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A general robotic mechanism was presented for in-pipe inspection of level pipes with 

varied diameter or curved pipelines. The robot employed three legs comprised of 

parallelogram linkages mechanism which enables adapting to various elbow joints 

in the piping systems. The curvatures in pipeline are the most important constraints 

in front of the robot through navigation process. To study the adaptability of in-pipe 

robots to the elbow, geometrical analysis was used to determine the minimum 

required diameter of an assumed resizable cylinder when it traverses through elbows. 

The contact points of the cylinder and the elbow are located at the medial 

longitudinal cross section of the elbow. However, for any designed configuration of 

the robots, the contact points are located at other longitudinal cross sections. For any 

elbow joint, a 3D space, so-called “curved pipe limited area” was defined using the 

minimum required width along all longitudinal cross sections in elbows. The 

traversing robot should be adaptable to this limited area which is a function of robot’s 

length, pipes’ diameter and radius of curvature. A set of computer simulation was 

used to verify the derived analytical equations. The verified equations in this paper 

enable designers to confirm the dimensions of the robots for guaranteed traversing 

through standard elbows in pipeline. In addition to optimizing the robot’s dimensions 

in designing process, the proposed equations can be used for active controlling of 

robot’s diameter when it traverses through elbows. 
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1. Introduction  

Pipelines are widely used in power and chemical 

plants as well as the gas, oil and water supply systems. 

The inspection process of such pipelines is an important 

task. Employing in-pipe robots will increase the 

efficiency and accuracy of pipe inspection, which in turn 

will reduce the maintenance time and cost of piping 

systems. 

 In-pipe inspection robots have been presented with 

different motion mechanisms including wheeled [1–16], 

screw principle [11], [14], inchworm [17–19], snakelike 

type [20-22] and tracked legs [10], [23] mechanisms. 

                                                           
* Corresponding address: Tarbiat Modares University, Jalal Al Ahmad Ave, Tehran, IranTel : 82883358  fax: 88005040 

E-mail address: m.moghadam@modares.ac.ir  

The wheeled type can be considered as the simplest one 

with an adjustable speed in pipelines [1–16]. The screw 

based robots were mainly designed for constant size 

pipelines [11] and [14]. Such robots utilize tilted wheels 

rotating about the pipe axis to provide forward motion in 

a manner of a turning screw [11] and [14]. The 

inchworm type is made up of several units that work in 

radial and axial contraction-extraction mode. To move 

forward, the front unit grips the pipe wall and pulls the 

rear unit then consequently the rear unit grips the pipe 

wall and pushes the front unit [17–19]. The inchworm 

type provides a high level of accuracy in positioning but 
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a low speed motion. The snakelike is a multi-segment 

mechanism with a low speed motion that derives 

propulsion from wheels, legs or tracks on each segment 

and provides steering abilities in curved pipes [20–22]. 

The tracked legs type involves a set of tracked units to 

move forward with a proper speed in pipes [10] and [23]. 

This mechanism also enables passing small obstacles 

such as harsh welding joints [10] and [23]. 

Most of the reported in-pipe robots were designed to 

be adaptable to small changes of pipe diameter. To hold 

the wall pipe and move forward in an inclined or a 

vertical pipe, the robot should provide the necessary 

friction force. For that purpose, a pre-force should be 

applied on the wall by the driving wheels or tracks. 

Many in-pipe robots utilized elastic parts (i.e. spring) 

[2], [4] and [5] or a linear actuator [1] and [16] or both 

of them [23] to press the wheels or tracks against the pipe 

wall. The elastic object provides the required flexibility 

and  presses the wheels against the wall in a passive 

approach and the pre-force will change for different pipe 

size  due to different spring compression [2], [4]and [5]. 

However, utilizing the linear actuator does not produce 

flexibility but an adjustable pre-force on the pipe wall is 

expected [16]. 

Usually in pipelines one can expect level pipes, 

vertical pipes, elbows, branches, reducers and valves. 

These induce geometric constraints and the robot should 

be designed such that it can overcome and traverse 

through successfully. The curvature of the pipelines is 

the main constraint and the robot should adapt itself by 

reducing its diameter to pass through them. The problem 

of the adaptability of the in-pipe robots traversing 

through elbows or curved pipes is an important issue to 

be considered in designing and controlling of such 

robots. 

In this paper, we present a generic design of robots for 

in-pipe inspection which can provide proper pre-force in 

vertical pipes. We also present how the main dimensions 

of an in-pipe robot can be designed to be able to pass 

through all standard elbows in pipeline. The robot 

employs three legs which are spaced out 

circumferentially and symmetrically. Each leg has a set 

of parallelogram linkages to adjust the robot radially 

inside the pipe and also to traverse through pipelines 

with variable diameter as well as elbows. So far, this 

configuration (three symmetric legs) has been used 

widely for in-pipe inspection robots [1], [16] and [23]. 

The robot’s adaptability has been studied when it 

traverses through an elbow. Accordingly, the minimum 

required diameter for the robot with a specific length has 

been calculated. Firstly, the designer should estimate the 

probable length of robot according to the size of robot’s 

components. Then in the light of the proposed equations 

in this paper the minimum required diameter of the robot 

can be calculated. Regarding the geometrical restrictions 

induced by an elbow, the calculated minimum required 

diameter is less than the targeted pipe size.   

Besides, when the robot traverses through elbows, its 

controller should reduce the diameter by following the 

proposed equations in this paper to have an appropriate 

controlling system.  

2. Mechanism description 

In-pipe inspection robots generally employ three sets 

of symmetrical leg to adjust the diameter of the robot in 

pipelines. As an example, four prototyped in-pipe robots 

with three legs are shown in Figure 1, where the legs are 

circumferentially spaced out 120° apart to keep the robot 

in center of the pipeline. 

In Figures 1(a), (b) and (c), to adjust the diameter of 

the robot, a central threaded nut connected to the legs, 

moves backward or forward by turning a screw. The 

central screw is driven by an actuator and the tractive 

force in pipeline can be regulated. Optimizing the pitch 

of the central screw should conclude a self-locked screw 

to avoid damaging the actuator in the case of an external 

impact. In Figure 1(d), a slider connected to the rear legs 

slides on unthreaded central axis and a linear spring 

forces the robot to adapt its diameter to the pipeline 

passively. Employing the linear spring provides the 

robot an adequate flexibility to pass over obstacles but 

the pre-force can’t be regulated. 

 

Figure 1: Four prototyped in-pipe robots with three symmetrical legs 

presented  by Z. Yunwei et al. (a) [1], M. M Moghaddam et al. (b) 

[23], H. Schempf et.al. (c) [16], H. R. Choi et. al. (d) [2]. 

 To evaluate the results of geometrical analysis with a 

simulated in-pipe robot traversing through elbows a 

robot with three symmetric legs is designed and 

modeled. The robot is modeled using Solidworks 

software and simulated by integrating Visual Nastran 

with Matlab Simulink software. The modeled robot, 
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shown in Figure 2, can pass through pipes of 100-200 

mm diameter and standard elbows of 150-200 mm 

diameter (radius of the elbow = 0.75 pipe diameter). 

When the central slider moves backward, the diameter 

of the robot will decrease and as it moves forward, the 

diameter of the robot will increase. To increase the 

flexibility and adaptability of the normal force acting 

upon the pipe’s wall, a linear spring is also placed on the 

central hollow axis of the robot, between the slider and a 

threaded nut. The threaded nut moves along the central 

screw assembled into the hollow axis. To let the nut 

move forward and backward three notches on the hollow 

axis are considered. The central screw is driven by a DC 

motor to thrust the threaded nut as well as the slider. The 

pitch of the screw is selected by considering the self-

locking principle. As a result of self-locked screw and 

the linear spring, the actuator doesn't work continuously 

and it will act if only if the pre-force or the dimeter needs 

to be regulated. 

In the simulated model, the driving power is 

transferred from a central DC motor to the driving 

wheels in each leg along a special gearbox, a set of 

simple gears and a timing belt, respectively. The special 

gear box involves a worm (driver) and three worm gears 

(driven). The power will be distributed to all the wheels 

on each leg using an extra timing belt. When the robot 

passes the elbows, some wheels may rotate with slippage 

on the wall due to their equal speeds. 

 
Figure 2: The modeled in-pipe inspection robot and its components 

3. Geometrical constraint of an elbow 

Few works have been devoted to the adaptability of 

the in-pipe robots traversing through elbows. Choi et al. 

[2] have presented a mono segment in-pipe robot in a 

pipeline that is simply modeled as cylindrical segment. 

They calculated the maximum length of the cylindrical 

segment when it is located in a 90º elbow which is a 

function of diameter of the segment. They used the 

maximum length and the diameter of the cylindrical 

segment to estimate if the in-pipe robot can pass through 

a 90º elbow or not. They didn’t present how the diameter 

of cylindrical segment (simple model of in-pipe robot) 

will be adjusted when it is not located completely in 

elbow. Moreover, the difference between the cylindrical 

segment and the real configuration of in-pipe robots (a 

non-cylindrical) where not discussed. 

Roh et al. [3] have presented a mono segment in-pipe 

robot in an elbow that is simplified as two parallel 

triangles as the set of front and rear wheels [3].  The 

simplifying triangles are connected using a central line 

[3]. A set of mathematical equations then are presented 

to demonstrate the velocity differences for each three 

wheels due to the motion on the curved path. These 

equations are used to control the speed of robot 

traversing through elbow avoiding overloading and 

slippage in wheels.  

Aforementioned methods of simplifying in-pipe robot 

have some weaknesses. In the cylindrical simplifying 

[2], the effects of the wheeled legs were not considered. 

In the second method [3] (two parallel triangles with 

central line) the effects of the connecting rod between 

the wheels in parallelogram linkage are not considered. 

As illustrated in Figure 3, the width of the pipe section 

equals cos.D  which varies for different θ that presents 

the position of the object in pipe section. On the other 

hand, different θ presents different longitudinal section 

of the elbow and θ = 0 is representative of medial 

longitudinal section that has maximum width equal to D. 

When an object traverses through an elbow, it should 

reduce its diameter which the reduction magnitude 

depends on θ. 

To study the traversing steps of an object through an 

elbow with arbitrary angle for different θ, at first we 

present the equations for the adjusted diameter 

(maximum diameter) of a traversing object through the 

elbow when 00 . The object is a 2D object with a 

fixed length yet variable diameter (width). The adjusted 

diameter of the object for 00  is equal to the adjusted 

diameter of a cylindrical segment with the same length. 

The adjusted width for different   can be derived later 

by substituting the pipe’s diameter with cos.D . 

 

 
Figure 3: Cross section of the curved pipe 
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3.1. Traversing a cylinder through elbow 

Figure 4 shows the longitudinal cross section of a 

cylindrical segment in two successive positions in an 

elbow with an arbitrary curvature angle curve . It is 

assumed that the cylindrical segment has an adjustable 

diameter, W, yet a fixed length, h. In Figure 4, D and R 

are the pipe diameter and the radius of the curvature, 

respectively. 

 

Figure 4: A cylinder traverses through an elbow with an arbitrary 
angle (a) Entering into the elbow. (b) Completely located in the 

elbow 

As illustrated in Figure 4 (a), the traversed distance is 

measured for the right-upper-corner of the cylinder as S 

in respect to the entrance point of the curvature. 

Accordingly, the traversed angle of the curvature is 

shown with  . Eq. (1) shows the relationship between 

the traversed angle and the traversed distance. 
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 When the right-upper-corner of the block reaches to 

the end of the curved section, the traversed distance 

curves  is obtained from Eq. (2). However, when the 

cylinder exits from the curvature completely, the 

traversed distance equals
ends  as in Eq. (3). 
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 In Figure 4 (b),  0  can be defined when a cylinder is 

completely located in the curved pipe and can be found 

as: 
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Figure 4 (a) shows the first stage where the cylindrical 

segment entered partially into the curvature. Figure 4 (b) 

shows the second stage where the cylindrical segment is 

completely in the curvature and 
02  . The angle 

between the side surface of the cylinder and the surface 

of the entrance level pipe is defined as ψ and it can be 

derived from geometrical principle as: 

h
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Then, the adjusted diameter of the cylinder for the first 

stage (Figure 4(a)) can be derived as a function of the 

traversed angle of the curvature as: 
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Accordingly, the adjusted diameter of the cylinder for 

the second stage is: 
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As can be seen in Eq. (7), (Figure 4(b)), the adjusted 

diameter of the cylinder is constant. The second stage 

(Figure 4(b)) is more critical compared with the first 

stage (Figure 4(a)) in traversing through the curved pipe, 

because the required adjusted diameter of the cylinder is 

less than that of the first stage. 

In some cases the cylinder cannot be located in the 

curvature completely when the curvature angle is 

relatively small as shown in Figure 5. In such cases, there 

are two similar stages. The adjusted diameter of the 

cylinder for the first stage (Figure 5(a)) can be derived 

from Eq. 6 similarly whereas for the second stage 

(Figure 5(a)) the story is different. As illustrated in 

Figure 5(b), in the second stage, two ends of the cylinder 

are located on the straight parts of the pipeline. The angle 

between the side surface of the cylinder and the surface 

of outlet level pipe is defined as    where can be found 

as: 

)sin(sin curve
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where, 

)
2
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Accordingly, the adjusted diameter of the cylinder can 

be found as: 
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Figure 5: A cylinder traverses through an elbow with an arbitrary 

angle (
02 curve
) when it is (a) entering into the elbow and (b) its 

two ends are located at the level pipe 

Briefly, there are three equations (Eq. 6, Eq. 7 and Eq. 

10) to calculate the adjusted diameter of the assumed 

cylinder traversing through elbows for all stages. The 

diagram of the adjusted diameter of the cylinder versus 

the traversed distance is shown in Figure 6 for three 

types of curvatures; (1)
02curve  , (2) 

02 curve
 and 

(3) 
02 curve
. The minimum cylinder’s diameter, 

minD  will be achieved when the traversed angle is equal 

to 
02  and it can be obtained from Eq. (7) as a function 

of robot’s length, pipe’s diameter and radius of the 

curvature. For example, for the length of our generic 

modeled robot 
minD  and 

02  will be 129 mm and 57º, 

respectively. Specifically, the pipe’s diameter and radius 

of the curvature are 152 mm and 114 mm, respectively. 

 

Figure 6: Diagram of the adjusted diameter of the assumed adjustable 

cylinder through elbow 

Right after the cylinder passes the middle of the 

curvature, the traversing stages will be repeated. In other 

words; the exiting stages are same as the entering stages. 

Thus the diagrams are symmetrically allied on the 

horizontal axis. 

 

3.2. The curved pipe limited area 

In section 3.1, we calculated the adjusted diameter of 

a cylinder with a specific length when it traverses 

through an elbow. When a cylinder is traversing through 

an elbow, its contact points with pipe’s wall are located 

at central longitudinal cross section ( 00 , Figure 3). 

But for non-cylindrical objects, the contact points are 

located at other angles ( 00 ) and the adjusted 

diameter should be calculated from equations applied to 

their corresponding longitudinal sections with 00 . 

Indeed, an object with a specific length and any probable 

configuration can traverse through an elbow when its 

width can be reduced under the adjusted width W  in all 

longitudinal elbow sections. 

As mentioned, denoting the diameter of the pipe with 

cos.D  (Figure 3) and substituting in Eq. (6), Eq. (7) 

and Eq. (10), the adjusted width W  for different   can 

be obtained for all longitudinal sections of the elbow. By 

utilizing W  , we can define a 3D space inside the 

elbows such that the in-pipe robot should be adapted 

(inscribable) in it when it traverses the elbow. This 

assumed 3D space is called as curvature limited area. 

The front view of the limited area is shown in Figure 7 

(a) for the critical stage of the object traversing through 

the elbow when it is located in the curvature completely. 

The side view of the curvature limited area is shown in 

Figure 7(b). In Figure 7(b), the side view ( 00 ) of the 

curved pipe’s limited area has been illustrated and the 

dashed line is the trajectory of objects upper contact 

point in section CC   when it is traversing through 

elbow. Figure 7(a) is the front view of the limited area 

from section CC  that is object’s medial section. 

Therefore, if the designer determines the limited area 

of the elbows based on the robot’s length, he or she will 

be sure that the robot can traverse through elbow or not. 

The designer can optimize the robot’s dimensions via 

determining the limited areas of the curved pipes. The 

limited area of the curved pipe has an asymmetric 

configuration about central point of the pipe section 

(Figure 7(a)). The cross section of the elbow’s limited 

area is larger than the section of a cylindrical segment 

(circle) which can cross through the curved pipe. 
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Figure 7:  (a) Front view of the limited area of the curved pipe for the 

most critical stage, when the object if completely located in the 

curvature (c-c’ cross section in (b)). (b) Side view of the limited area 
of the curved pipe. 

In Figure 8, the side view of the limited area and four 

steps of traversing through elbow are shown when the 

object is partially in the entrance level pipe (Figure 8 

(a)), completely located in the curved pipe (Figure 8 (b), 

(c)) and partially located in outlet level pipe (Figure 8 

(d)). The side view of the elbow’s limited area can be 

assumed as the trajectory of upper point of the medial 

cross section of the object (referred in Figure 7 (b)). 

As can be found from asymmetric configuration of the 

limited area of the curved pipe, the location angle   will 

determine the required radius of in-pipe robot traversing 

through the elbow; where, location angle   is defined 

as the direction angle of the robot’s leg in respect to the 

symmetric plane of the elbow ( 00 ) (Figure 9).  

 

 

 
Figure 8: Side view of elbow’s limited area at four different steps of 

traversing through elbow 

In Figure 9, the simplified robot cross section is shown 

for various location angles from 0º to 60º. The 

adaptability of in-pipe robot in the limited area of 

curvature varies, due to the width wheels, b (e.g., in 

designed robot b=35 mm). Therefore, the adjusted 

diameter of in-pipe robot traversing through elbows is a 

function of location angle; where, the adjusted diameter 

of the robot is the diameter of a circle which covers the 

simplified model of the robot’s cross section. It should 

be noted that the center of the robot is not located in the 

center of the elbow section. 

 

 
Figure 9: The section of adapted robot inscribed with the limited area 

of the curved pipe for ζ=0º, 30º, 45º and 60º. 

To show the difference in adaptability for various 

location angles, the traversing through elbows has been 

simulated in Visual Nastran software for the modeled in-

pipe robot (Figure 2).  

The adjusted dimeter of the robot is shown for various 

location angles in Figures 10 and 11 for two different 

modeled elbows. As illustrated in Figure 10 when the 

diameter of pipeline is equal to 190 mm, the adjusted 

diameter of the cylindrical segment from the analytical 

equations (Figure 6) is less than the adjusted diameter of 

the in-pipe robot from simulation results. Thus, for any 

location angle, the in-pipe robot traverses through the 

elbow easier than the cylindrical segment. 

As illustrated in Figure 11, for another instance, when 

the diameter of pipeline is equal to 150 mm, the width of 

the wheels (in the modeled is equal to 35 mm) is 

unneglectable. Therefore, the adjusted diameter of the 

cylindrical segment from the analytical equations isn’t 

less than the adjusted diameter of in-pipe robot from 

simulation results. 

It should be noted that due the impact principle in 

simulated contacts (between pipe and robot’s wheels) 
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and the linear spring in the designed model, the 

simulation diagrams are slightly fluctuating (Figures 11 

and 12).  

 

 
Figure 10: The diameter of the robot vs. the passed distance through 

90º elbow with D=190, R=142 mm 

 

 
Figure 11: The diameter of the robot vs. the passed distance through 

90º elbow with D=152.4, R=114 mm 

 

Accumulating the above discussion, the width of pair 

of the wheels in the robot is an important parameter. For 

wheels with small width, the minimum adjusted 

diameter of the robot is more than that of a cylindrical 

segment with same length. Therefore, the optimized 

dimensions calculated on basis of cylindrical segment 

traversing through the elbows, in designing process are 

sufficient, yet for wide wheels (pair wheels) or tracks 

(Figure 1(b) and Figure 1(d)), the computer simulations 

of traversing through the elbows is strongly required. 

4. Verification the results for 
00  

To verify and demonstrate the presented analytical 

equations in this paper for describing the limited area of 

the curved pipe, the required radius of the modeled robot 

for 00  traversing through the elbows is compared 

with the analytical equations. Figure 12 shows the 

simplified model of the in-pipe robot inscribed in the 

limited area of the elbow. Here, the size of the 

simplifying triangle of in-pipe robot is indicated by a, 

therefore the radius of the robot (distance between the 

middle point of the pair of wheels and the center of the 

triangle) can be found from Eq. (11). The width of the 

limited area Wθb for 2/bx   and can be found by 

substituting the 
b  (Eq. (12)) in W equations (Eqs. (6), 

(7) and (10)). 

 

3

a
RRobot 

 
(11) 

)sin(
D

b
Arcb 

 
(12) 

 

 
Figure 12: The simplifying triangle model of the robot inscribed in 

the cross sections of the elbow’s limited area for ζ=0º 

The lower contact point (x, y) in Figure 12 locates on 

the internal surface of the pipe which is a circle. The 

coordinates of this contact point (x, y) in respect to the 

pipe’s center point can be found as the result of the 

following vector summation; 2/ba


  (Eq. (13)). 
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By substituting the Eq. (13-II) and Eq. (13-III) in Eq. 

(13-I), we can find a second order equation which its 

regular configuration is written in Eq. (14). 
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In Figure 13, 14 and 15, the calculated radius of the 

in-pipe robot from simulations are compared with 

analytical results (Eqs. (11) and (14)) for 00  in three 

different elbows. Specifically, the calculated radiuses 

versus the passed distance of 60°, 75° and 90° elbows in 

150 mm pipeline are shown in Figures 13, 14 and 15, 

respectively.  The analytical results are very consistent 

with the simulation results. These comparisons confirm 

the accuracy in both analytical and the simulation results 

presented in this article. 

 

 
 

Figure 13: Calculated radius of the robot vs. the passed distance of 
elbow from analytical and simulation methods. The elbow angle 

equals 60º ( 00  , D=152.4, R=114 mm) 

 

 
 

Figure 14: Calculated radius of the robot vs. the passed distance of 

elbow from analytical and simulation methods. The elbow angle 

equals 75º ( 00 , D=152.4, R=114 mm) 

 
Figure 15: Calculated radius of the robot vs. the passed distance of 

elbow from analytical and simulation methods. The elbow angle 

equals 90º  ( 00 , D=152.4, R=114 mm). 

5. Conclusion 

The diameter of in-pipe robot should be adjusted when 

it traverses through elbows. Using the 

geometrical/analytical equations, the minimum required 

diameter of a resizable cylinder traversing through a 

curved pipe is calculated, which is a function of the 

pipeline diameter, curvature radius, curvature angle and 

length of the robot. 

The resizable cylinder has only two contact points 

located at medial longitudinal cross section of the elbow 

( 00 ). However, the contact points of the generic in-

pipe robot may locate in any other longitudinal sections. 

Therefore the adjusted diameter is then calculated for all 

longitudinal cross sections ( 00 ) to define the limited 

area of the elbow.  The elbow’s limited area is a 3D space 

that the robot should be adapted in, when it is traversing 

through the elbow. 

Based on the proposed equations for the curved pipe’s 

limited area in this paper, the designer will be sure that 

the robot with a specific length can pass through a 

standard elbow or not. For the robots with narrow 

wheels, the designer can use directly the Eqs. (6), (7) and 

(10); but, the simulation results of traversing through the 

elbows are required for relatively wide wheels or tracks 

(Figure 1(b) and 1(d)). For wide wheels or tracks, using 

the presented equations multiplied by a safety factor can 

be useful.  

As a result of asymmetric configuration of the limited 

area of the curved pipe, the location angle described in 

this article,  , also plays an essential role, particularly 

in the case of wide wheels. Comparing the results of 

simulations with the analytical method for 00  

confirms the accuracy of the derived equations of 

adjusted diameter for traversing robot through elbow. 
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