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Abstract 

Numerous studies have been conducted for in-pipe navigation robots with the 

sole purpose of navigating through and inspecting pipelines. Most in-pipe 

navigation robots are of the rigid type. There is an increasing trend to incorporate 

soft-robotic technology into in-pipe navigation robots. However, most of the soft 

in-pipe navigation robots’ design and locomotion are inspired by inchworm and 

earthworm, leaving other potential methods of locomotion largely untapped. This 

paper describes the design and development of a lizard-inspired soft robot to 

investigate the feasibility of using the lizard-inspired standing wave quadrupedal 

Locomotion and head stabilization to steadily navigate inside a pipeline. This soft 

robot is designed and simulated in Solidworks 3D modelling software and 

fabricated using SORTA-Clear 40 soft silicone rubber using a moulding 

technique. The soft robot is actuated using pressurized air. A series of 

experiments are conducted to evaluate the performance of the robot’s navigation 

inside straight pipes of different diameters as well as through pipe corners of 

different angles. Based on the experiment, the robot achieves a speed of 2.02, 

2.77, and 2.33 mms−1 inside straight pipes of 50 mm, 60 mm, and 70 mm in 

diameter, respectively. For navigation through 45° and 90° pipe corners, a 

navigation speed of 2.94 and 0.73 mms−1 has been achieved, respectively. The 

robot has also demonstrated good head stability with an average side-to-side 

movement of 3.6 mm from the centre of the pipe and an average head rotation of 

6.1° during the locomotion. The results demonstrated the potential of using 

lizard-inspired locomotion for in-pipe navigation, which has been reported in the 

literature before. 

Keywords: Bioinspired robot, In-pipe navigation robot, Pipe inspection, Silicone 

rubber, Soft robot. 
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1.  Introduction 

Facilities such as petrochemical plants, power plants, and water treatment plants, 

use pipelines to transport fluids between two destinations. Regular inspection and 

maintenance are required to ensure that pipelines are in good and safe condition.  

Numerous robotic solutions have been developed to navigate inside pipelines 

to perform inspections. However, most solutions were based on rigid frameworks 

that were limited in their ability to interact and operate within a dynamic 

environment [1-6]. Recently, there has been an increasing trend in adopting soft-

robotic technology in developing in-pipe navigation robots. Soft robotics is a new 

branch of robotics where a robot is made entirely of soft and stretchable materials 

[7, 8]. This type of robot is advantageous compared to the traditional rigid robot in 

the sense that it is cheaper and more flexible, which enables it to easily adapt to 

complex and dynamic environments such as those found inside pipelines. 

In literature, there have been several in-pipe navigation robots developed based 

on soft robotic technology, most of which were inspired by either inchworm or 

earthworm locomotion. An inchworm consists of a fixed front and rear anchor 

(legs) connected by a bendable middle segment.  

The inchworm locomotion sequence starts with releasing the rear legs, bending 

the middle segment to pull the rear legs forward, securing the rear legs, releasing 

the front legs, straightening (extending) the middle segment to push the front legs 

forward, and securing the front legs. Adams et al. [9] developed a waterpipe robot 

utilising soft inflatable actuators inspired by an inchworm. The robot consists of a 

retractable telescopic tube with two inflatable anchoring actuators mounted at both 

ends of the tube. The robot moves by alternatingly inflating the anchoring actuators 

while controlling the retraction of the middle tube.  

Zhang et al. [10] adopted a similar locomotion strategy for their robot. The robot 

consists of a soft inflatable head and tail, which serve as the front and rear anchor 

connected by an extensible middle segment. During the locomotion, the tail is 

anchored while the middle segment is extended longitudinally 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.  

Several inchworm-inspired in-pipe robots adopted a slightly different motion 

sequence whereby the back anchoring is done concurrently with the middle 

segment extension whereas the front anchoring is done concurrently with the 

middle segment contraction. This motion sequence is utilized by Yamamoto et al. 

[11], Mark et al. [12] and Zhang et al. [13] in their robots. Some other soft in-pipe 

robots inspired by inchworm locomotion were also found in [14-22]. 

Aside from the soft in-pipe robots inspired by inchworm locomotion, several 

other in-pipe robots are inspired by earthworm locomotion. An earthworm's 

anchors move throughout its body, in contrast to the inchworm's fixed front and 

back anchors. An earthworm creates an anchor by radially extending certain body 

portions, which moves from the front to the back of the body like a peristaltic wave 

[23]. This strategy was adopted by Yamamoto et al. [24] in their in-pipe robot. The 

robot consists of a long flexible tube with two sliding anchors.  

The locomotion starts by holding the back anchor stationary while sliding the 

front anchor forward along the tube. Next, the front anchor holds the robot 
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stationary while the back anchor slides forward. Finally, both anchors are held in 

place while the flexible tube slides forward. Seok et al. [25] developed an 

earthworm-inspired in-pipe robot consisting of a long soft tube divided into 

multiple sections. By sequentially contracting multiple sections, the robot generates 

a travelling wave similar to that of an earthworm. Other earthworm-inspired in-

pipe robots can be found in [26-28]. 

Another researcher developed a soft in-pipe navigation robot inspired by the 

euglenoid [29]. An euglenoid has an almost similar locomotion strategy as that of 

the earthworm except that it only has only one anchor that travels along its body. 

This robot consists of three air chambers connected in series that are inflated 

sequentially to produce a travelling wave. Niu et al. [30] on the other hand 

developed a soft in-pipe navigation robot inspired by a caterpillar. A caterpillar 

moves by generating a transverse wave that moves from the back to the front. 

While the majority of the soft in-pipe robots are inspired by biological creatures, 

few robots employ a completely different locomotion strategy. Takayama et al. [31] 

developed a twisted bundled tube locomotive device driven by a pneumatic system. 

As the name suggests, the robot consists of multiple long tubes twisted together to 

form a bundle. Inflating any of the tubes causes the device to deform into a helix. 

If these tubes are sequentially pressurized, the device exhibits helical rotation about 

its body axis while retaining its helical shape. Hu and Li [32] developed an in-pipe 

robot in the form of an origami flexiball. The robot moves by the alternate flattening 

and expansion of the flexiball structure. 

Current soft in-pipe navigation robots’ designs have their advantages and 

disadvantages. Inchworm-inspired soft in-pipe robots have the advantage of being 

simple in design and able to produce strong locomotion. This type of robot also has 

some postural stability on some parts of the robot to allow for inspection 

instruments to be mounted. The main disadvantage is that the locomotion is non-

continuous in the sense that during half of the locomotion cycle, the head of the 

robot stops when the back anchor is being pulled forward.  

The earthworm-inspired and euglenoid-inspired robots can provide postural 

stability and strong locomotion but are more complicated in terms of the structure 

and control to produce a smooth travelling anchor along their body. Besides, they 

also produce non-continuous locomotion. The rest of the robots’ design lacks 

postural stability and produces weak and non-continuous locomotion in addition to 

being more complicated. All the drawbacks of the current soft in-pipe navigation 

robots warrant a continuous exploration of new robot designs and locomotion 

strategies by the research community. 

Even though many soft in-pipe navigation robots found in the literature were 

inspired by inchworm, earthworm, euglenoid, and caterpillar, many other 

biologically inspired locomotion strategies can be adopted into an in-pipe navigation 

robot but have not yet been explored. For example, lizard locomotion can be a good 

alternative to the existing in-pipe locomotion strategy owing to the simple body 

movement that can be replicated using the soft robotic actuation method.  

Furthermore, the quadrupedal locomotion of a lizard coupled with head 

stabilization has the potential to provide a more continuous movement and postural 

stability. Some researchers have tried to develop lizard-inspired soft robots, but 

these robots were designed to walk on flat surfaces. An example of such a robot 



Lizard-Inspired Standing Wave Quadrupedal Locomotion for Soft In-pipe . . . . 689 

 
 
Journal of Engineering Science and Technology               June 2025, Vol. 20(3) 

can be found in [33, 34]. The robots focus on climbing through adhesion, in which 

the leg of the robot is attached to a specially designed rubber suction cup to emulate 

the ability of a gecko to stick to the wall. 

The work described in this paper seeks to contribute to the research in soft in-

pipe navigation robots by investigating the feasibility of lizard-inspired locomotion 

for navigation inside pipes, which has not been reported in the literature before. 

The robot is designed to produce standing wave quadrupedal locomotion coupled 

with head stabilization to give postural stability to the front part of the robot, which 

provides stable ground for inspection instruments’ mounting. The rest of the paper 

is organised as follows.  

In Section 2, the methodology of the research is presented, which includes the 

design and Finite Element Analysis (FEA) simulation of the robot, the fabrication, 

the design of the pneumatic control circuit and algorithm, and the experimental 

setups to evaluate the performance of the robot inside pipes. The experimental 

result will be presented and discussed in Section 3 before it is concluded in the 

following section. 

2.  Methods 

2.1. Robot design 

A lizard moves by laterally bending its trunk and lifting its legs in an alternating 

manner during quadrupedal locomotion. The lateral bending of the trunk creates 

either a standing wave or a travelling wave depending on the species of lizard [35, 

36]. During the bending of the lizard’s trunk, one of the hind legs and the opposite 

front leg are anchored to the ground while the other two legs are lifted and pushed 

forward. The two lifted legs are then lowered to the ground, followed by the 

bending of the trunk in the opposite direction. The two previously anchored legs 

are then lifted and pushed forward. This entire cycle is continuously repeated 

during locomotion. 

In this work, a lizard-inspired soft robot was designed based on the standing 

wave quadrupedal locomotion because it can be realized with only two air pumps 

as opposed to the travelling wave locomotion method, which requires more air 

pumps. The design of the robot is shown in Fig. 1. 

The robot was designed using Solidworks 3D modelling software and fabricated 

using SORTAClear 40 silicone rubber (Smooth-on USA). As shown in Fig. 1(a), 

the robot consists of four segments, which are the tail, trunk, neck, and head 

segments. The trunk segment is responsible for the robot’s locomotion, whereas the 

neck segment is responsible for stabilising the lizard’s head during locomotion. 

This feature is desirable for an in-pipe navigation robot as it provides a stable 

platform on the robot for mounting sensors or cameras for pipe inspection.  

The trunk of the robot consists of two inflatable air chambers located on each 

side of the trunk, separated by a rubber wall in the middle. The two chambers are 

connected to two separate air pumps using silicone rubber tubes. Inflating only one 

of the chambers causes the trunk to bend, which mimics the bending of the lizard’s 

trunk. The neck segment is divided into the lower neck and upper neck. Both the 

lower and upper neck have similar actuation mechanisms in that they have two 

inflatable air chambers located on each side of the neck. The only difference is in 
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the length of the segment where the length of the lower neck is about half the length 

of the trunk segment and the length of the upper neck is half of that of the lower 

neck. This is to reduce the effect of the trunk bending on the head of the lizard, thus 

stabilizing it during locomotion.  

Each of the air chambers in the lower neck is connected to the opposite air 

chambers in the trunk, as shown in Fig. 1(b). Similarly, each of the air chambers in 

the upper neck is connected to the opposite air chamber in the lower neck. 

Therefore, when one of the chambers on the trunk is inflated, the opposite chamber 

in the lower neck is also inflated, causing it to bend in the opposite direction of the 

trunk’s bending. At the same time, the chamber in the upper neck that is opposite 

to the inflated chamber in the lower neck is also inflated, causing it to bend in the 

opposite direction of the lower neck’s bending, as shown in Fig. 1(c). 

A pair of hind legs and a pair of front legs are attached to the respective back 

end and front end of the trunk segment. The leg is designed to be a passive robot 

structure in that it does not have any actuation mechanism. The leg has a curved 

design pointing backwards. The outer surface of the leg is covered with an array of 

rubber spikes pointing forward, as shown in Fig. 1(d). It is designed in such a way 

that the friction between the leg and the pipe wall is smaller when the leg is being 

pulled forward and larger when the leg is being pushed backwards. A tail structure 

is attached to the back end of the trunk to prevent excessive bending of the trunk, 

which can cause the hind legs to be flipped forward, which can stop the forward 

motion of the robot.  

 

Fig. 1. (a) Robot 3D model, (b) cross-sectional view,  

(c) effect of chamber inflation (the red chambers are the  

chambers that are being inflated) and (d) leg design. 

The size and dimensions of the robot are chosen based on the size of the 

available pipe diameters (50 mm, 60 mm, and 70 mm) in which the test will be 

carried out. Parameters including the length, and the thickness of the chamber wall 

are optimized using the Finite Element Analysis (FEA) in the Solidworks 
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modelling software to produce the standing wave that can fit inside the pipe 

diameters. The sequence of the robot’s motion is illustrated in Fig. 2. 

Before the start of actuation, the robot’s body is in a straight posture. When the 

actuation starts, one side of the air chamber is inflated, causing the trunk to bend to 

one side. This causes the hind leg on the same side of the bend (i.e., opposite of the 

inflated air chamber) and the opposite front leg to be pulled forward. At the same 

time, the other two legs are pushed backwards. Since the forward pull of the leg 

has less friction as compared to the backward push, there will be a net forward pull 

of the legs. The cycle is repeated when the opposite chamber is inflated, causing 

the trunk to bend to the other side. There is always a net forward pull of the robot’s 

legs in each cycle, which causes the robot to move forward. 

 

Fig. 2. Robot sequence of motion illustration. 

To verify the feasibility of the robot design before it is fabricated, a Finite 

Element Analysis (FEA) was performed using the Solidworks simulation. A tensile 

test was performed on the SORTA-Clear 40 silicone rubber samples using an 

Instron3366 universal tester machine. From the test, a stress-strain curve was 

obtained as shown in Fig. 3. The average elongation at break is around 310% and 

the average 100% modulus is recorded at 0.68 MPa. This data was then used to 

define a new material inside the Solidworks simulation, which was then applied to 

the robot’s 3D model.  

The choice of the silicone rubber used to fabricate this robot is based on the 

shore hardness and the elongation at break, which subsequently determine the air 

pressure required to actuate the robot. The softer the material, the lower the air 

pressure required to actuate the robot and vice versa. However, a lower air 

pressure produces a weaker actuation for the robot whereas the higher air pressure 

requires a larger and hence, more expensive air pump. A material with higher 

elongation at break can tolerate a higher deformation without sustaining physical 

damage and vice versa.  

For this project, the 40 on the A scale Shore hardness coupled with the 400% 

elongation at break provided by the SORTA-Clear 40 silicone rubber is one of the 

suitable candidates to be used with the existing air pump that can produce air 

pressure of up to 80 kPa.  
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A non-linear static FEA simulation was performed on the Solidworks 3D 

model, and the applied fixtures and loads are shown in Fig. 4(a). A pressure of 50 

kPa was applied on the inside walls of the air chambers as depicted by the red 

arrows in Fig. 4(a). The meshed and the deformed models are shown in Figs. 4(b) 

and (c) respectively. From the result, the robot’s trunk, lower neck, and upper neck 

produced the desired opposite bending in response to the pressure load applied on 

the inner wall of the chambers. 

 

Fig. 3. Stress-strain curve for SORTA-Clear 40.  

The inset image shows the specimen for the tensile test. 

 

Fig. 4. FEA simulation: (a) Applied load (red arrow) and fixture (green 

arrow), (b) model mesh, and (c) deformed model with stress value.  

2.2. Fabrication 

The entire robot’s body was fabricated from SORTA-Clear 40 silicone rubber in 

separate parts, which were then glued together using the same silicone rubber 

material. These parts are shown in Fig. 5(a). Moulds for each part of the robot were 

designed using Solidworks and 3D printed using Polylactic acid (PLA) plastic. The 

SORTA-Clear 40 silicone rubber comes in two parts (A and B), which must be mixed 

at a ratio of 10:1 by weight. A digital gram scale was used to accurately mix the two 

parts. The mixture was stirred well for 3 minutes, poured into the PLA moulds, and 
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left to cure for about 16 hours. Next, the fully cured parts were removed from the 

moulds and glued together using the same uncured rubber material. The moulding 

process and the fabricated robot are shown in Figs. 5(b) and (c). 

The lizard-inspired soft in-pipe navigation robot was designed to be operated 

using a pneumatic system as shown in Fig. 6(a). The air chambers on each side of 

the robot are connected to two separate air pumps via silicone tubing. The air pumps 

used for the pneumatic system can produce a maximum air pressure of 80 kPa. The 

silicone tube connecting the air chamber and the pump is also connected to a 

solenoid valve to release the air. The air pumps and the solenoid valves are 

controlled using an Arduino nano controller board using the control algorithm 

shown in Fig. 6(b). A series of experiments were conducted to evaluate the 

performance of the lizard-inspired soft in-pipe navigation robot. 

 

Fig. 5. (a) Robot’s 3D parts, (b) moulding process for  

robot’s parts (the grey parts are the mold and the white  

parts are molded robot parts) and (c) fabricated robot. 

 

Fig. 6. (a) Pneumatic control diagram and  

(b) flow chart for the control of the pneumatic system. 
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2.3. Experimental setup 

2.3.1. Experiment 1: Robot’s trunk bending radius vs applied pressure 

The first experiment was conducted to investigate the effect of air pressure on the 

bending radius of the robot’s trunk. One of the trunk chambers was connected to 

an air pump through a silicone tube. Pressurized air of different pressure ranges 

from 0 kPa to 80 kPa was supplied to the trunk’s air chamber. For each of the 

different pressures supplied, the image of the body was captured, and the air 

pressure was measured using a GM522 pressure manometer (BENETECH). All the 

images of the bent body were then imported into Solidworks where a curve tool 

was used to draw a curve on top of the images to follow the exact curvature of the 

body, as shown in Fig. 7(a). The angle 𝜃 of the curve was then recorded. Then, the 

length of the trunk (curve), 𝑙, was used to calculate the radius, 𝑟, of the curvature 

using the following formula: 

𝑟 =
𝑙

2𝜋(360 𝜃)⁄
                                                                                                         (1) 

2.3.2. Experiment 2: Leg friction 

The second experiment was conducted to test the frictional force between the 

robot’s leg and the pipe wall. Two sets of experiments were conducted: the 

frictional force during the forward pulling of the leg and the frictional force during 

the backward pushing of the leg. 

The robot’s leg was mounted on a stick and inserted into a pipe of 50 mm in 

diameter as shown in Fig. 7(b). The other end of the stick was mounted on a high-

precision digital scale. The pipe was then pushed downward. Due to the frictional 

force between the leg and the pipe wall, the stick was also pushed downward and 

pressed against the digital gram scale. The reading of the scale was then recorded. 

The experiment was repeated with the leg mounted upside-down on the stick to 

measure the backward frictional force. 

 

Fig. 7. (a) Bending radius measurement  

and (b) frictional force experimental setup. 
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2.3.3. Experiment 3: Navigation performance inside pipe 

The third experiment was conducted to evaluate the navigation performance of the 

lizard-inspired in-pipe robot in straight pipes of different diameters and through 

pipe corners. The three performance characteristics evaluated were speed, and head 

stability in terms of lateral movement and lateral rotation. For this experiment, the 

robot was placed inside a horizontal transparent acrylic pipe of 50 mm in diameter 

and 50 cm in length. Two spherical markers were placed on the shoulder and the 

head of the robot. A camera was placed above the pipe to record a video of the 

robot moving inside the pipe. The robot was actuated according to the control 

algorithm described in Fig. 6(b), where the n inside the algorithm was set to 1 s and 

the pump pressure was set to 80 kPa. The robot was left to move from one end of 

the pipe to the other end. The video was then processed using the MATLAB image 

processing toolbox to obtain the speed of the robot. The formula for the robot’s 

speed is as follows: 

𝑣𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 =
𝐹𝑅_𝑉𝑛−𝐹𝑅_𝑉𝑛−1

𝑁_𝑉𝑝𝑖𝑝𝑒_𝑙𝑒𝑛𝑔𝑡ℎ
× 𝐿𝑝𝑖𝑝𝑒 × 𝐹𝑅_𝑟𝑎𝑡𝑒                                                        (2) 

where the 𝐹𝑅_𝑉𝑛 and the 𝐹𝑅_𝑉𝑛−1 are the vertical pixel coordinates of the marker 

in the current and previous frames, 𝑁_𝑉𝑝𝑖𝑝𝑒_𝑙𝑒𝑛𝑔𝑡ℎ is the number of vertical pixels 

for the entire pipe length, 𝐿𝑝𝑖𝑝𝑒 is the actual length of the pipe in mm, and the 

𝐹𝑅_𝑟𝑎𝑡𝑒 is the video framerate.  

The same experiment was conducted for straight pipes of 60 mm and 70 mm in 

diameter, as well as inside corners of 45° and 90° angles using the same air pressure 

and timing setting. For the experiment inside corners, the pipe with 60 mm was used. 

All the pipes used in the experiment are 50 cm in length. The same video was also used 

to compute the lateral movement of the head and shoulder of the robot to evaluate the 

stability of the robot head during the robot’s locomotion inside a pipeline. The same 

MATLAB functions were used to track the coordinates of the markers on the head and 

the shoulder. But for the lateral distance, the actual width (outer diameter) of the pipe 

was used as a reference to convert the distance in pixels to millimetres. 

The lateral distance was calculated from the centre of the pipe by using the 

following formula: 

𝑑𝑙𝑎𝑡𝑒𝑟𝑎𝑙 =
𝐻_𝐶𝑜𝑚𝑎𝑟𝑘𝑒𝑟−𝐻_𝐶𝑜𝑝𝑖𝑝𝑒_𝑐𝑒𝑛𝑡𝑒𝑟

𝑁_𝑉𝑝𝑖𝑝𝑒_𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
× 𝐷𝑝𝑖𝑝𝑒                                                     (3) 

where 𝐻_𝐶𝑜𝑚𝑎𝑟𝑘𝑒𝑟 and 𝐻_𝐶𝑜𝑝𝑖𝑝𝑒_𝑐𝑒𝑛𝑡𝑒𝑟 are the horizontal pixel coordinates of the 

marker and the horizontal pixel coordinates of the centre of the pipe respectively,  

𝑁_𝑉𝑝𝑖𝑝𝑒_𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 is the number of pixels in one diameter of the pipe, and 𝐷𝑝𝑖𝑝𝑒 is 

the actual diameter of the pipe in mm. The lateral rotation of the robot was also 

calculated from the same video using MATLAB. For the rotation of the head and 

shoulder of the robot, the orientation of the edge of the robot’s head and shoulder. 

The angle was calculated with respect to the longitudinal axis of the pipe. 

3.  Results and Discussion 

Figure 8 shows the result of the trunk’s bending experiment. The bending radius 

was calculated using Eq. (1). Based on the plotted data, at the initial 10 kPa, the 

bending radius is about 201 mm. As the pressure gradually increases to 40 kPa, the 

bending radius reduces to 60 mm, and it reduces further to 26 mm when the applied 
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pressure is 80 kPa. The smaller bending radius implies more bending of the trunk. 

More bending of the trunk would result in a greater forward pull of the leg, allowing 

the robot to travel further in one bending cycle. The forward motion of the robot in 

one bending cycle is also determined by the friction between the leg and the wall 

of the pipe. 

The result of the leg friction experiment is shown in Fig. 9. The maximum 

frictional force recorded for forward motion was 0.14 N, whereas the maximum 

frictional force during backward motion was -0.27 N. During the forward motion, 

the spikes on the leg spread out, lowering the contact surface, and thus lowering 

the frictional force of the leg. On the other hand, during the backward motion, the 

spikes smooth out and increase the contact area between the leg and the wall. The 

amount of frictional force depends on the amount of contact area between the leg 

and the pipe wall in the case of soft rubber contacting a smooth pipe surface. The 

lower frictional force during the forward pulling of the leg would result in the net 

forward motion of the robot, as proven in the subsequent experiment. 

 

Fig. 8. Trunk’s bending radius vs air pressure. 

 

Fig. 9. Leg friction in forward and reverse directions. 

Figure 10(a) shows a time-lapse of the lizard soft robot moving through a 50 

mm pipe extracted using MATLAB. Figure 10(b), on the other hand, shows the 

relationship between the speed of the robot and the distance travelled inside the 50 

mm diameter pipe. The speed of the robot was calculated using Eq. (2). 
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At the initial distance of 0 mm, the speed increases and reaches 3 mms−1 and slowly 

fluctuates in speed. The fluctuation in speed was due to the side-to-side bending of the 

trunk and necks. As stated before, the soft robot moves using the lateral bending of the 

trunk. When the trunk and necks of the robot bend, the head is pulled slightly backward. 

This gives the negative speed. The head was pushed forward again when the body and 

necks straightened, which gave the positive speed value. Throughout the locomotion, 

the positive speed is greater than the negative speed, which gives the net overall positive 

speed. The average speed recorded was 2.02 mms−1.  

The same experiment was repeated for pipe diameters of 60 mm and 70 mm, and 

the robot speeds were recorded in Table 1. Figures 11(a) and (b) show a time-lapse 

of the robot moving inside a 45° and 90° corner, respectively. Both the pipes used are 

60 mm in diameter. The navigation speed was measured and calculated from the 

moment the tip of the robot’s head enters the white elbow and emerges from the other 

end of the elbow. As expected, the robot takes a longer time to move through the 90° 

corner compared to the 45° corner. This indicates that the sharper angle in the corner 

gives greater resistance to the forward motion of the robot. Nonetheless, the robot 

managed to navigate through both corners without a problem. 

 

Fig. 10. (a) Time lapse of robot moving through a horizontal straight  

pipe of 50 mm diameter and (b) speed vs distance of the robot travelling 

inside a 50 mm diameter pipe (Average speed: 2.02 mms−1). 

Table 1 shows the data summary of robot navigation speed inside straight pipes 

of various diameters and corners of 45° and 90° angles. From the result, it can be 

observed that the robot moves the slowest inside the 50 mm pipe. This is because, 

in the 50 mm pipe, the robot has a limited bending radius due to limited operating 

space. As discussed earlier, the more the trunk bends, the further it can travel in one 
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step, which means, the higher the robot's speed. However, when moving through a 

70 mm pipe, the robot moves slower compared to the 60 mm pipe, despite having 

more space to bend the trunk. In the 70 mm pipe, while the robot gains more 

bending radius, it has less friction with the wall and cannot push the body structure 

of the robot forward.  

 

Fig. 11. Time lapsed of the robot moving: (a) inside a 45°  

and (b) inside a 90° corner pipe of 60 mm diameter. 

Table 1. Robot navigation speed inside straight pipe and corners. 

Pipe 

Straight 

(Diameter, mm) 
Corner 

50 60 70 45° 90° 

Speed 

(mms-1) 
2.02 2.77 2.33 2.94 0.73 

This indicates the importance of friction between the leg of the robot and the 

wall of the pipe. The robot moves slower when navigating through a 90° corner 

compared to 45°. This is because the tip of the head takes a longer time to bend to 

follow the contour of the pipe elbow. Despite the slow movement, the robot does 

not have any issues moving through a cornered 45° and 90° pipe. 

Two parameters have been measured to investigate the head stability of the 

robot, which are the lateral (side-to-side) movement of the head and shoulder, and 

the rotation (tilting) of the head and shoulder. The shoulder lateral movement and 

rotation were measured for comparison purposes to prove the effectiveness of the 

neck design to improve the stability of the head. Figure 12(a) shows the lateral 

movement of the head and shoulder of the robot while travelling inside a 50 mm 

diameter pipe, which was calculated using Eq. (3) from the recorded video. The 

lateral movement performance of the head and shoulder is almost comparable with 

the standard deviation of 1.07 mm and 1.49 mm, respectively. However, the slightly 
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lower standard deviation of the head indicates a slightly higher stability of the head 

with respect to the lateral movement. 

The lateral rotation of the head and shoulder of the robot is shown in Fig. 12(b). 

From the plot, it can be observed that the head experienced much less lateral 

rotation as compared to the shoulder, with a standard deviation of 6.6° compared 

to the standard deviation of 19.8° recorded for the shoulder rotation. The head 

rotation recorded a maximum rotation of only 12.9° during the robot’s navigation, 

whereas the shoulder part recorded a maximum rotation of 50°. This serves as proof 

that the neck design has successfully improved the stability of the head of the robot 

during the in-pipe navigation. 

 

Fig. 12. Results for the head stability test showing (a) the lateral movement and 

(b) the rotation of the head and shoulder of the soft in-pipe navigation robot. 

In general, the current design of the lizard-inspired in-pipe navigation robot has 

demonstrated its capability to navigate pipes of different diameters and navigate 

through corners of different angles. However, the speed and the head stability 

reported in the results are extremely specific to the current size and dimension of 

the robot and, therefore do not represent the absolute performance value for lizard-

inspired in-pipe navigation robot in general. There are many factors that affect 

robot speed. For this robot, the size of the robot, speed of actuation, leg friction, 

and diameter of the pipe will affect the speed. If a similar robot is made larger, then 

it can cover a longer distance in one stroke and is therefore faster as compared to 

the smaller version. In literature, in-pipe robots come in different sizes and are 

tested inside pipes of different diameters. In this paper, the comparison was only 

made on the speed of the robot in several different pipe diameters and corner angles 

to prove the adaptability of the robot's locomotion. 

The current lizard-inspired soft in-pipe robot has several limitations. The 

current design employs a passive leg to anchor the robot to the wall during 
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locomotion. The stiffness and length of the legs and the design of the spike on the 

surface of the leg determine the friction between the wall and the robot, which 

subsequently determines the strength and the speed of the locomotion. So, 

currently, there is no active control of this parameter to adapt effectively to different 

pipe diameters and surface conditions. For the current dimension of the robot, the 

speed of the locomotion is the highest in the 60 mm diameter pipe and becomes 

lower as the diameter gets larger or smaller. The current robot design also has no 

active steering or directional control. During navigation through pipe corners, the 

robot’s head slides against the corner pipe wall, which forces the head and 

subsequently the body of the robot to bend and follow the direction of the corner. 

From the results, the larger the corner angle, the slower the robot becomes during 

cornering. If the wall of the pipe corner is very rough, the robot may get stuck. In 

addition to that, if the corner radius is small, which does not allow for the robot to 

turn more gradually, the robot might also get stuck. 

4.  Conclusion 

This paper proposes a lizard-inspired soft in-pipe navigation robot that adopts a 

lizard’s standing wave quadrupedal locomotion strategy with passive legs for 

navigating inside a pipeline. The whole structure of the robot was constructed from 

soft and lightweight silicone rubber, allowing the robot to be fabricated at a low 

cost and can even be made disposable. A series of experiments were conducted to 

test the performance of the robot, and the results prove that the robot has 

successfully navigated inside pipes of different diameters and corners of different 

angles. The current dimension of the robot produces the fastest speed of 2.77 mms-

1 in 60 mm diameter pipe and slower speeds in pipes with smaller and larger 

diameters. This suggests that the dimension of the robot influences the range of 

pipe diameters in which the robot can optimally operate.  

The test results on the navigation through corners reveal the influence of corner angle 

on the speed of the robot. The 90° corner produces a significantly lower speed as 

compared to the 45° corner, suggesting that the higher the angle of the corner, the more 

difficult it is for the robot to lizard-inspired robot to navigate. The test on the neck 

performance also indicates that the neck design managed to stabilize the head of the robot 

during locomotion with a standard deviation of the head’s lateral movement and rotation 

of 1.07 mm and 6.6°, respectively. The experimental results prove that the lizard-inspired 

locomotion strategy is a good alternative to other biologically inspired locomotion 

strategies commonly used in designing an in-pipe navigation and inspection robot. 

However, the current design of the lizard-inspired soft in-pipe navigation robot 

is not without limitations. Hence several improvements can be made to the design 

of the robot. In future, active legs can be used on the robot instead of the current 

passive legs, which can potentially improve the friction between the robot and the 

pipe wall of different diameters. Furthermore, different combinations of soft 

materials with different shore hardness and different spike designs can be 

investigated to improve friction. Active steering capability can also be incorporated 

into the robot to help navigate through a wider range of corner angles effectively.  
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Nomenclatures 
 

𝐷𝑝𝑖𝑝𝑒 Diameter of pipe in mm 

𝑑𝑙𝑎𝑡𝑒𝑟𝑎𝑙 Lateral distance from the centre of pipe 

𝐹𝑅_𝑟𝑎𝑡𝑒 Video frame rate 

𝐹𝑅_𝑉𝑛 Vertical pixel coordinates of the marker in the current frame 

𝐹𝑅_𝑉𝑛−1 Vertical pixel coordinates of the marker in the previous 

frame 

𝐻_𝐶𝑜𝑚𝑎𝑟𝑘𝑒𝑟 Horizontal pixel coordinates of the marker 

𝐻_𝐶𝑜𝑝𝑖𝑝𝑒_𝑐𝑒𝑛𝑡𝑒𝑟 Horizontal pixel coordinates of the centre of the pipe 

l Trunk length in mm 

𝐿𝑝𝑖𝑝𝑒 Pipe length in mm 

𝑁_𝑉𝑝𝑖𝑝𝑒_𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 Number of pixels in one diameter of the pipe 

𝑁_𝑉𝑝𝑖𝑝𝑒_𝑙𝑒𝑛𝑔𝑡ℎ Number of vertical pixels for the entire pipe length 

r Radius of curvature in mm 

𝑣𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 Vertical speed in mms-1 

 

Greek Symbols 

 Angle of curve in degree 

 

Abbreviations 

FEA Finite Element Analysis 

PLA Polylactic Acid 
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