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Abstract
Pipelines are used in many sectors to transport materials such as fluid from one place to another. These pipelines
require regular inspection and maintenance to ensure proper operations and to avoid accidents. Many in-pipe naviga-
tion robots have been developed to perform the inspection. Soft in-pipe navigation robot is a special class of in-pipe
robot, where the structure is made entirely of soft materials. The soft in-pipe robots are cheaper, lightweight, robust,
and more adaptable to the environment inside pipelines as compared to the traditional rigid in-pipe navigation robot.
This paper reviews the design of different types of soft in-pipe navigation in terms of the material, structure, loco-
motion strategy, and actuation techniques. These four different aspects of the design help researchers to narrow
down their research and explore different opportunities within each of the design aspects. This paper also offers
suggestions on the direction of research to improve the current soft in-pipe navigation robot design.

1. Introduction
Soft robot is a new type of robot made entirely of soft materials allowing them to have an edge over their
traditional rigid counterparts [1–3]. Building robots out of soft materials makes them more compliant,
which enables them to adapt to different environments and to have complex motions. In addition to that,
these soft robots can navigate and squeeze through tight space with less mechanical restrictions and
without sustaining physical damage.

These characteristics make the soft type of robot more attractive in several applications that require
a very high degree of mechanical flexibility. Among the applications that can benefit from using soft
robots are industrial robotic gripper [4–6], medical [7–9], agricultural [10–12], and pipe inspections
[13–14]. Pipelines are important parts of many industrial buildings and facilities such as oil refineries,
chemical plants, nuclear power plants, and water treatment plants. The pipelines are used to transfer
materials such as gases, different types of liquids, chemicals, and many other substances. Keeping the
pipelines in good condition requires regular inspection and maintenance. In many plants, pipelines are
very complex, which makes inspections laborious and difficult [15, 16]. This is where the pipe inspection
robot becomes important. Most of the pipe inspection robots are made of rigid structures with various
locomotion strategies. These include wheeled robot, tracked robot, pipe inspection gauge robot, screw
type robot, and legged/walking type robot [17–20]. Rigid in-pipe inspection robots have some limitations
in terms of the ability to adapt to different pipe diameters and navigate through complex bends or corners.
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Seeing this opportunity, many researchers have investigated the possibility of using soft types of robots
to navigate inside pipelines.

This paper reviews the state of the art in the current soft robot technology specifically for in-pipe
navigation. Although there are papers that review in-pipe navigation robots, those papers cover the tra-
ditional robots made of rigid materials with their own specific locomotion strategies. Soft robots on the
other hand require different types of material, structure, locomotion strategies, and actuation techniques.
To the best of the author’s knowledge, this is the first paper to specifically focus on the soft robot for
in-pipe navigation.

The rest of this paper is organized as follows. In the first section, various materials of the soft in-
pipe navigation robot are reviewed. Next, the structures of the different types of soft in-pipe robots are
reviewed. In the section that follows, various locomotion strategies used by those robots to navigate
inside pipelines are compared followed by another section discussing the actuation techniques. A table
comparing various characteristics of the soft robot is also presented in this section. The final section
discusses the findings and also concludes this paper.

2. Materials
A soft robot, by definition, is made of soft and compliant materials. Structures made of soft materi-
als have an infinite degree of freedom and are able to undergo extreme deformation without sustaining
structural damage, which contributes to their physical robustness. In addition, the high degree of com-
pliance of the soft materials allows the structure to change shape and adapt to different environments.
The environment inside pipelines can be unpredictable due to variations in pipe diameter, junction and
corners, mineral deposits, blockages, and various surface conditions. Therefore, choosing the correct
material is important to ensure that the soft in-pipe navigation robot can traverse complex pipelines
without problems.

In literature, there are many types of soft materials used to fabricate soft in-pipe navigation robots.
The type of material used depends on the type of structure and the actuation mechanism. Joyee et al.
used flexible polymer resin (Spot E) having Shore hardness of 65 on the A scale with 65% elongation
at break for their inchworm robot body to allow for the robot body to elastically bend [21]. Zhang
et al. used a combination of platinum-catalyzed silicone rubber Ecoflex 00-30, DragonSkin 30, and
Ecoflex 00-10 (Smooth-On, USA) for their robot’s inflatable air chambers [22]. The Ecoflex 00-30 and
Ecoflex 00-10 have the Shore hardness of 30 and 10 on the 00 scale, respectively, with the elongation
at break of 900% and 800%. The DragonSkin 30 has a Shore hardness of 30 on the A scale and the
elongation at break up to 364%. The Ecoflex 00-30 was also used by Jiang et al. to fabricate the anchoring
surface of their robot to increase friction between the robot and the pipe wall [23]. Yamato et al. used a
combination of polyurethane (PU) and ethylene propylene diene monomer (EPDM) to build the flexible
body parts of the robot (bendable tube and flexible ribbon) [24, 25]. The EPDM has a hardness range
of 30–90 on the A scale with the elongation at break of up to 300%. Verma et al. utilize DragonSkin
10 medium silicon rubber, which has the Shore hardness of 10 on the A scale with the elongation at
break of 1000% for the inflatable air chambers of their tube-climbing robot [26]. Digumarti et al. used
almost the same material having the same hardness and elongation at break, which is DragonSkin 10
to build the inflatable air chambers for their EuMoBot [27]. Takayama et al. built the inflatable air
tubes for their twisted bundled tube in-pipe mobile robot using silicone rubber (Shin-Etsu Silicone)
having a Shore hardness of 12 and 15 on the A scale with the elongation at break of 540% and 450%,
respectively [28].

Another group of researchers, Joey et al., built inflatable air chambers of their earthworm-inspired
soft robot using Ecoflex 00-50 platinum-catalyzed silicone rubber having a hardness of 50 on the 00
scale with an elongation at break of 980% [29]. Similar material was used by Zhang et al., Yamamoto
et al., and Calderón et al. to fabricate the inflatable air chambers for their soft robots [30–33]. Niu
et al., on the other hand, used the same material to fabricate the flexible body for their magnetic-
embedded worm-like soft robot [34]. Liu et al. used a 3D printable thermoplastic polyurethane (TPU)

https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0263574724001796
Downloaded from https://www.cambridge.org/core. IP address: 3.147.140.85, on 27 Nov 2024 at 07:33:00, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0263574724001796
https://www.cambridge.org/core


Robotica 3

Table I. Common soft and stretchable materials for soft in-pipe navigation robots.

Shore hardness Elongation
Ref Material (scale) at break
[21] Spot E flexible resin 65 (A) 65%
[22] Ecoflex 00-10 platinum-catalyzed silicone rubber 10 (00) 800%
[22, 23] Ecoflex 00-30 platinum-catalyzed silicone rubber 30 (00) 900%
[29–34] Ecoflex 00-50 platinum-catalyzed silicone rubber 50 (00) 980%
[22] DragonSkin 30 platinum cure silicone rubber 30 (A) 364%
[24, 25] Ethylene propylene diene monomer 30–90 (A) 300%
[26, 27] DragonSkin 10 medium platinum cure silicone

rubber
10 (A) 1000%

[28] Silicone rubber (Shin-Etsu Silicone KE-1416) 15 (A) 450%
[28] Silicone rubber (Shin-Etsu Silicone X-32-2428-4) 12 (A) 540%
[35–37] Thermoplastic polyurethane (TPU) 85 and 95 (A) 660%
[38] Flexible PLA N/A N/A
[39] Rubber-like digital material (FLX9085-DM) 80–85 (A) 55–65%

(Ninjaflex) soft material to construct their soft robot’s inflatable air chambers [35]. Similar materials
with the Shore hardness of 85 and 95 on the A scale with the elongation at break of 660% were used
by Yeh et al. to fabricate elastic ribbons for their soft in-pipe crawling robot [36, 37]. Jiang et al. used
a composite material consisting of PVC-coated nylon woven fabric and paper to form an origami-based
inflatable air chamber [23]. This composite material itself is flexible but non-stretchable. However, the
whole structure is made stretchable by utilizing the Kresling crease origami pattern. Hu et al. used
the same approach by constructing an origami-based inflatable structure out of non-stretchable mate-
rial (flexible PLA) [38]. Mark et al. used a rubber-like digital material (FLX9085-DM) having a Shore
hardness of 80–85 on the A scale and an elongation at break of 55% to 65% to fabricate the auxetic
metamaterial and the extendable air chamber for their soft robot [39].

From the literature, it was found that various types of soft materials were used to fabricate different
parts of the soft in-pipe navigation robot with a hardness ranging from 10 on the 00 scale to 95 on the
A scale and with the elongation at break ranging from 55% to as high as 1000%. The materials with
lower hardness and high elongation at break tend to be the material of choice to fabricate inflatable air
chambers of the in-pipe robot. Softer material allows for lower air pressure to be used to inflate the
chamber. The high elongation at break, on the other hand, allows the chamber to tolerate high inflation
without sustaining any damage. Table I shows the summary of the soft and stretchable materials used
for the soft in-pipe navigation robots.

Even though most of the parts and structures of the soft in-pipe robots are fabricated from soft and
stretchable materials, there are certain structures and actuator types that are made of non-stretchable
materials. For inflatable air chambers that use origami or bellow-like structures, harder and non-
stretchable materials can be used. The stretchability of these types of structures is derived from the crease
or corrugated patterns built into the structure, not from the inherent stretchability of the materials itself.
Paper-fabric composite made by bonding a piece of paper and a PVC-coated nylon woven fabric together
as in ref. [23] can produce a highly flexible yet non-stretchable material for the aforementioned purpose.
Certain actuators that consist of soft inflatable air chambers have flexible but non-stretchable materi-
als such as cotton thread [22], Kevlar fiber wire [30], carbon fiber [40], cloth fabric [41], or aluminum
foil [40] wrapped around or embedded inside the outer wall of the chamber to restrict the expansion of
the chamber in the chamber’s radial direction. Another actuator has a special type of material known
as shape memory alloy (SMA) wrapped around soft chambers to constrict the chamber during actua-
tion [42]. An SMA is a type of alloy that can memorize its original shape. The alloy can be deformed
in any shape at room temperature. Upon heated to a certain temperature, it will return to the original
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Figure 1. Inchworm-inspired soft in-pipe navigation robot with front and rear active or passive
anchors connected by extendable, retractable, or bendable middle segment by (a) Yamamoto et al. [31],
(b) Verma et al. [26], (c) Zhang et al. [30], (d) Joyee et al. [21], (e) Jiang et al. [23], and (f) Adams
et al. [43].

memorized shape. Elastic ribbons and other structures that experience elastic bending that are typically
used as spring in soft robots are made of harder materials with lower stretchability such as TPU as they
have a higher spring constant as compared to the softer materials.

3. Structure
Traditional rigid in-pipe navigation robots have a wide range of structure designs depending on the size,
actuator type, and locomotion strategy. Soft in-pipe navigation robots on the other hand tend to share
some common structural designs, owing to the fact that many of these types of robots use the same
locomotion strategy (i.e., inchworm and earthworm). The most common structure design found in the
soft in-pipe navigation robot consists of a front and rear anchor structure connected by an extensible (or
contractable) and bendable middle segment as shown in Fig. 1. This structure is inspired by an inchworm.
The difference between an extensible segment and a contractable segment is that the extensible segment
will extend or expand in a longitudinal direction when actuated while the contractable segment will
contract when actuated.

The biomimetic soft robot by Joyee et al. consists of a front and rear anchor pad embedded with mag-
netic nanoparticles as shown in Fig. 1(d) [21]. The two anchor pads are connected by a bendable middle
segment. The biomimetic soft robot by Zhang et al. and the soft robot Inspired by burrowing worms
designed by Calderón et al. consist of an inflatable front and rear anchor connected by an expandable
middle air chamber segment [22, 32, 33]. The same type of structure was also found in refs. [23, 29,
31, 35, 43–45]. Figure 1(a), (e), and (f) shows the soft in-pipe navigation robots that use this kind of
structure. A slightly different design is found in [30], where a passive front and rear anchor was used
instead of inflatable anchors as shown in Fig. 1(c). Yet another slightly different design is found in ref.
[41], where the anchors form a helical shape instead of a simple radial inflation. A similar approach was
also proposed by Gilbertson et al. for their serially actuated soft robot [46]. A soft tube-climbing robot
by Verma et al. consists of an inflatable front and rear anchor connected by a contractable middle seg-
ment as shown in Fig. 1(b) [26]. Another author also developed an in-pipe navigation robot consisting
of front and rear anchors connected by a contractible middle segment [36]. However, the anchors and
the middle segment were constructed from a series of elastic ribbons.
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Figure 2. Earthworm-inspired soft in-pipe navigation robots built with traveling anchors by
(a) Yamamoto et al. [24], (b) Kamata et al. [40], (c) Das et al. [47], (d) Seok et al. [42], and (e) Tang
et al. [48].

Some robots’ structure is inspired by an earthworm to produce a travelling peristaltic wave.
Yamamoto et al. developed a high-speed in-pipe robot, which consists of a long flexible body and anchor
structures that slide along the body as shown in Fig. 2(a) [24]. Some other earthworm-inspired robot
structures are constructed from multiple similar segments connected in series. This approach is found
in ref. [40] where three inchworm-inspired segments are connected in series as shown in Fig. 2(b). Das
et al. constructed a robot that consists of multiple segments consisting of an air chamber connected in
series as shown in Fig. 2(c) [47]. Tang et al. also constructed their robot from multiple segments, where
each segment consists of multiple cavities that allow the segment to inflate and bend (Fig. 2(e) [48].
Seok et al. on the other hand developed an earthworm-inspired soft robot whose body also consists of a
single continuous tubular segment [42]. SMA coils are wrapped around the body at multiple locations
as shown in Fig. 2(d).

Takayama et al. adopted a different robot design, which consists of a single continuous body segment
constructed from twisted bundled inflatable tubes (Fig. 3(a)) [28, 49, 50]. Digumarti et al. developed
a robot inspired by unicellular flagellates (euglenoid), which consists of three similar segments con-
nected in series where each segment consists of a single air chamber as shown in Fig. 3(b) [27]. Another
researcher proposed a single segment structure consisting of a series of flexible elastic ribbons as shown
in Fig. 3(c) [37]. Yet another unique structure was adopted by Hu et al. for their robot, which consists of
a single ball-shaped origami structure (Fig. 3(d)) [38]. A worm-like soft robot by Niu et al. consists of
a single continuous flexible body segment [34]. The body is embedded with permanent magnets at sev-
eral locations to form the robot’s leg. Overall, the majority of the soft in-pipe navigation robots found in
the literature adopted an almost similar structural design consisting of front and rear anchors connected
by extensible, contractable, or bendable middle segments to mimic the structure of an inchworm. Even
though there are variations in the design of the anchor and the middle segment, the purpose is the same,
which is to produce the inchworm-like locomotion. Only a few researchers proposed non-conventional
approaches in their robot design.

4. Locomotion strategy
Locomotion strategy is the most important part of the soft in-pipe navigation robot. The fact that the
robot is made of soft materials precludes the use of the conventional locomotion method such as the
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Figure 3. Soft in-pipe robot structures inspired by different organisms by (a) Takayama et al. [28],
(b) Digumarti et al. [27], (c) Yeh et al. [37], and (d) Hu and Li [38].

Figure 4. Locomotion of (a) inchworm, (b) earthworm, (c) euglenoid, and (d) caterpillar.

wheel. Nature provides many examples of how locomotion can be achieved without using wheel mech-
anisms. Several modes of locomotion found in nature includes flying, walking, crawling, hopping, and
swimming. For large land animals, walking is the primary mode of locomotion, which is achieved using
legs consisting of muscles and bones. Smaller land animals on the other hand use a variety of locomotion
modes, which include walking, crawling, and hopping. Walking and hopping modes of locomotion are
commonly used by animals that have rigid endoskeletons (skeletons inside the body) or exoskeletons
(skeletons outside the body). On the other hand, the animals that do not have rigid skeletons use the
crawling mode of locomotion to move. Crawling is a mode of locomotion in which the abdomen or the
body of an animal is in contact with the surface on which the animal is moving. From the literature, most
of the soft in-pipe navigation robots are inspired by inchworm or earthworm locomotion strategy. Even
though both the inchworm and earthworm locomotion are of the crawling type, their actuation strategy
is different. Figure 4 illustrates the locomotion of some of the soft invertebrates.
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Figure 5. An inchworm-inspired soft in-pipe locomotion strategy by (a) Zhang et al. [22], (b) Yamamoto
et al. [31], and c) Mark et al. [39].

4.1. Inchworm-inspired locomotion
An inchworm has a fixed front and rear anchor connected by a bendable middle segment. The locomotion
sequence starts with releasing the rear anchor, bending the middle segment to pull the rear anchor for-
ward, securing the rear anchor, releasing the front anchor, straightening (extending) the middle segment
to push the front anchor forward, and securing the front anchor as shown in Fig. 4(a). This sequence is
repeated during the locomotion. Reversing this sequence produces a backward motion. This locomotion
strategy was used by Joyee et al. for their 3D-printed biomimetic soft robot shown in Fig. 1(d) [21].
Although an inchworm uses the bending of the abdomen to pull or push the anchor forward, many soft
in-pipe navigation robots use the longitudinal elongation or contraction to push or pull the front and
rear anchor forward to achieve the same locomotion. Robots that use this actuation strategy for locomo-
tion are also categorized under inchworm-inspired in-pipe robots. Zhang et al. adopted this locomotion
strategy as shown in Fig. 5(a), where the tail is anchored while the middle segment is extended longitu-
dinally to push the head forward. Next, the head is anchored, and the tail is released, while the middle
segment is contracted, pulling the tail forward [22]. Similar locomotion is found in refs. [23, 29, 36,
43, 44, 46]. Some inchworm-inspired soft in-pipe robots use slightly different variations of locomotion
sequence whereby the anchoring is done concurrently with the extension or contraction of the middle
segment. Extension of the middle segment causes the rear anchor to expand radially and the front anchor
to contract, thus pushing the robot forward. On the other hand, contraction of the middle segment causes
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the rear anchor to contract and the front anchor to expand radially. This has the benefit of reducing the
number of pressurized air tubes connected to the robot from three to two. This strategy was used in refs.
[31, 39] as shown in Fig. 5(b) and (c).

4.2. Earthworm-inspired locomotion
While many soft in-pipe navigation robots are inspired by an inchworm, some of them are inspired by an
earthworm locomotion. Unlike the inchworm, which has a fixed front and rear anchor, an earthworm has
anchors that travel along its body as shown in Fig. 4(b). An earthworm forms an anchor by expanding
some parts of its body in radial direction, and this expansion travels along the body like a peristaltic wave
[51]. These expanded parts of the body are in contact with the ground, forming the anchor. In addition
to that, there are small structures called setae, which are small retractable needles that help the anchor
to stick to the ground [52]. The wave of the expanded anchors travels from the front to back relative
to the worm’s body but is stationary relative to the ground. This produces the forward motion for the
earthworm.

Yamamoto et al. utilized an earthworm-inspired locomotion principle in their in-pipe robot shown in
Fig. 6(e) [24]. The robot consists of two anchors that can slide along a flexible tube. First, the front
anchor slides to the front, while the back anchor holds the robot stationary. Next, the back anchor
slides forward, while the front anchor holds the robot stationary. Finally, the flexible tube slides for-
ward, while both anchors are in a holding position. Seok et al. tried to replicate the earthworm traveling
wave in their peristaltic soft robot by sequentially contracting multiple sections of the robot’s body
as shown in Fig. 6(b) [42]. Kamata et al. built a soft in-pipe robot that can mimic both an inchworm
and an earthworm’s locomotion (Fig. 6(a)). This robot has four anchors connected by three extend-
able middle segments [40]. By sequentially extending the middle segment and inflating the anchor,
the robot mimics the traveling wave of an earthworm. On the other hand, by extending all the three
segments simultaneously and only utilizing the front-most and rear-most anchor, the robot mimics the
locomotion of an inchworm. Other robots that utilize the earthworm-inspired locomotion are shown in
Fig. 6(c) and (d).

4.3. Other biologically inspired locomotion
Despite inchworm- and earthworm-inspired locomotion being the most popular locomotion strategies
for soft in-pipe navigation robots, some researchers are inspired by different animals such as euglenoid
and caterpillars. As opposed to an earthworm, which has multiple anchors traveling along the earth-
worm’s body, an euglenoid has only one anchor that travels along its body from the front to the back to
propel the body forward as shown in Fig. 4(c). Digumarti et al. adopted a locomotion strategy inspired
by the euglenoid’s movement illustrated in Fig. 7(a) [27]. This robot consists of three inflatable seg-
ments that are inflated in sequence starting from the front segment followed by the middle segment and
ending with the rear segment to mimic the traveling wave. Niu et al. built a soft in-pipe navigation robot
inspired by a multi-legged worm like a caterpillar as shown in Fig. 7(c) [34]. Unlike an earthworm,
which generates a longitudinal traveling wave along the body, a caterpillar creates a single transverse
traveling wave by bending a part of its body upward that travels from the rear to the front as illustrated
in Fig. 4(d). By bending a section of its body upward, it shortens the body in a longitudinal direction,
therefore pulling the body forward.

4.4. Non-biologically inspired locomotion
Some researchers did not take nature as inspiration for their robot’s locomotion. Takayama et al. built
an in-pipe navigation robot that deforms into a helical shape when actuated [28]. The helical-shaped
body also rolls with respect to the axis of the body, therefore producing a net forward motion. Another
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Figure 6. Earthworm-inspired locomotion strategy in soft in-pipe navigation robot by (a) Kamata et al.
[40], (b) Seok et al. [42], (c) Tang et al. [48], (d) Das et al. [47], and (e) Yamamoto et al. [24].

researcher, Hu et al., built an in-pipe robot using an origami flexiball-inspired metamaterial actuator
(Fig. 7(b)) [38]. The robot’s motion is caused by the velocity difference and variation in static friction
between the elongation and flattening of the structure during the reciprocating stroke. The actuator will
move forward when the static frictional force blocks the elongation from front to back.

5. Actuation techniques
Soft robots employ different actuation mechanisms as compared to traditional rigid robots due to the fact
that the soft robot actuators are made of soft materials. Different parts of the same robot also may employ
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Figure 7. Soft in-pipe navigation robot inspired by different creatures by (a) Digumarti et al. [27],
(b) Hu and Li [38], and (c) Niu et al. [34].

different actuation mechanisms depending on the locomotion strategy. For soft in-pipe navigation robots
that use inchworm-inspired locomotion, the anchor actuation mechanism can be different from that
of the middle segment. Middle segments that are designed to produce bending motion use actuation
mechanisms that are different from the middle segments designed to produce longitudinal extension.
In general, the actuation techniques for soft in-pipe navigation robots can be broadly categorized into
several categories.

5.1. Soft fluidic actuator
A soft fluidic actuator is a type of soft actuator that is driven by fluid in the form of either liquid or gas.
Actuators driven by air or gas are called pneumatic actuators, whereas those driven by liquid are called
hydraulic actuators. Pneumatic soft actuators are the most common type of actuator in soft robots. This
type of actuator consists of soft air chambers that are actuated using either pressurized air or vacuum.
The shape and the direction of inflation are determined by the shape of the chamber, the wall structure,
and the integration of strain-limiting layers on the wall.

5.1.1. Pneumatic soft actuators with unconstrained chambers
The most popular method of pneumatic soft actuation in soft in-pipe robots is by using air chambers
made of highly stretchable material without any strain-limiting layer or fibers wrapped around the wall
[22, 31–33, 44, 45]. This allows the chamber to inflate in any direction including in radial direction. This
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actuation is commonly used in the anchor structure of the inchworm-inspired robot. Expansion in radial
direction of the pipe causes the wall of the chamber to press against the pipe wall, increasing the friction
between the surface of the chamber and the pipe wall. This soft air chamber can also be made into
several long tubes that are twisted or braided together into one bundle. Inflating a certain combination
of tubes at a time causes the bundle to curl into a helical shape [28, 49, 50]. Another type of actuator
consists of a cuboid-shape structure made of soft stretchable material [26]. Inside this structure, there
is an array of cuboid-shaped chambers or voids that are connected to a vacuum line. The chambers are
arranged in such a way that when vacuum or negative pressure is applied, the chambers will collapse
in a longitudinal direction, causing the whole actuator to contract in this direction. Once the vacuum is
removed, the actuator returns to its original length due to the elastic nature of the material.

5.1.2. Pneumatic soft actuators with strain-limiting chamber wall
Certain pneumatic soft actuators for soft in-pipe robots are designed to inflate or deform in a particular
direction while preventing deformation in other directions. For example, the most common design to
produce longitudinal extension consists of a soft cylindrical chamber where the wall is wrapped with
strain-limiting fiber. This type of chamber is made of a highly stretchable elastomer with low hardness.
When pressurized air is supplied into the chamber, the fiber on the chamber wall prevents the chamber
from expanding in radial direction while allowing the chamber to expand in the longitudinal direction.
This type of actuator is commonly used for the middle segment of the inchworm-inspired robot as found
in refs. [22, 29, 31–33]. Some robots utilize three of such mechanisms in parallel to allow for the middle
segment to bend when traversing pipe corners [30, 44]. The bending radius and bending direction can be
controlled by controlling the amount of extension of the individual cylinder. Another method uses a soft
tube wrapped with strain-limiting fibers around the tube wall at certain different angles such that when
the tube is inflated, it curls into a spiral shape. This method is used as an anchor structure in refs. [41,
46]. The higher the pressure, the larger the radius of the spiral. When the radius of the spiral wants to
grow larger than the diameter of the pipe, it presses against the wall of the pipe, creating a large friction
between the tube and the pipe wall.

5.1.3. Pneumatic soft actuators with structured chamber wall
Another common pneumatic soft actuation mechanism in soft in-pipe robots is by using a bellow type
air cylinder. The bellow type of cylinder is a cylinder with a corrugated wall or a wall with an accordion
fold pattern. This pattern allows the cylinder to expand in a longitudinal direction while preventing the
radial expansion without requiring any strain-limiting fiber wrapped around or embedded inside the wall.
Unlike the former cylinder design, this bellow cylinder is made of non-stretchable materials or materials
with low stretchability. This design of actuation is used in refs. [27, 35, 39, 43, 48]. Besides the bellow
cylinder, some robots use an origami type of cylinder that serves the same purpose, which is to allow
for a longitudinal expansion while preventing the radial expansion when inflated by pressurized air [23].
An origami cylinder has a special folding pattern around the wall of the cylinder that guides the folding
direction of the wall, hence determining the direction of expansion or contraction of the cylindrical
chamber. Just like the bellow cylinder, the origami cylinder is constructed from non-stretchable materials
or materials with low stretchability. Both the bellow and origami cylinder can be actuated by either
pressurized air or vacuum. Actuation by pressurized air causes the cylinder to extend in a longitudinal
direction and return to its original length when the cylinder is depressurized. Actuation by vacuum on
the other hand causes the cylinder to contract in a longitudinal direction when actuated and return to its
original length when the vacuum is removed.

5.2. Tendon-driven soft actuator
Certain actuators can achieve longitudinal or radial expansion and contraction without using pressurized
air or vacuum. One such actuator consists of an array of elastic ribbons arranged around the longitudinal
axis of the robot and oriented parallel to the axis [36, 37]. This arrangement acts as a compressive
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spring mechanism. A cable (tendon) running in the middle of the actuator controls the contraction and
relaxation of the actuator. Pulling the cable causes the two ends of the elastic ribbon array to be pulled
closer to each other, causing the ribbons to bend, therefore contracting the actuator along the longitudinal
direction and expanding the actuator in radial direction. Releasing the cable restores the length of the
actuator due to the elastic nature of the ribbon. The pulling and releasing of the cable are realized
using an electric motor. This type of actuator is used in both the anchor and the middle segment of the
inchworm-inspired robot.

5.3. Shape memory alloy actuator
Another technique of actuation uses an SMA to actuate the in-pipe navigation robot. In the earthworm-
inspired in-pipe robot [42], the actuator consists of a flexible mesh tube wrapped by a nickel titanium
(NiTi) SMA around the outer wall. The SMA was made into small, coiled wire and wrapped around the
flexible tube. Heating the SMA wire causes it to shorten, thereby constricting the tube and creating a
traveling wave along the tube. The heating of the SMA is achieved using a method called Joule heating,
where an electric current is passed through the wire, causing it to heat up. Once the SMA cools down,
the original length of the wire is restored by the elasticity of the tube wall.

5.4. Magnetic field-driven soft actuator
In addition to the formerly discussed method of anchor mechanism that are actuated from inside the
robot, there are robots that are designed to be actuated from external magnetic fields [21, 34, 38]. These
robots have magnets embedded inside the anchors or several locations inside the robot’s body. The
movements of the anchors are therefore driven by the movement of the magnetic field. In ref. [21], the
robot consists of an elastic middle segment where magnets are embedded inside or on the surface of both
ends of the segment. The segment is actuated using an external magnetic field that controls the movement
of both ends of the segment. By moving both ends of the segment closer to each other, the segment bends.
Conversely, by moving both ends away from each other, the segment straightens. Similarly, in ref. [34],
the caterpillar-inspired in-pipe robot uses an external magnet to move the magnet-embedded robot legs
inside a pipe. In ref. [38], the external magnetic field is used to control the deformation of the robot body
made of magnetoactive polymer.

5.5. Passive actuator
All the aforementioned actuators are classified as active types of actuators whereby the actuation is
achieved by their own dedicated power source provided by pressurized air, vacuum, magnetic field, ten-
don, or SMA. There is another class of actuator called a passive actuator where there is no dedicated
power source. This class of actuator passively reacts to the deformation of other segments of the robot or
the movement of the robot’s body. One example of such an actuator uses two types of metamaterials that
have unique internal structures [35, 39]. One metamaterial was designed to have a positive Poisson’s
ratio, while the other one was designed to have a negative Poisson’s ratio, which is also known as an
auxetic metamaterial. A material with a positive Poisson’s ratio expands in radial direction when it is
compressed in the longitudinal direction. On the other hand, a material with a negative Poisson’s ratio
contracts in radial direction upon being subjected to a compressive force in the longitudinal direction.
This complementary mechanical property can be used to construct the front and rear anchors. In ref.
[39], the front anchor is constructed from the metamaterial with a negative Poisson’s ratio (auxetic
metamaterial), whereas the rear anchor uses the metamaterial with a positive Poisson’s ratio. The com-
pressive force is provided by the extension of the middle segment of the robot. When the middle segment
is extended, it pushes against the front anchor, causing it to contract radially and therefore reducing the
friction between the anchor and the wall. The extension of middle segment also exerts a compressive
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force on the rear anchor, causing it to expand radially to anchor the robot to the pipe wall. This actuation
propels the robot forward. This type of anchor is also known as passive anchor because it does not need
a separate actuator as it relies on the actuation of the middle segment.

Another type of passive anchor uses a disk-shaped structure, whose diameter is slightly larger than
the inner pipe diameter [30]. This structure has a smooth surface on one side and a rough surface on the
other side. Since the diameter of the disk is larger than the pipe diameter, the disk bends either forward
or backward inside the pipe, causing either the rough or the smooth surface to come in contact with the
pipe wall. The rough surface provides more friction between the anchor and the wall compared to the
smooth surface. The front anchor and back anchor are designed to have a smooth surface facing the front
of the robot and a rough surface facing the back of the robot. When the middle segment of the robot is
extended, it pushes the front anchor forward, causing the anchor to bend backward. This bending causes
the smooth surface of the anchor to be in contact with the pipe wall, allowing the anchor to slide. The
back anchor, on the other hand, is pushed backward. This results in the anchor bending forward, which
causes the rough surface to be in contact with the pipe wall to achieve anchoring. When the middle
segment is contracted, the reverse happens. The front anchor bends forward, and the rear anchor bends
backward. This sequence of actuations propels the robot forward inside the pipe. Table II summarizes
different types of soft in-pipe navigation robots.

6. Discussion
6.1. Material
In terms of the material, platinum-catalyzed silicone rubber is the most popular choice of soft material
for the robot’s actuator owing to its low Shore hardness ranging from 10 on the 00 scale up to 10 on the
A scale. These materials also have a high elongation at break ranging from 300% up to 1000%. These
properties allow for a lower air pressure to be used on the actuators to produce large longitudinal or
radial expansion. Lower air pressure operation leads to lower overall cost of the robot because smaller
air pumps can be used. The high elongation at break gives the materials higher durability in the sense
that they can tolerate a higher degree of deformation without sustaining damage. This class of material is
preferred for actuators consisting of soft air chambers with a strain-limiting layer to control the direction
of the chamber deformation. However, there is a drawback of using low air pressure for actuation. Low air
pressure produces low actuation force, which subsequently affects the strength of the robot’s locomotion.
This limitation is undesirable in applications that require the robot to carry some loads onboard or to
pull or push some loads. For example, if a soft in-pipe robot is intended to perform a cleaning task by
removing and pushing blockages inside the pipeline, then having a weak locomotion will cause the robot
to be stuck.

Harder elastomers on the other hand are preferred for actuators that depend more on the flexibil-
ity of the material and less on the stretchability such as the origami-based actuators, bellow actuators,
the actuators that utilize an array of elastic ribbons, flexible and bendable middle segment, or metama-
terial actuators. Chambers made of these materials can withstand a higher air pressure and therefore
can produce higher actuation force. The Shore hardness ranges from 30 to 90 on the A scale with the
elongation at break as low as 55%. However, lower elongation at breaks makes them less durable. In
view of this, more research is required to produce elastomers of this class with higher durability. In fact,
there has been research carried out to develop a soft actuator material that can self-heal or self-repair as
reported in ref. [53]. This self-healing characteristic is especially important for in-pipe robots because
conditions inside pipelines can be rough due to hard mineral deposits, which can be damaging to soft
materials.

As for the strain-limiting materials, fiber wires are the popular material to be embedded inside the wall
of the soft inflatable air chamber. The fiber wire is preferred for embedded material because it allows
the elastomer matrix to get in between and fully enclose the fibers. The fiber used for this purpose
must be strong and durable enough to resist the inflation of the chamber in radial direction without
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Table II. Summary of different type of soft in-pipe navigation robot.

Locomotion
strategy Reference Structure Material Actuation Speed (mm/s)
Inchworm [21] Magnetic front and rear

anchor pad connected by
bendable middle
segments

Magnetic particle/polymer
composite (EMG 1200 dry
magnetic nanoparticles
[Ferrotec (USA) Corporation,
NH, USA]) with a 10 nm
nominal particle diameter
distributed in polymer resin,
Flexible polymer resin Spot E
from Spot A Materials
(Barcelona, Spain)

Sequential activation of magnetic forces
in the posterior and anterior legs by
external magnetic field

1.3–3.3

Inchworm [22, 32, 33] Inflatable head and rear
anchor connected by
extendable middle
segment

Middle and junction:
Ecoflex00-30 and
DragonSkin 30 (Smooth-On),
cotton thread
Head and rear: Ecoflex00-10

Anchors: Soft inflatable chambers
inflate radially using pressurized air
Middle segment: Soft air chamber with
strain-limiting layer extends in
longitudinal direction using pressurized
air

N/A

Inchworm [26] Inflatable front and rear
anchors connected to
contractable middle
segment

Dragon Skin 10 Medium Anchor: Soft air chambers inflated
using air pressure
Middle segment: vacuum-actuated
muscle-inspired pneumatic structures,
or VAMPs). Contract when vacuum

4

Inchworm [29] Inflatable head and rear
anchor connected by
extendable middle
segment

Ecoflex R© 00-50, Smooth-On Anchor: Soft air chamber with
strain-limiting outer layer that elongates
when pressurized. The actuators are
oriented in radial direction
Middle segment: Soft air chamber with
strain-limiting outer layer that elongates
when pressurized

8.9
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Table II. (Continued)

Locomotion
strategy Reference Structure Material Actuation Speed (mm/s)
Inchworm [23] Front and rear anchor connected

by extendable middle structure
The paper-fabric
composite
Ecoflex 00-30

Anchor: Kresling crease pattern air
chamber
Middle segment: Pneumatically
actuated high extension ratio
origami-shaped air chamber

4.5

Inchworm [39] Front and rear anchor connected
by extendable middle structure

Rubber-like digital
material
(FLX9085-DM)
TangoBlackPlus
(Stratasys) for middle
segment

Front anchor uses auxetic material with
a negative Poisson’s ratio, whereas the
rear anchor uses normal material with a
positive Poisson’s ratio
Middle segment: bellow structure
inflated by pressurized air

14

Inchworm [45] Front and back anchor connected
by contractable middle segment
consisting of three
vacuum-actuated muscle-inspired
pneumatic structures

Ecoflex silicone rubber Anchor: Soft air chamber inflated using
pressurized air
Middle segment: Air chamber
contracted using vacuum

N/A

Inchworm [30] Front and back passive anchors
connected by three parallel
extensible middle segment

Middle segment: Ecoflex
00-50, Kevlar fiber wire
Anchors: 3D printed
rubber 70A

Anchor: Bendable rubber discs that
have high friction when push from one
side and low friction when pushed from
the other side
Middle segment: Cylindrical rubber
wrapped with Kevlar fiber wires as train
limiting layer extends when pressurized

15

Inchworm [41] Head unit, continuously connected
segments, and three supply pipes.
One segment contains a propulsion
unit, two lines of grip units and a
connection unit

Rubber tube, cloth fabric Middle segment (propulsion unit):
Flexible rubber tube covered with none
stretchable cloth with wrinkles to allow
for longitudinal extension while
limiting radial expansion. Anchor: Grip
units have a flexible tube wrapped in
non-stretchable fabric in helical shape
such that the pipe will deform into
helical shape when pressurized and
anchors the robot to the wall

24
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Table II. (Continued)

Locomotion
strategy Reference Structure Material Actuation Speed (mm/s)
Inchworm [35] Front and rear anchors

connected by extendable
middle segment

TPU Anchors: Soft cellular structures with a
positive and negative Poisson’s ratio
encased in plastic case. Pressure from
the extension of the middle segment
causes the anchors to expand or
contract in radial direction
Middle segment: Bellow air chamber
that elongates when pressurized

N/A

Inchworm [31] Inchworm with front and
rear anchor and one
extensible middle
segment. Both the
anchor segments extend
into the middle segments

EcoFlex 00-50 Concurrent inflation/deflation of anchor
and extension/contraction of middle
segment by only two pressurized air
lines

45.5

Inchworm [46] Front and rear anchor
connected by an
extensible middle
segment

Latex Anchors: Inflatable air chambers
wrapped by wires at certain angles
cause them to curl into a helical shape
when pressurized
Middle segment: Air chambers
wrapped by wires at a combination of
angles make the, extend in a
longitudinal direction when pressurized

13.5

Inchworm [36] Front and rear anchor
and an extensible middle
segment

Elastic ribbons (TPU,
NinjaTek, Ninjaflex 85A and
95A)

All the anchors and middle segments
consist of series of elastic ribbons
arranged in a longitudinal direction.
The anchoring and contraction of the
middle segment are achieved by pulling
the string

5.7

Inchworm [43] Front and rear anchor
and an extensible middle
segment.

Nylon fabric with TPU
backing

The anchor expands radially when
pressurized, whereas the telescopic
extensible middle segments extend in a
longitudinal direction when pressurized

7.62
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Table II. (Continued)

Locomotion
strategy Reference Structure Material Actuation Speed

(mm/s)
Inchworm [44] Front and rear anchor

and an extensible middle
segment.

Ecoflex 00-50, Smooth-on The anchor expands radially when
pressurized, whereas the extensible
middle segments, which consist of
rubber tube with three parallel
chambers reinforced with nylon string
around the outer wall, extend in a
longitudinal direction or bend when
pressurized

N/A

Inchworm [47] Multiple segments
(McKibben artificial
muscle) connected in
series

Ecoflex-0050, Smooth-Sil
950, Braided sleeve

McKibben artificial muscle. Each
segment contracts in a longitudinal
direction and expands in radial
direction when pressurized

4.37 ± 0.8

Earthworm [24] Sliding anchors along a
rubber tube

Body: Rubber and
polyurethane (PU) tube
brake: The sliders are
connected with ethylene
propylene diene monomer
(EPDM) rubber belts

Anchor: Elastic ribbons bend in radial
direction and move along the core when
the inner tube is inflated with
pressurized air

250 mm/s
horizontal

and
40 mm/s
vertical
speed

Earthworm [48] Multiple segments of
extensible and bendable
soft multi-cavity
structure

Soft silicone rubber Each segment consists of three air
chambers with corrugated wall
(bellow). Inflating the air chambers will
cause the segment to expand or bend

N/A
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Table II. (Continued)

Locomotion
strategy Reference Structure Material Actuation Speed (mm/s)
Earthworm [42] Single flexible tube Polyether ether ketone

(PEEK) braided mesh tube.
nickel titanium (NiTi) coil
actuators (shape memory
alloy)

Nickel titanium (NiTi) coil actuators
(shape memory alloy) wrapped in a
spiral pattern around the circumference
of a flexible braided mesh tube. Heating
the NiTi coil using electric current
(Joule heating) causes the coil to
shorten, therefore constricting certain
parts of the mesh tube

0.5

Inchworm/
earthworm

[40] Four anchors and three
extensible middle
segments

Natural latex, carbon fiber,
and aluminum sheet

Anchors: Inflatable air chambers
expand radially when pressurized
Middle segments: Inflatable air
chamber with strain-limiting layer
expands in a longitudinal direction
when pressurized

5.5

N/A [28] Three twisted bundled
tubes

Shin-Etsu Silicone
X-32-2428-4
Shin-Etsu Silicone KE-1416

When any tube is pressurized, it
inflates, causing the device to deform
into a helix. If these tubes are
sequentially pressurized, the device
exhibits helical rotation; that is, it
rotates about its body axis while
retaining its helical shape

45

Flexiball [38] Origami flexiballs Flexible PLA Magnetically actuated through the
attachment of magnetoactive elastomer
together with external magnetic field by
a permanent magnet

6

N/A [49, 50] Six-braided tube Silicone resin “KE-1416”
(Shin-Etsu Chemical Co.,
Ltd.)

Inflation of the various combinations of
the six tubes by pressurized air causes
the structure to deform into helical
shapes

6.7
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Table II. (Continued)

Locomotion
strategy Reference Structure Material Actuation Speed (mm/s)
Euglenoid [27] Three connected

segments of bellows air
chamber

Dragon Skin 10 SLOW
(Smooth-On)

Hyperelastic bellows are inflated in an
alternate manner using pressurized air

0.3

Caterpillar [34] Multi-legged worm with
legs embedded with
permanent magnet

EcoFlex 00-50 (Smooth-on)
and permanent magnet

The actuation of the MagWorm is
achieved by housing permanent
magnetic patches in its soft body, which
interact with an external moving
drive-magnet system

38.8

N/A [37] Single segment Thermoplastic polyurethane
(TPU, NinjaTek,
NINJAFLEX 85A)

Robot consists of a single segment
made of a series of elastic ribbons
arrange in a longitudinal direction.
These ribbons, with strategically
designed creases and linkages, can be
bended and twisted into different
three-dimensional configurations via
nonlinear mechanical buckling

N/A
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breaking. Kevlar fiber wire and carbon fiber have this durability and are therefore a material of choice
for this purpose. Woven fabric and aluminum foil are also used as strain-limiting layers for soft in-pipe
navigation robot actuators. However, these materials are wrapped on the outer wall of the inflatable air
chambers instead of being embedded directly into the chamber wall. This is due to the fact that the gap
between the woven fibers of the fabric is too small for the elastomer matrix to get in between. So, the
adhesion or bonding between the elastomer matrix and the fabric is very weak. In the case of aluminum
foil, the adhesion is even worse because of the highly smooth and polished surface of the foil. Unlike
fiber wire, the woven fabric and aluminum foil must have crease patterns or wrinkles to allow for the
layer to be stretched in a certain direction.

All the previously discussed materials have fixed mechanical properties including the hardness and
the elongation at break. Besides all those materials, there are certain materials that have been engineered
to have tunable mechanical properties. Examples of this material are electrorheological material [54]
and magnetorheological material [55]. The former is a type of material whose viscosity changes when
subjected to an electric field, whereas the latter is a type of material that changes its viscosity when
subjected to a magnetic field. Another type of composite material makes use of particle jamming or
granular jamming technique to change its stiffness [56]. The material structure consists of a soft cham-
ber filled with particles. Under a normal condition where air is allowed to fill the chamber, the particles
become loose, allowing the material structure to deform easily. However, when the air is sucked out of the
particle-filled chamber, the particles are jam-packed, making the material structure harder. These mate-
rials with tunable mechanical properties are some of the great alternatives to the existing soft materials
to devise soft actuators for soft in-pipe robots.

6.2. Structure and locomotion strategy
In terms of the structure and the locomotion strategy, many of the soft in-pipe navigation robots are
inspired by an inchworm, where the robots have front and rear anchors connected by the extendable or
bendable middle segment. Even though a biological inchworm moves by bending its body, any robot
that crawls by pushing or pulling the front and rear anchors is classified under inchworm-inspired loco-
motion regardless of whether the pushing and pulling of the anchors are achieved by bending or by pure
longitudinal extension or longitudinal contraction of the middle segment of the robot. This is the easiest
method of bioinspired crawling type of locomotion as it allows for forward and reverse motion using
three or even two independent actuators. A fewer number of actuators is highly preferred because only
a few air supply lines need to be tethered to the robot, therefore reducing the size of the tether line. The
speed of the locomotion depends on the step length and the speed of the actuation sequence. The step
length depends on the length and the percent elongation of the middle segment when actuated. In addi-
tion to its simplicity, this type of robot can provide some degree of postural stability on a certain part of
the robot on which inspection tools can be mounted. This is especially true for an in-pipe robot built for
pipeline inspection. The stable surface ensures that the inspection tools remain at a certain pose (e.g., at
the center of the pipe) during the locomotion. Besides, inchworm-inspired robots can produce a strong
locomotion, which depends on the restoration force of the middle segment combined with the strong
anchoring force of the front and the rear anchors on the pipe wall. This is important for an in-pipe robot
that needs to push or pull a certain amount of load while navigating inside the pipeline. However, the
inchworm-inspired locomotion has the drawback of producing a noncontinuous motion when the robot
switches between the pushing and pulling actuations, which is undesirable for applications that require
a smooth inspection operation.

Earthworm-inspired locomotion, on the other hand, is not as popular as the inchworm-inspired loco-
motion owing to its more complex structure and actuation method. Some researchers classified their
inchworm-inspired robots as earthworm-inspired robots since the middle segment of the robots extends
instead of bending like the body of an inchworm. An earthworm has anchors that travel along the worm’s
body as opposed to the fixed front and rear anchors of an inchworm. The reason for its relatively low
popularity is that producing smooth traveling anchors along the robot’s body using an array of discrete

https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0263574724001796
Downloaded from https://www.cambridge.org/core. IP address: 3.147.140.85, on 27 Nov 2024 at 07:33:00, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0263574724001796
https://www.cambridge.org/core


Robotica 21

air chambers is challenging. To generate a smooth and continuous traveling wave requires a large number
of discrete air chambers that need to be actuated individually, which increases the number of air sup-
ply lines and the complexity of the controller. Some researchers cascaded several inchworm-inspired
segments to form a long in-pipe robot that can mimic the traveling anchors of the earthworm, which
also increases the number of actuators. Earthworm-inspired locomotion also has the disadvantage of
producing noncontinuous motion.

Some researchers also tried to mimic other types of biological creatures like euglenoid and cater-
pillars, while several other researchers did not take inspiration from any biological creatures at all.
Euglenoid locomotion technique also relies on the traveling anchor along its body and therefore has the
same drawback as that of the earthworm. However, unlike the earthworm-inspired robot, the euglenoid
has only three chambers to produce the traveling wave. So, the distance that the robot can move in one
wave cycle is shorter, making it slower as compared to inchworm-inspired or earthworm-inspired robots.
The caterpillar-inspired in-pipe robot, on the other hand, has an array of legs, which function as anchors,
on only one side of its body. In this case, the anchors do not cover the entire circumference of the pipe
wall. In addition to that, the pressure that the legs exert on the wall depends on the strength of the exter-
nal magnetic field. Without the external magnetic field, the robot will have very low traction on the wall,
which results in very weak locomotion. So, the robot will not be able to carry, push, or pull any load.
The lack of postural stability is another drawback of caterpillar-inspired locomotion techniques since the
whole length of the robot’s body experiences transverse wave motion during the locomotion. The same
is true for the helical locomotion technique, which generates forward motion by rolling the helical robot
body on the pipe wall. This structure and locomotion strategy lacks postural stability in the sense that
there is no stable surface on the robot to mount sensors and inspection instruments as the robot’s body
rolls and curls continuously during locomotion. The same drawback is shared by the origami flexiball
in-pipe robot, where the robot’s motion is generated from the restoration of flexiball from a compressed
state by an external magnetic field. The cycle of this robot’s motion involves an alternate application
and removal of the external magnetic field on the robot to compress and restore the flexiball. During
the momentary removal of the magnetic field, the robot is not anchored to the pipe wall at all. This is
problematic if the robot is to climb an inclined or vertical pipe, in which case, the robot will fall during
this period of the motion cycle. In its current state, this method of locomotion only works in a horizon-
tal pipe. For the method to work in vertical pipes, the robot must be anchored to the wall during the
entire locomotion cycle. Table III summarizes the advantages and disadvantages of various locomotion
strategies for soft in-pipe navigation robots.

Apart from the formerly mentioned animals from which the in-pipe robot locomotion is inspired,
there are several other animal species that naturally live and crawl above the ground but are capable of
navigating inside tunnels and tubular structures. Examples of such creatures are lizards, spiders, and
cockroaches. These are legged creatures. So far, no soft in-pipe navigation robot has been inspired by
legged creatures understandably because most legged creatures have endoskeletons or exoskeletons that
are rigid or noncompliant, which disqualifies them from being sources of inspiration for a soft robot.
However, it is possible to devise a soft structure that resembles and functions as a leg for a soft in-pipe
navigation robot to crawl inside a pipe. Another interesting creature that is capable of squeezing and
crawling inside a pipe is an octopus, which utilizes suction cups on its tentacles to grip on a surface.
But the idea of squeezing inside a pipe is not an attractive attribute for an in-pipe robot that needs to
carry inspection sensors or instruments. For this type of robot, some postural stability on a certain part
of the robot is required to mount the inspection tools. This postural stability remains a challenge for a
completely soft robot in general.

Overall, a locomotion strategy that can be achieved using a simple structure and fewer number of
actuators and has postural stability has been the strategy of choice for soft in-pipe robots. One important
characteristic that is lacking in most of the locomotion strategies is the continuity in the robot’s motion.
The future research should focus more on developing a locomotion strategy for soft in-pipe robots that
can produce a smooth continuous motion in addition to having postural stability akin to the traditional
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Table III. Advantages and disadvantages of various locomotion strategies.

Locomotion
strategy Advantage Disadvantage
Inchworm Simple motion sequence

Few numbers of actuators (2 or 3)
Strong locomotion
Postural stability
Capable of high-speed locomotion
Compatible with many different
types of actuators

Non-continuous motion

Earthworm Postural stability
Capable of high-speed locomotion
Compatible with many different
types of actuators

High number of actuators for smooth
traveling wave
Non-continuous motion
Complex sequence of motion

Euglenoid Simple motion sequence
Postural stability
Compatible with many different
types of actuators

High number of actuators for smooth
traveling wave
Low-speed locomotion
Non-continuous motion

Caterpillar N/A High number of actuators for smooth
traveling wave
Lack postural stability
Weak locomotion

Helix Locomotion can be continuous Lack postural stability
High number of actuators

Flexiball N/A Complicated structure
Lack postural stability
Weak locomotion

wheeled in-pipe robots. This will allow for various instruments to be mounted on board that will greatly
extend the functionality of the soft in-pipe robot beyond just simple navigation.

6.3. Actuation technique
Based on the literature, the majority of soft in-pipe navigation robots utilize one class of soft actuators
known as soft fluidic actuators. This class of actuators is driven by fluid under pressure. The most pop-
ular type of fluid for in-pipe navigation robots is the air under positive pressure, and the soft actuators
driven by the pressurized air are called pneumatic soft actuators. This is the simplest way of transfer-
ring power to the robot without involving any rigid structures on the robot side. The pressurized air can
be transferred from an air pump to the robot using flexible air tubes. The most popular type of pneu-
matic soft actuators used for this type of robot consists of soft inflatable air chambers that inflate and
deflate in certain directions to create movements. This type of actuator has the advantage of being sim-
ple and lightweight and can be made entirely of soft materials. Furthermore, the soft air chambers can
be designed to produce a large and strong deformation (actuation force) at different actuator sizes. The
strength of the actuation depends on the magnitude of the air pressure and the material hardness. The
harder the material, the larger the air pressure used to inflate the chamber, and the larger the actuation
force will be. Soft robots driven by pneumatic soft actuators can be made very small, which is limited
only by the fabrication capability and the size of the air tubes. A pneumatic soft actuator is versatile
in the sense that it can be designed to produce different types of motions, which include elongation,
radial expansion, bending, and even twisting. The fact that it is driven by air makes it safe to be operated
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in many different environments including underwater and inflammable areas. However, the main diffi-
culty with pneumatic soft actuators is leakage prevention. Unlike traditional rigid pneumatic actuators
where the pneumatic cylinder is made of strong metals or other hard materials, a pneumatic soft actu-
ator is made of weaker soft materials that puncture relatively easily upon contact with sharp objects.
Furthermore, the air pressure must be properly regulated to be within the actuator’s pressure limit to
avoid explosion or damage to the actuator.

Another type of soft fluidic actuator uses negative air pressure or vacuum pressure instead of posi-
tive air pressure. This type of actuator also consists of air chambers that deflate when evacuated. This
actuation method using the negative pressure has the advantage of being safer than the one that uses
the positive pressure because of zero risk of explosion. This method of actuation is less popular than
the one that uses positive pressure. One of the reasons is that controlling the actuator using negative
pressure or vacuum over a long tube is challenging as the response will be slower. Furthermore, the
tube wall needs to be harder or thicker to prevent the tube from collapsing from the negative pressure.
Therefore, a robot’s tether line made from a bundle of multiple hard tubes is less flexible, which reduces
the capability of the robot to navigate inside a long and complex pipeline.

Besides the pneumatic type of actuators, some soft in-pipe robots utilize a cable-driven actuator
where the contraction of the actuator is controlled by pulling and releasing the cable. However, this
type of actuator requires a combination of soft and rigid materials to mount and house the motor that
drives the cable. So, the robot that uses this type of actuator is not a purely soft robot. In the case
where electric motors are used to drive the cable, the motors and the accompanying electronics must be
properly sealed against the environment inside pipelines to prevent damage. The actuation force depends
on the torque of the motor. Another soft in-pipe robot uses an SMA as the actuator. The SMA needs to
be used in combination with elastic materials to restore the actuator to its original shape. Unlike the soft
fluidic type of actuators, the SMA actuator can be made very slim. However, SMA actuators have some
drawbacks that prevent their widespread use in soft robots. SMA has a slow response time as it requires
some time to heat up and cool down. Aside from that, it also has limited force output and is therefore
suitable for only small and lightweight actuation. In addition to that, the performance is dependent on
the temperature because the alloy is actuated by subjecting it to high temperature through Joule heating.
Another less popular method of actuation is by using an external magnetic field. However, this method
is unpractical in the sense that the driving magnetic field should be placed outside of the pipe wall but
close enough to the robot in order to control the robot. This means that the source of the magnetic field
needs to follow the robot closely from outside of the pipe, which is extremely challenging. Furthermore,
the strength of the magnetic field that penetrates the pipe wall is influenced by the material and the
thickness of the wall. This method of actuation becomes even more impractical in the case where the
robot needs to navigate buried pipelines.

Despite the different benefits of each of the actuation techniques for the soft in-pipe navigation robot,
they share one common drawback. The power source and the control electronics of the actuators are not
built into the robot. This is due to the fact that most of the power sources and electronics components,
which include the air pump, vacuum pump, valves, battery, and controller board, are made of rigid mate-
rials. Current technology still does not allow many of these elements to be constructed entirely of soft
materials. Incorporating these rigid elements inside soft robots will eliminate some of the advantages
associated with a soft robot. Because of this restriction, the soft in-pipe navigation robots are connected
to the power source and the electronics through a tether. For robots that are actuated using pressurized
air or vacuum, the tether is in the form of air tubes, whereas for robots that are electrically actuated, the
tether is in the form of electric wires. A tethered in-pipe robot has a limitation in terms of the range that
the robot can move inside the pipe, which depends on the length of the tether. A long tether presents
another challenge to the robot as it adds additional load that the robot needs to pull, therefore slowing
down the robot. For the in-pipe robots that are actuated using pressurized air or vacuum, the long air
tubes will introduce a delay to the robot response as the air takes a long path from the pump to the robot.
With regard to this issue of remote power sources, there are actuators that do not have any dedicated
power source for actuation. This type of actuator is called a passive actuator, which is actuated by the
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Table IV. Advantages and disadvantages of the different actuation techniques used in soft in-pipe
robots.

Actuation
technique Advantage Disadvantage
Soft fluidic
actuator

Driven by +ve air pressure

• Simple
• Lightweight
• Can be made entirely of soft

material
• Can be made in wide range of sizes
• Can produce large actuation force

(depending on the air pressure and
material hardness)

• Can produce different types of
motion

• Can be operated in a wide range of
environments

Driven by -ve air pressure

• No risk of explosion

Driven by +ve air pressure

• Requires tether to connect to an
external source of air pressure

• Prone to leakage/puncture
• Risk of explosion

Driven by -ve air pressure

• Not suitable for long tether
• Require tubes with a thicker wall
• Prone to leakage/puncture
• Limited actuation force
• Slow response

Cable-driven
actuator

• Compact
• Lightweight

• Not a pure soft actuator
• Motors and electronics are prone to

damage in certain environments
• Requires tether cables

Shape
memory alloy
actuator

• Slim and compact
• Lightweight

• Weak actuation force
• Slow response
• Sensitive to environmental

temperature
• Requires tether cables

Magnetic
field-driven
actuator

• Simple construction
• Does not require tether

• Requires external magnetic field
• External magnetic field needs to

follow the robot
• Magnetic field source can get

blocked by thick pipe wall or pipe
wall made of metal

• Not suitable for many pipelines’
environment

Passive
actuator

• Reduce the number of independent
actuator and tether line

• Lack independent control of the
actuator and robot
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deformation of other actuators or the movement of the robot. This type of actuator has the benefit of
reducing the number of independent actuators on the soft in-pipe robot, therefore reducing the num-
ber of tether lines required by the robot. The main drawback of passive actuators is that they cannot be
independently controlled. The inchworm-inspired soft in-pipe navigation robots that utilized the passive
actuator for the anchors lack the ability to reverse or change the direction of the robot’s motion. Table IV
summarizes the advantages and disadvantages of the different actuation techniques used in the current
soft in-pipe navigation robots.

Besides the different types of soft actuation methods employed by the current soft in-pipe navigation
robots, there are still many more types of soft actuators used in soft robotics that have not been utilized
for in-pipe navigation robots. These include dielectric elastomer actuator [57, 58], ionic polymer metal
composite actuator [59], and shape memory polymer [60]. Dielectric elastomer is a type of elastomer
that deforms under the influence of an electric field. To make an actuator, this elastomer is sandwiched
between two compliant electrodes similar to the structure of a parallel plate capacitor. The two electrodes
generate an electric field, which causes the elastomer to decrease in thickness and increase in surface
area. An ionic polymer metal composite actuator has a similar structure as the dielectric elastomer
actuator except that the electrodes are made of a thin metal sheet whereas the dielectric is made of ionic
polymer. When voltage is applied across the electrodes, the actuator bends. A shape memory polymer
on the other hand works the same way as the SMA except that the material is made of a polymer.

7. Conclusion
This paper reviews the current state of the art in the soft in-pipe navigation robot. Soft in-pipe navi-
gation robots have some advantages not offered by the traditional rigid in-pipe robots. The advantages
include robustness, lightweight, and high adaptability. This review compares different soft in-pipe navi-
gation robots in terms of material used, structure, locomotion strategy, and actuation techniques, which
provides information and guidelines for researchers in this field to improve the current soft in-pipe navi-
gation robot technology and help them focus on very specific aspect of the soft in-pipe navigation robot
design. Even though several aspects of the design are also applicable to other types of soft robots, some
aspects, which include the structure and locomotion strategy, are unique to in-pipe navigation. The struc-
ture and locomotion strategy, in turn, affect the selection of the actuation techniques and the materials.
The most popular design for a soft in-pipe navigation robot is inspired by an inchworm with fixed front
and rear anchors and an extendable middle segment and is actuated using soft fluidic actuator. As for the
material, platinum-catalyzed silicone rubber is the most popular type of material for actuators because
of the low hardness and high elongation at break, which is desirable for a soft fluidic actuator. Despite
the current design and material selection, there is still plenty of room for improvement. There are many
other actuation techniques for soft robots that have not been applied to the in-pipe navigation robot,
which opens up a huge opportunity for further research in this field.
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