in contrast to the bellow-like extension mechanism shown in
Fig. 2 (a-1), the tip-extension structure [3][4] can extend into
a narrow space without friction between the structure and the
object (Fig. 2 (a-2)).

Several methods have been proposed to improve the
functionality of advanced structures; for example, by installing
actuators and devices with rigid bodies inside an eversion
robot. Coad et al. [S] showed that the membrane structure
experienced buckling during retraction; they solved this
problem by attaching a tip-winding mechanism. Haggerty et al.
[6] proposed a method for expanding the workspace in which
a bending motion is added to the winding mechanism. The
design of these methods is more complicated than that of
methods that use only a membrane structure (intended to
extend through a confined space). However, these methods
can be applied to a wide range of possible applications of
advanced inflatable structures. Our research group previously
proposed a tip-extension structure, the extension of which is
driven by a liquid, to increase the friction against the floor and
maintain the shape of the structure [7]. The soft structure was
equipped with an internal tube-type steering mechanism to
select a path with an arbitrary shape [8]. Structures such as
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these have been shown to be effective in search applications in
narrow areas, owing to their particular characteristics.
Conversely, compliance and movements, such as the extension
and curvature of the tip, are considered to be effective for
applications that preclude the use of excessive force, such as
those involving structures that make contact with the human
body. These applications entail wrapping a soft structure
around an irregularly shaped object to support the object. We
conceived a mechanism to assist human walking using an
inflatable structure as a cantilever to support a person’s weight
to enable them to stand upright or to hold them in position in a
chair, with the final concept shown in Fig. 1.

However, an inflatable structure driven by liquid or air
requires considerably greater pressure to acquire the necessary
stiffness or force in situations where firm support such as the
ground is not available to provide a reaction force similar to
that of a cantilever. This is because the mostly inflatable
structure is composed of a thin sheet material, which requires
high pressure to suppress wrinkling and greatly reduces
rigidity. For example, a cantilever with a diameter of 110 mm
and length of 450 mm, supporting a 60 kg human at the tip,
requires a pressure of 1.01 MPa (Eq. (40) in [9]). However, an
increase in stiffness via pressurization inhibits compliance and
bending capability. Inflatable structures exhibit isotropic
stiffness; therefore, if they are less likely to bend in the
direction of the load application, they are also unlikely to bend
in other directions. Although it is possible to integrate a
bending mechanism with an eversion robot [10][11], a strong
force is required to deform a large curvature under pressure
sufficiently high to support the strong force, and the structure
exhibits low compliance with respect to contact with the object.
This can be solved by changing the structure to a
preprogrammed bending shape. However, the inability to
accommodate human bodies of different sizes remains
problematic. Do et al. [12] proposed a method for increasing
the stiffness of the membrane structure after it undergoes
eversion. In this structure, the membrane itself has the shape
of a bag, multiple sheets are inserted into the bag, and the
stiffness of the membrane changes according to the friction
generated when the pressure inside the bag is changed.
Although this method enables the payload to be increased
compared to the conventional single-layer membrane structure,
part of the structure must be soft to allow the body to bend. In

Figure 3. Example of configuration of links and membrane: (a) Links without separate fold back move toward the membrane (b) Folded links with yaw
rotation, but with difficulty bending both ways with only a single wire (c) Proposed structure with folded links that enable pitch rotation

addition, the curvature of the robot is limited by the number
and size of segments. Loh et al. [13] and Nakamura et al. [14]
proposed a finger structure that uses this tip-extension
structure mainly in nursing care. However, the structure had a
limited range of motion because it was limited to the tip and
assumed contact with the floor.

In this study, we propose a mechanism that combines a
skeleton structure consisting of multi-joint links with functions
to increase the rigidity and bending motion of a soft structure
(Fig. x(b), Fig. 1). This mechanism can achieve the same level
of load-bearing capacity as a robot with a rigid structure, and
it also combines the softness of the surface and the features of
the motion tip-extension structure, enabling an extension of
the structure with a low degree of sliding in the environment.
This structure includes a rigid articulated link inside the
membrane structure, as shown in Fig. 3(c), which acts
according to the membrane during the extension motion. The
use of articulated links does not interfere with the flexible
movement of the membrane and assists the load-bearing
capacity at low pressures. To enable the structure to support
heavy objects and to undergo extension and bending motion
without contacting the ground, this structure has the ability to
engage in three types of motion, as shown in Fig. 4 and Fig. 5:
withstanding a gravitational load, actively bending in the
horizontal direction, and maintaining the curved shape of the
body. We devised a method to design rigid articulated links
and combined these links with a membrane structure that
utilized the advantages of the tip-extension structure. In
addition, we experimentally verified the basic characteristics
of the function of the proposed mechanism by constructing a

prototype.

The remainder of this paper is organized as follows.
Section II explains the design theory of the articulated links of
the proposed tip extension structure. In Section III, we describe
the design of the robot with articulated links and the fabricated
membrane. Section IV presents the experiments using the
robot, and Section V discusses the results and limitations of
the robot as well as the scope for future improvements. Section
VI summarizes the results and concludes the paper.

II. EVERSION MECHANISM WITH SKELETON

To realize the functions shown in Fig. 4, the proposed tip-
extension structure includes custom-designed joints in the
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articulated links, as shown in Fig. 6. This motion is intended
for situations in which a heavy, soft object with an undefined
shape, such as a human body, is gently clasped and held, as
shown in Fig. 1. In this situation, low-friction extension of the
tip is necessary while the tip is in contact with the object,
particularly when it is difficult to contact the bottom of the
mechanism to support its own weight. After the structure has
curved and deformed to fit around the object, it should
maintain its curved shape such that force does not need to be
applied continuously and damage to the object can be
prevented. A method for changing the interjoint angle of an
articulated link using a tip-mounted mechanism was proposed
[15][16]. However, the tip-mounted mechanism increases the
deflection because of its weight, and the size of the tip-
extending structure also increases. In addition, in the proposed
mechanism, a membrane is attached to the rigid skeleton to
allow entry while pushing through a narrow gap. After the soft
membrane-only part at the tip of the eversion mechanism
enters the gap before the skeleton, a force is applied in the
direction that widens the gap to make space for the skeleton to
pass through. This function is suitable for relatively
deformable objects such as a human arm. The design of the
proposed articulated links and configuration of the membrane
combination is explained as follows.

A. Basic Configuration of Articulated Links and Soft
Membrane Structure
In this study, the articulated links and the membrane
structure are only tied together in one link, not fixed to the
whole skeleton, and the joints were bent in the pitch direction

at the tip while extending from the tip of the membrane in
accordance with the folding (Fig. 3(c)). The articulated links
and the membrane structure can be combined using several
methods; however, in this study, this configuration was
adopted for the following reasons.

First, the articulated links must be moved simultaneously
to the membrane and extended while folding back at the tip to
ensure that the lifting task can be performed safely. If the
articulated links were to move separately from the membrane
without folding back at the tip [17], as shown in Fig. 3(a), the
extension of the links would have to be controlled based on the
measured membrane feed because the extension of the
eversion structure is half that of the membrane feed. In
addition, the membrane that is in contact with the object may
slip against the load-bearing articulated links, and the object
may not be held securely.

The folding direction at the tip of the articulated links was
assumed to be in the pitch direction (gravitational direction).
For a structure intended to fold in the yaw direction (Fig. 3(b)),
the rotation axes of the joints should all be in the same
direction. However, it is difficult to bend the entire structure
using a single bending operation, such as that accomplished
using a pulling wire. This is because the generation of torque
at each joint for the entire bending process would result in the
inner and outer links bending in opposite directions. In
addition, for insertion under the human arm, the structure
needs to be narrow. Therefore, we decided to use the links with
the pitch and yaw joints, and the fold was set along the pitch
axis direction (Fig.3(c)). In this structure, the pitch joint
cannot be completely free of rotation because it must support
the load in the direction of gravity. This problem was solved
by limiting the rotation range. As shown in Fig. 4, it can be
rotated upward by a maximum of 90° to enable folding,
whereas it does not rotate downward to support the weight.
These links can constrain the displacement in only one
direction; however, both upward and downward displacements
can be constrained by placing the articulated link in a folded
position.

In a conventional eversion robot composed of only a
single-layer membrane, buckling occurs during the retraction
motion and can be prevented by controlling the stiffness of
the proposed link mechanism. The tension required for the
eversion robot to retract increased in proportion to the
pressure. However, even with pressurization, the prevention
of buckling is limited, and depending on the length ratio, it
can retract[5]. Hence, it is difficult to prevent buckling using
only a membrane structure. In contrast, the proposed
mechanism can maintain rigidity as it includes articulated
links; thus, retraction can be realized with low-pressure
retraction tension. The articulated links were designed by
geometrically constraining vertical buckling by the angular
limit of the links, which prevents buckling. Buckling in the
horizontal direction was constrained by the static frictional
force between the joints. Although the links are designed to
rotate freely, there is enough stiffness in the yaw direction to
prevent buckling of the membrane by static friction.

B. Realization of Active Bending and Shape-Fixing

An articulated link structure consisting of links with two
rotational joints was devised to realize the bending and shape-
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fixing motions (Fig. 4). In this study, we did not use a ball
joint; rather, we used a two-axis rotating joint with one degree
of freedom, because the range of motion was not wide. Thus,
the folded part of the link at the tip is large. In addition, the
ball joint had lower rigidity than the rotational link structure
with two independent axes; therefore, it was not suitable for
the intended application. Therefore, we designed the link
based on a universal joint. In addition, only the contact area of
the yaw joint was increased to achieve a high holding torque
by friction.

The bending action was performed by pulling the wires
attached to the left and right sides of the articulated links such
that the entire link was curved (Fig. 5). A method involving
the attachment of a contracting actuator to the surface of the
membrane was proposed as the bending mechanism of a tip-
extension structure [18][19]. However, this method limits the

curvature of the structure because of its limited contraction rate.
In the proposed mechanism, the entire body is curved, owing
to the articulated links, to achieve a larger radius of curvature.
As shown in Fig. 6, the bending torque M, is expressed by the
distance between the center of the joint and wire 13, and wire
tension T}, as follows:

My, =1,Tp. (€]

The shape of this articulated link can be fixed by pulling a
wire through the center of each component, and the shape of
the link can be fixed by friction [20]. Kiryu et al. [21] and
Wang et al. [22] proposed an eversion structure to fix the
curved shape by friction between membrane structures;
however, to increase the holding torque, it is more effective to
apply a strong force to a rigid structure. Therefore, we adopted
a shape-fixing function for the articulated links. As shown in
Fig. 6, pulling the center wire increased the contact pressure
between the parts of the entire link and increased the static
friction force at each rotating joint. This constrains the angle
of each joint and maintains its shape even after bending. The
relationship between the wire tension Ty and the holding

torque M is expressed as

Here, u and 75 are the friction coefficient and the radius of
the contact area, respectively. This expression suggests a
larger holding torque can be achieved by increasing the contact
area radius.

C. Combination with Membrane Structure

In the proposed mechanism, only one set of articulated
links, rather than two, was inserted into the membrane
structure, and the configuration was vertically asymmetric, as
shown in Fig. 3(a) and Fig. 7. Otherwise, the diameter would
be extremely large if two frames were inserted in a vertically
symmetrical arrangement, and it would not be possible to
utilize the advantageous ability of the tip extension structure
to extend into narrow spaces.

A membrane that is fully connected to the skeleton is
problematic in that it limits movements such as extension and
curvature. Therefore, the mechanism proposed in this paper
was designed to include a slight amount of slack in relation to
the size of the skeleton. Because the rotation axis of the link is
at the center, the distance between the membrane and the
contact point of the adjacent link is extended or contracted by
the folding of the tip during extension, which means that the
inflated membrane structure must be axially spacious. In
addition, the area in which bending or folding occurs
undergoes transition with extension, thus the slacks of the
membrane must also move. In addition, in areas where the
surface is stretched and contracted owing to folding, as shown
in Fig. 8, the slack of the membrane must be able to move as
it transitions with the extension. Therefore, the membrane was
fixed only at the ends, and not at each link. Similarly, this
problem also occurs during curvature. As shown in Fig.5,
when curved, the distance between the contact points on the
outside of the curvature must be extended to provide the
necessary slack for the desired curvature angle. The length of
the membrane must be the sum of the length of the skeleton
itself with clearance required for the tip to fold, and clearance
required for bending. This clearance means that the skeleton
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does not extend into the tip of the membrane, which also
functions as a cushion; however, because it is not capable of
bearing loads, it is necessary to limit the length of this
clearance depending on the intended use. If no pressure is
applied during retraction, the slack part wrinkles and becomes
resistant to retraction. Therefore, sufficient pressure is
necessary for successful retraction.

III. MECHANICAL DESIGN

A. Design of Articulated Links

The three parts used as components of the articulated links
in this mechanism are shown in Fig. 9. The base link was
attached near the base of the eversion mechanism, where the
largest amount of torque was applied. This link bends only in
the pitch direction and not in the yaw direction because,
according to the proposed mechanism, the part passing around
the side of the human torso does not need to bend in the yaw
direction. The other two links joined to each other constitute
the skeleton. The inner and outer links are connected by
inserting the inner parts into the inner recesses of the outer
parts and by press-fitting pins and screws from the outside. The
two parts have a hole in the center to allow the wire to pass
through to control the shape. In addition, the outer part has a
hole to enable the wire to pass through to bend the structure to
the left or right. Finite Element Method was used to design a
cantilever beam that would not rupture when a mass of 60 kg
was applied to the tip of the beam. Simulations were
performed separately for the base links and connected links,
which were combined inner and outer links. In both cases, two
sets of links and rigid rods were combined; a force of 600 N
was applied to the base link at 450 mm from the fixed part of
the base side links, and the same force was applied to the
connected link at 314 mm which is 450 mm minus the length

Tablel. Specification of three types of links

Base link Com]elc\t/[e:tzﬂ( (outer +3m631;'1i]111]:() Entire of skeleton
Number of link 4 9 21 34
Size(WxLxT)[mm]] 64x51.5x22 64 x54.5x27 L=1156
Weight [g] 108/ link 120/ set 33/set | 2214/ alllinks
Material Aluminium (A7075) | Aluminium (A7075) Onyx*
Joint axis pitch pitch, yaw
Rowte | pitch 90 75
angle [deg]‘ yaw 0 15

*Onyx is a material in which carbon fibers are blended into nylon.
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Figure 10. Integration of skeleton and membrane structures and
actuators (a) Schematic for prototype, (b) Bent model of prototype

of the base link. The resulting minimum safety factor was 1.4
for the base link and 1.1 for the connected link. The pitch and
yaw axes of the inner part are on the same axis, and the
distance between the two axes is 34 mm in the outer part. Other
specifications are listed in Table 1. The units of the skeleton
are not all composed of the same parts. The first four units have
a base link, the next eight units have inner and outer links made
of aluminum, and the next eight units comprise 3D-printed
inner and outer links. The purpose of this arrangement is to
increase the rigidity of only those parts that receive higher
loads which located under and base side of the skeleton and
reduce the weight of the other parts.

The distance between joints of which the rotation is
constrained by friction is variable. Therefore, it is not possible
to use bearings that completely constrain the rotation direction.
In the proposed mechanism, a larger clearance was provided
for the pins of the rotary joint. Thus, when the wire is pulled,
the inter-joint distance decreases slightly, and the pins and
parts do not contact each other; however, the surfaces of the
parts come into contact.

B. Design of Membrane Structure

The membrane structure used in this study consisted of
three layers, as shown in Fig. 7. This structure was fabricated
using a composite of polyurethane sheets and slippery nylon
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material, which were thermally welded together to form a bond.

The inner pouch is intended for inserting the articulated links,
which allows some movement in the axial direction but
restricts movement in the diameter direction. The diameter of
the membrane was 110% of the circumscribed circle of the
cross-sectional quadrangle of the skeleton that passed through
the interior of the membrane, and the diameter was defined
based thereupon. The length of the membrane is 1302 mm,
which is 147 mm longer than the skeleton. It includes 54 mm
of slack for tip folding and 93 mm to bend 90°. These
parameters were measured in 3D CAD of the skeleton.

C. Integration of Membrane Structure and Articulated Links

The membrane structure and articulated links that are
actuated using an air cylinder and motor are integrated, as
shown in Fig. 10. The membrane and articulated link
structures were placed inside a sealed cylindrical container and
extended by air pressure (at least 4kPa). This pressure is the
value needed to fold back the friction and skeleton in the
cylinder. The wire attached to the tip of the articulated links
was wound using a motor, and tension was applied to the wire
for retraction. An air cylinder was attached to the bottom of
the pipe-shaped container to pull the wires threaded on both
sides of the articulated links. For bending and fixing wires, 2.6
mm Kevlar lines are used instead of metal wires, considering
their slipperiness, bendability, and tensile strength.

IV. EXPERIMENT

A. Measurement of Holding Torque of Links

As described in Section II, in the articulated link
mechanism, the joint angle in the yaw direction was controlled
by pulling the central wire. The holding torque was
experimentally measured. We used an experimental setup with
a set of inner and outer parts, as shown in Fig. 11. The
experimental setup was attached to a tensile testing machine,
and the joints were fixed using friction by using an air cylinder
to pull a wire. After fixation, the tensile tester was used to
generate torque at the joint by pulling wire upward, and the
torque that was applied when the joint slid was measured. The
wire tension produced by the air cylinder was varied in the
range 10—150N, and the holding torque measured. The joint
angles were set as 0°, 7.5°, and 15°. To keep the moment arm
constant for each angular condition, an arc-shaped pulley
centered at the rotational fulcrum of the link is attached to the
connected link, as shown in Fig.11. This experiment focused
on the holding torque caused by friction; therefore,
measurements were performed five times, and the average of
the measurements was used for the results.

The measured frictional holding torque in the bending
direction is shown in Fig. 12. The relationship between the
wire tension and holding torque was linear. The holding torque
for a joint angle greater than 0° was less than for a joint angle
of 0°. The fitting curve obtained using eq. (2) for a friction
coefficient of 0.2 is denoted by the dashed line.

B. Payload Measurement of Proposed Structure

The stiffness of the proposed mechanism to support the
weight was measured using an experimental machine to
determine the tendency of the stiffness to increase with the
internal air pressure. The integrated model shown in Fig. 10
was used for the experiment. The amount of deflection was

ensile test
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Figure 11. Experimental setup for holding torque by friction
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measured using three weights of 500 g, 2000 g, and 3000 g,
attached 400 mm from the base, whereupon the displacement
was measured by applying a pressure of 0-8 kPa. The
measurements were recorded ten times, and the average value
was used for the results.

Fig. 13 shows the relationship between the internal air
pressure and the measured deflection. In the proposed
mechanism, deflection occurs before the weight is attached,
owing to the weight of the skeleton. In Fig. 13, the
displacement from the straight position (position at which the
gravity is zero) is plotted against the pressure and mass of the
attached weight. The dashed and full lines show the results of
a beam composed only of a membrane, and of a membrane
with the skeleton, respectively. In addition, the blue, green,
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Figure 14. Bending movement to support the human body

and red lines indicate attached weights of 500 g, 2000 g, and
3000 g, respectively. However, the results without the skeleton
with a 2000 g and 3000 g weight are not included in the graph
because the deflection was too large. (See the supplementary
video).

C. Movement of Prototype

We additionally conducted an operational test using an
integrated model designed to bend according to the shape of
the human body and retains its shape to hold the human upper
body (Fig. 14). First, the membrane structure was pressurized
to inflate and extend it to insert itself between the arm and the
torso. Subsequently, the bending wire extending through the
articulated links was pulled to bend the structure to take on the
contours of the body while maintaining compliance with the
pressure. The central wire was then pulled to increase the
contact force and securely establish its shape. To retract the
membrane to its original state, it was first pressurized and then
bent back to straighten its shape using the side wires of the
articulated links in the direction opposite to that when it was
attached to the human body. Next, the wire was rewound from
the end of the articulated links to return the structure to the
containment. The motor then rewound the retraction wire
attached to the end of the articulated link (see the
supplementary video).

V. DISCUSSION

A. Discussion of Experimental Results

In this study, the load-carrying capacity of the tip-extension
mechanism with an articulated link structure was
experimentally measured and evaluated. In this section, we
discuss the types of design improvements that are necessary
for situations where this mechanism can be applied. First, in
the measurement of the holding torque by friction, as
described in Section IV A, holding torque of approximately
0.4 Nm can be generated by a maximum wire traction force
of 150 N. This means that a force of approximately 0.8 N can

be retained when the wire is extended by a maximum length
of 500 mm. With this holding force, it is difficult to support a
heavy object, such as a human body. For such objects,
improvement measures can be considered, such as increasing
the radius of the link where friction acts, using a material with
higher friction, changing the roughness of the contact surface
to improve digging-up friction, or by dividing the contact
surface into multiple layers to increase the contact surface
[23]. In addition, tension can be added to the bending wires to
generate bending torque within a range that does not exceed
the holding torque due to friction, thereby further improving
the holding torque. In contrast, the bending torque can be
decreased for application of the mechanism in situations
where it is sufficient to support its own weight, such as in
search applications.

The measured deflection in the direction of gravity shown
in Fig. 13 indicate that the stiffness can be maintained at low
pressure by using the articulated links. The proposed
mechanism significantly reduces deflection compared to a
membrane-only structure at the low pressure of 8 kPa or less.
It can be seen that the change in stiffness due to applied
pressure is hardly significant the deflection was reduced by
only about 4 mm by applying 8 kPa of pressure to the
proposed mechanism without pressure. On the other hand, the
inflatable structure without skeleton with an applied load of
2000 g could not hold the object because of the large
deflection. It is known that low pressure causes wrinkles near
the base side of the Inflatable beam. High pressure is required
for the membrane-only structure not only to reduce the
deflection but also to prevent the beam from breaking. The
difference in deflection when three weights are attached to the
proposed mechanism indicates that the deflection due to the
skeleton weight has a large effect, because the deflection is
does not increase in proportion to the type of weight.
Although deflection due to the dead weight was not a problem
for the current situation, in future it will be necessary to
improve the part of the base link fixed to the containment
vessel, as it has the largest moment to support a person, .

B. Limitation of Proposed Mechanism

The proposed mechanism, in combination with a rigid link
structure, improves the load-bearing capacity and expands the
range of adaptable situations; however, it has some limitations.
First, the proposed mechanism can only move in the same
plane along the Z-axis direction. It is also possible to turn it
upward by rotating the entire structure in a torsional direction
after curving it; however, in this case, the range of motion is
limited. Second, the bending curvature of the entire
mechanism is limited due to the different sizes of the
membrane structure and the skeleton. The membrane structure
will be modified to deform into a smooth curved shape because
the membrane is often in a localized bent shape. In addition,
the insertion of articulated links limits the narrow space that
can be passed through. However, these articulated links can be
designed to be smaller depending on the application. Link
insertion may interfere with the extending operation of the
eversion structure, but this is not a major problem.
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VI. CONCLUSION

In this study, an articulated link structure constructed with
hard materials was inserted into a tip-extending structure
composed of a thin membrane. The combined structure offered
both a high load-bearing capacity in the direction of gravity
and low frictional insertion, which are the advantages of the
tip-extension structure. The proposed mechanism involved
using an articulated link with two axes of rotation, the pitch
and yaw axes, as the articulated link structure for the tip-
extension movement of the membrane. The range of motion
was restricted to the pitch axis; therefore, the robot could
support its weight. Wires were passed through the articulated
links to enable the robot to bend and maintain its shape in the
yaw direction.

Since the focus of this paper is on a comparison of stiffness
compared to a membrane-only inflatable structure, we did not
apply the same level of load as a human being. The
requirements of the design set only considered a load of 60 kg,
which means safety factor and even heavier humans were not
considered. However, as shown in the concept diagram in
Fig. 2, multiple sets of the proposed mechanism can be used to
support larger loads.

According to the proposed mechanism, the articulated link
lies along a straight line, which increases the overall size of the
device. This is also far from the concept of Fig. 1. However,
we planned to roll up and store the proposed skeleton structure
in future works as shown in Fig.15.

Rolled up ske! Yon

\| Holes thfough which
\ _skeleton passes

Figure 15. Articulated link in rolled and retracted construction
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