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Abstract— Despite their soft and compliant bodies, most of to-
day’s soft robots have limitations when it comes to elongation
or extension of their main structure. In contrast to this, a new
type of soft robot called the eversion robot can grow longitudi-
nally, exploiting the principle of eversion. Eversion robots can
squeeze through narrow openings, giving the possibility to ac-
cess places that are inaccessible by conventional robots. The
main drawback of these types of robots is their limited bending
capability due to the tendency to move along a straight line. In
this paper, we propose a novel way to fuse bending actuation
with the robot’s structure. We devise an eversion robot whose
body forms both the central chamber that acts as the backbone
as well as the actuators that cause bending and manoeuvre the
manipulator. The proposed technique shows a significantly
improved bending capability compared to externally attaching
actuators to an eversion robot showing a 133% improvement in
bending angle. Due to the increased manoeuvrability, the pro-
posed solution is a step towards the employment of eversion
robots in remote and difficult-to-access environments.

I. INTRODUCTION

Soft robots are lightweight, compliant, and low cost com-
pared to their rigid counterparts. Moreover, they are easy to
transport and deploy. Thanks to their inherent compliance,
they can passively interact with the surrounding environment,
such as de-shaping or bending when colliding with an obsta-
cle. To manoeuvre soft continuum manipulators, researchers
have developed and implemented different actuation solu-
tions; such as tendon mechanisms [1], [2], McKibben mus-
cles [3], pouch motors [4], [5], inflatable pleats [6], inflatable
bladders [7], [8], inverse pneumatic artificial muscles [9] and
antagonistic pneumatic artificial muscles [10]. Despite these
advancements, large scale applications of soft manipulators
are hindered by their limited elongation capability.

One particular class of inflatable robots based on the
eversion principle has been shown to overcome this issue and
is capable of growing longitudinally from a very small size to
an enormous length achieving extension ratios of 1 (initial
length) to 100 (fully extended) [11]. These robots provide
practical solutions for the exploration of otherwise inaccessi-
ble, remote environments [12].
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Figure 1. The prototype of an eversion robot with an integrated actuation
system. a) Initial folded state, b) intermediate state, with 1 active pouch, c)
extended state with 2 active pouches.

Structurally, the eversion robot is like a cylindrical sleeve
which is folded inwards [13]. When pressurized the folded
part turns inside out, resulting in longitudinal displacement or
growth at the robot tip. The robot tends to extend along a
straight line in free space. Because of their soft structure and
is capable of conforming to their surroundings, these robots
are suitable to move in unstructured environments. Research
efforts have focussed on exploiting these advantages, and
eversion robots have been proposed for applications in vari-
ous areas, including minimally invasive surgery [14], [15]
search and rescue, the inspection of inaccessible places [16]—
[19], telecommunication [20] and artificial muscle [21].

The capability to manoeuvre in the lateral direction is an
important capability for a robot arm enabling the exploration
of surrounding environments as well as following trajectories
to conduct required tasks, such as manipulation of objects or
the delivery of sensors. Various techniques to bend and navi-
gate continuum manipulators have been implemented and
researched. Previously, continuum manipulators were bent by
creating tension through tendons attached to their body [22],
[23]. Another method to create bending in soft continuum
manipulators is by using pneumatic/hydraulic actuation [24],
[25], shape memory alloys [26], or McKibben muscles [27],
[28]. However, the unfolding process that the tip of the ever-
sion robot experiences causes a high bending strain consider-
ably limiting the types of actuators that can be integrated.
Only actuators that can be compactly incorporated in the ro-



bot sleeve and that can adapt to the unfolding process can be
considered. Greer et al. proposed to navigate eversion robots
in unstructured environments exploiting the robot’s interac-
tion with fixed obstacles [29]. However, navigation cannot be
achieved in free space and active manoeuvring is not possible
using this technique. Hawkes et al. used multiple series of
latches along the longitudinal side of the robot which open
based on the pressure applied to the chamber with latches
[11]. The drawback of this approach is that the bending is not
reversible, as once a set of latches have opened, the robot is
in a configuration that is fixed from then on. Another ap-
proach uses three sets of pneumatic artificial muscles exter-
nally attached to the surface of an eversion robot along its
whole length [17], [30], [31]. The advantages of this solution
are the reversibility of the bending and the active control over
the system. However, in these works, the actuators were at-
tached to the outside of the main robot body.

In this paper, we develop a novel method of integrating
bending actuation into the body of the eversion robot. In con-
trast to existing methods of augmenting a robotic backbone
with different types of actuators, we develop an eversion ro-
bot whose body itself forms the pneumatic pouch actuators
that cause bending and manoeuvre the manipulator. The ro-
bot can be elongated longitudinally by pressurizing the main
chamber and actuating a given set of pouches in the periphery
enables it to bend sidewards (as shown in Figure 1). The di-
rect fusion of the bending actuators and the central chamber
from the same two-layered fabric construction allows a
change in the robot’s cross-section improving its bending
capability. Through this approach, the bending capability of
the eversion robot is improved by up to 133% compared to
the existing technique of attaching actuation pouches exter-
nally. Also, the robot is easier to fabricate and highly robust
owing to the multipurpose structure that functions as both the
backbone and the actuation mechanism. This work makes the
following important contributions:

1) a novel methodology for fusing the wall of the robot
body and bending mechanism, and

2) achievement of a highly manoeuvrable inflatable ro-
bot arm with bending improved by over 100%.

The paper is organized as follows. Section II outlines the
working principle of the integrated pouches. In Section III,
the fabrication of the eversion robot with integrated pouches
is presented. Section IV describes the analytical model for
simulating bending. Section V presents the analytical and
experimental results comparing our proposed methodology
with the existing technique and Section VI presents conclu-
sions and future directions.

1. WORKING PRINCIPLE

The proposed eversion robot with pneumatic pouches in-
tegrated into its peripheral has two mechanisms of actuation -
longitudinal elongation, and lateral bending. Longitudinal
elongation of the robot arm takes place when air pressure is
applied to the central chamber encompassed by the fabric
causing material to evert from the tip thereby extending in
length. The second is the bending actuation which allows the
robot to bend laterally when the pressure is applied to the
pouches (Figure 2).

These two mechanisms can be independently controlled.
Analogous to a traditional manipulator, the central chamber
can be pressurized first until the robot has everted to its max-
imum length and the pouches can be pressurized to create
bending in different segments of the robot. Alternatively, it is
also possible to actuate pouches to bend and change direction
while everting. This feature is important if one wants to ad-
vance into a remote environment and navigate simultaneous-
ly. The pressurized central chamber running along the entire
length of the robot acts as a backbone. Each segment of the
eversion robot has two sets of pouches located on either side
of the main body which can be actuated using two dedicated
pneumatic lines. When one set of pouches are actuated by
applying pressure, the pouches inflate contracting laterally.
Due to the differential shortening of their length on one side
of the robot body, it bends towards the direction of the actu-
ated pouch. (Figure 2(c)).
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Figure 2. Eversion and bending principle of the robot; (a) initially when the
robot starts growing the pouches are folded inside (b) when the previously
folded part everts the pouches come outside (c) by inflating the pouches on
one side of the robot the bending occurs.

The more the pouches are inflated, the more the robot will
bend [32], [33]. The pressure equilibrium, between pouches
and the main chamber, also influences the bending perfor-
mance of the robot. The lower the pressure in the main
chamber and the higher the pressure in the pouches, the
greater is the bending angle that the robot achieves. On the
other hand, the higher the pressure in the main chamber, the
stiffer the robot body gets and becomes more resistant to

bending.
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Figure 3. (a) Illustration of the side view of the eversion robot before and
after a segment of pouches are actuated. The actuation of pouches causes
contraction along the longitudinal direction and constriction in the circum-
ferential direction. (b) The cross-sectional view of the eversion robot at
different levels of pouch inflation. As the pouch inflates to higher pressures,
the effective width decreases.



In addition to the contraction, inflating the pouch actua-
tors that are tightly fused with the robot structure also leads to
a dramatic change in the cross-section of the robot’s main
chamber Figure 3(a). In the initial state with only the central
chamber pressurized, the central chamber has a circular
cross-section Figure 3(b). Applying pressure to a pouch not
only causes longitudinal contraction but also creates a change
in its causes it to contract along the circumferential direction.
In consequence, the cross-section deviates from its initial
circular shape and creates a constriction in the robot arm (as
shown in Figure 3. This reduction in the effective width plays
a major role in enhancing the bending capability of the ever-
sion robot, as will be discussed in further sections.

1. FABRICATION

To construct an eversion robot with a fused bending sys-
tem, the sets of pouches are constructed first. A set of pouch
actuators is created by sewing two overlapping fabric sheets
(coated microfibre polyester, RipStop™) together (Figure
4a). The 2D pattern (shown in Figure 4b) is then sewn into
the double-layered fabric sheet employing a ‘heavy-duty’
sewing machine (Singer™). The seams are then made airtight
by applying a thin layer of ‘Bentley’ dipping latex.
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Figure 4. Schematic of the fabrication process. a) two fabric sheets over-
lapped, b) pattern sewn into the fabric, c) two sets of pouches joined togeth-
er, d) pouches folded in half, ) two halves are sewn together to create the
1-DoF joint, f) complete robot with 3 integrated joints.

A similar procedure is applied to create another set of
pouches alongside the first one. This pair of pouches created
is then folded (Figure 4d) and their free edges are sewn to-
gether to form a cylindrical structure (Figure 4e). One of the
two ends of the cylinder is closed while the other end is kept
open for the air inlet, and all the seams are sealed with latex.
The tubular structure is then turned inside out partially
(Figure 4f). When the central chamber is pressurized, the
structure gradually everts from the tip, generating longitudi-
nal translation of the eversion robot.

When a set of pouches is pressurized, the flat sheets of
fabric (Figure 5a) bulge outward (Figure 5b), causing the
shortening in length. Considering that the fabric is inextensi-
ble, the maximum linear strain that can theoretically be
achieved by the contraction of the pouches is 36.34%. This
corresponds to the pouches assuming a cylindrical shape.
Practically, the achievable longitudinal strain is guided by
several factors such as the flexural rigidity of the material of

the pouches, the geometrical dimensions of the length and the
width, and the type of seal of the pouch edges.
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Figure 5. Design and working principle of the actuator. a) Pouch in a deflat-
ed flat state, b) inflated contracted pouch.

As the actuation strain of the pouches is crucial to the
bending capability, we experimentally test the fabric pouches
(in Figure 5(b)) created using our technique. A set of 8
pouches, each with a dimension of 5cm x 13cm with a single
pressure inlet are inflated until maximum contraction. When
the pouches are in a relaxed state, their initial length /o is 0.4
m. When inflated, the length becomes /mi» = 0.27 m. This re-
sults in a maximum strain (as shown in Figure 5) of:

Emax=Al/l,= (lo—lmin)/lo:32.5% (1)

This value is comparable to the maximum theoretical lim-
it, which is 36.34% [34] and is a marked improvement com-
pared to similar techniques in the literature such as the Pouch
Motor actuator [5] which contracts 28% of its original length
and the HASEL actuator [34] with a maximum stroke of 18%
compared to its original length. This increase may be at-
tributed to two reasons: (i) the high flexibility of the fabric,
and (ii) the seams in the fabric are thinner compared to seams
made by sealing two plastic sheets. This strain capability is
linked to the bending capability which will be discussed in
the next section.

IV. ANALYTICAL MODELLING

In this section, we develop a theoretical model to estimate
the bending in the proposed eversion robot with pouches
fused into the structure. We model the eversion robot as an
inflated beam whose structure is composed of the fused
pouches [35]. In effect, a pressure P applied to the main
chamber of nominal radius, R generates an axial force,
Fuo=Pn m R? acting on the membrane composing the pouches,
in the longitudinal direction (Figure 6a).

Due to the symmetry of the pouches located on either
side of the central robot axis, one segment of pouches expe-
riences tension equal to half of the total axial force. Conse-
quently, the force acting longitudinally on a set of pouches is
given by:

Fp:Fax/2:Pm7rR2/2 (2)

At the same time, the pressure applied to a set of pouches
causes the pouches to inflate and thereby contract axially.
Let us consider the membrane of a single pouch of initial
length, /,. Upon application of pressure Py, it deforms into an
arc of a circle subtending an angle 6 at the centre (Figure
6b). Assuming that the pouch retains this uniform shape of



the curve across its width, D, the volume of air enclosed by
the pouch as a function of the subtended angle is given by

[5]:
V(0) = (1> D/2){(0-cosBsinf)/ 02} 3)
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Figure 6. Bending segment with constant curvature. (a) Forces in the ever-
sion robot, (b) free body diagram of inflated and uninflated pouch, (c) ge-
ometry of bending.

According to the conservation of energy, the work done
by the air pressure in inflating the membrane is equal to the
energy due to the virtual translation of longitudinal force F),
giving:

-del():deV (4)

From equation (3) and equation (4), we get,

Fp(8)=1,D Py(cos 8)/ 6. (5)

From geometry, the linear pouch contraction ratio, &, is:

£=1-{(cos 0)/ 6} (6)

For a given pouch pressure P, and the main chamber
pressure Pn, the axial force generated through the main
chamber pressure and the contraction force due to pouch
inflation are in equilibrium. We obtain from equations (2)
and (5):

Fy(0)=Fn/2. (7)
Substituting the relations for F), and Fi, we get
IODP])(COSG)/QZPmT[RZ/Z (8)

For a given combination of pouch pressure and main
chamber pressure, we solve equation (8) to obtain the angle

of the membrane bending, 6, and the strain in the set of
pouches is then calculated from equation (6).

When one segment of length, L composed of a set of
pouches is actuated with pressure P, the pouches contract
by a factor, & while the unactuated segment retains its origi-
nal length, L. A geometric model of the resultant bending in
a segment is shown in Figure 6¢. For a beam of constant
width given by d, the total bending angle of the segment is
given by

Oconsi= L | D. (9)

However, for a beam with a non-uniform width given by
d(l), the beam undergoes inhomogeneous bending (Figure
6¢). The total bending angle of a segment of length L is:

Bvar = j(f /d(l)) dl, (10)
where the limit of the integral extends from 0 to L.

Since € has a maximum limit, the maximum bending an-
gle that can be achieved attaching a pouch actuator external-
ly to the walls of an eversion robot is given by the diameter
and the length as we can see from the equation (9). Howev-
er, this is not the case for our proposed eversion robot. Inte-
grating the pouches into the body (i.e., the outer fabric layer)
of the eversion robot results in a phenomenon whereby the
two opposite pouches get closer to each other during the
inflation of one of the pouches. As distance d becomes
smaller, equation (10) shows that the maximum bending
angle Bconst Will be greater than 6v.-. Hence, it can be inferred
that the proposed solution has the potential to create a larger
bending angle than the limit expressed in equation (10), im-
proving the overall bending capability of the eversion robot.
Analytical results and experimental studies to evaluate this
hypothesis are shown in the next section.

V. RESULTS

A. Experimental Setup

This experiment focuses on the evaluation of the bending
capability of the proposed eversion robot. Each bending seg-
ment is 40 cm long and has the same diameter as the eversion
robot. The robot has 3 bending segments and 2 connecting
links in between two segments, each 10 cm long. Without
loss of generality, we only test the bending of the middle
segment. The experimental setup is depicted below in Figure
7.

Vision system RGB-D sensor
(Microsoft Kinect)

Pressure regulators

Eversion robot

Figure 7. The experimental setup for our eversion robot.



To pressurise the main chamber of the robot and the
pouches, electronic proportional valves (SMC ITV 2050-
212BL4) are employed. An RGB-D sensor (Microsoft Ki-
nect) is ceiling mounted above the robot to record the image
of the robot's configuration during each experimental step.
The camera is used to detect the change in the diameter of the
robot’s main body at several points along the bending seg-
ment. Additionally, to measure the bending angle, a pair of
red markers are attached to the robot body on either ends of
the bending segment. The angle between the two lines pass-
ing through these two pairs of markers characterises the
bending angle.

We perform 2 main experiments to prove our hypothesis.
The first experiment shows that this fusion leads to a change
in the diameter of the robot when pouches are actuated. The
second does a comparative evaluation of bending in an ever-
sion robot with fused pouches with that with externally at-
tached pouches. Finally, an analytical model based on Sec-
tion IV is used to validate this hypothesis.

B. Morphing of the cross-section to increase bending ac-
tuation

We evaluate our hypothesis that the integration of the ac-
tuator inside the robot’s structure will bring a change in the
cross-section of the robot’s main chamber. For this purpose,
we exploit the images retrieved from the RGB-D sensor to
measure the effective width (denoted in Figure 8a) of the
robot in three chosen locations along the bending segment.
Moreover, we also detect the diameter of the robot at two
additional locations on either end of the bending segment.
The five locations where we measured the robot diameters
are shown in Figure 8. The pressure in the main chamber is
kept constant at 0.3 bar. The pneumatic pressure in the
pouches is increased in steps from O to 2.5 bar with an in-
crement of 0.5 bar at each step.
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Figure 8. (a) Image of the eversion robot showing constriction in the width
of the main chamber. Locations 1-5 refer to regions on the eversion robot
that are monitored to study the variation in cross-section. (b) The plot of the
effective width measured at the 5 different locations for various values of
pressure in the pouches when the main chamber pressure is 0.3 bar.

As the pouch pressure is increased, the effective width of
the robot arm in the central regions of the bending section
denoted by Location Indices 2,3 and 4 decreases significant-
ly. The distance between two pouches at locations 1 and 5 do
not change considerably when different pressure values are
given to the robot. Compared to the initial width at zero
pouch pressure, we note a change of 18%, 23%, and 18%,
respectively at locations denoted by 2,3 and 4 (Figure 8b).

Further, we see that the change in the width saturates around
a pouch pressure of 1.5 bar and does not decrease upon the
further increase in the pressure indicating that the pouches
may have reached the state shown in Figure 3b. However,
the pouches may further undergo longitudinal contraction
when pressure is increased beyond 1.5 bar.

C. Experimental comparison with the externally attached
pouches

We then conduct experiments to analyse the difference
between our proposed fused actuation structure and an ever-
sion robot where pouch actuators are attached externally
(Figure 9a). The pressure in the main chamber is regulated at
0.3 bar while the pressure in the pouches is increased from 0
to 4 bar in steps of 0.5 bar as shown in Figure 9. We first test
the eversion robot with the fused pouches (Figure 9b) and
then externally attach another set of fabricated pouches and
evaluate the bending characteristics by actuating the external
set of pouches (Figure 9c).
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Figure 9. Bending comparison (a)The plot of bending angles as a function
of pressure in the pouches for various pressure values applied to the main
chamber for the case of integrated pouches (solid lines) and external pouch-
es (dash lines). The pose of the eversion robot with pressure in the main
chamber (0.3 bar) and in the pouches (2.5 bar) for the case of (b) integrated
pouches and (c) external pouches.

The bending angle in both the prototypes increases with
an increase in pouch pressure. The bending angle produced
by an eversion robot with integrated pouches is 83.94° while
the maximum bending angle produced in a robot with exter-
nally attached pouches is 36.03°. This corresponds to a 133%
improvement for the bending angle. These results show that
the fused pouches can achieve significantly higher bending
compared to externally attached pouch actuators.

D. Analytical results

We now utilise the analytical model developed in Section
IV to simulate the bending in an eversion robot with external
and embedded pouches. For this simulation, we consider a
pouch segment of total length 40 cm and each pouch of
length 5 cm and width 13 cm. The initial radius of the robot
arm before the actuation of the pouches is 4.5 cm. These di-
mensions are consistent with the experimental prototypes
tested above. The key difference between internal and exter-
nally attached pouches, in terms of modelling is the diameter
change caused due to the fused pouch structure. Such a diam-



eter change is absent in the prototype with pouches attached
externally. So, bending caused by the longitudinal strain of
the pouches is evaluated using equations (9) and (10) for ex-
ternal and embedded(fused) pouches respectively.

\ Embedded pouches

External pouches
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Figure 10. Comparison of simulated bending angles at different applied
pouch pressures for eversion robots with embedded pouches (shown in
blue) and externally attached pouches (shown in red). The main chamber’s
pressure is 0.3 bar.

As it is complex to directly model the diameter change
caused by inflation of the pouches in the fused structure, we
utilise experimentally obtained values for changes in effec-
tive width shown in Figure 8. The simulation results (Figure
10) show that the bending angle in the robot with fused
pouches is higher than that in the robot with external pouch-
es. This confirms out the hypothesis that the change of effec-
tive diameter (caused by using the actuation pouches inte-
grated with the outer layer of the main body of the robot)
enables the robot to achieve higher bending angles. However,
the difference in bending angles between the fused and exter-
nally attached pouches is much higher in the experiments as
compared to those predicted by the theoretical model. This
difference between experiment and theory is due to the fol-
lowing reasons. While the pouches are assumed to be at the
periphery of the robot body in both cases, the externally at-
tached pouches are further away from the centre than the
fused pouches which is not accounted for in the model. The
effective width measured from the images which are used in
the analytical calculation of the bending angle for the fused
pouches may be larger than the actual width due to the angle
of the camera.

Furthermore, we note that the analytical results overesti-
mate the bending angles compared to the experimentally rec-
orded values. This is because the model considers the pouch-
es to inflate like ideal cylinders. However, in the actual sce-
nario, the edges of the pouches are sealed and cannot com-
pletely morph into cylinders with a circular cross-section
throughout, as shown in Figure 5. Due to these, the volume of
the real inflated pouch is below that of the pouch estimated
using the model, resulting in the slight overestimation of the
bending angle in the model. The model also excludes factors
such as bending rigidity of the robot parts including fabrics
and pneumatic tubes and the friction forces between the robot
arm and the ground.

E. Maximum Bending capability

The bending achieved due to the actuation of pouches al-
so depends upon the pressure of the central chamber. As the
pressure in the central chamber increases, the robot arm’s
stiffness increases, and vice-versa. To check the maximum
bending capability of our robot, we depressurize the main

chamber to 0.04 bar and actuate the pouches on one side to
1.4 bar. The experimental image of the eversion robot is
achieving a high bending angle of 146° is shown in Figure
11. At this main chamber pressure, the stiffness and the flex-
ural rigidity of the robot are very low. Therefore, this extreme
bending ability of the robot can be used in scenarios where
the robot needs to make very sharp bends.
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Figure 11. Eversion robot performing a 146° rotation, at 0.04 bar pressure in
the main chamber.

It also confirms our hypothesis that fusing the actuation
into the structure, improved performance in bending capabil-
ity, which positively impacts on the manoeuvrability of the
robot. Having this manoeuvring ability, the proposed ever-
sion robot is a promising candidate to be employed in un-
structured environments with tight spaces or narrow openings
to manoeuvre and cluttered with obstacles.

VI. CONCLUSIONS

In this paper, we presented a novel method of integrating
bending actuation into the body of the eversion robot. This
integration shows promising results in terms of the robot’s
bending capability when compared to eversion robots
equipped with externally attached pouches. Our robot was
able to bend 83.94° which is 133% more than the bending
achievable by an eversion robot of similar dimensions
equipped with external pouches at the same pressure inputs.
The higher bending angles achievable through our proposed
technique are attributed to change in cross-section of the
main chamber occurring during bending actuation. This
mechanism is discussed through experiments and simula-
tions. The ease of fabrication, compactness of the robot
structure and the robustness offered due to the fusion of ac-
tuation into the structure make this eversion robot amenable
for practical applications in the field. Further, this work
paves the way for the holistic design of soft robots in which
different functionalities such as manoeuvring, and stiffness
control are fused into a single structure. In our future work,
we will address challenges in modelling and control of the
robot arising from continuously changing morphology.
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