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Abstract

Piping inspection robots are of greater interests in industries such as nuclear, chemical and sewage. The design
of such robots is highly challenging owing to factors such as locomotion inside pipes with varying diameters, cable
management,and complex pipe bends (or) junctions. A rigid bio-inspired caterpillar type piping inspection robot
was developed at LS2N, France. By introducing tensegrity mechanisms and four-bar wheel mechanisms, the design
of this robot is modified into a reconfigurable system. The tensegrity mechanism employs a passive universal joint
with three tension springs and three cables for actuation. The positioning of the end effector with respect to the
base of the mechanism plays an important role in determining the maximum tilt angle (or) bending limit of the
system. By workspace analysis of three case studies, the best solution is chosen which generates the maximum tilt.
A static force analysis is then performed on the mechanism to determine its stability under the influences of preload.
By the modification of design parameters, stable configurations are determined followed by which cable actuation of
mechanism is analyzed for estimating applied forces.

INTRODUCTION

Piping inspection robots have a major attraction in the scientific research community. They could be used in
applications for industries such as nuclear, chemical and sewage where it is usually cumbersome for a human being
to perform the desired inspection activity. Some of the main design criteria that have to be kept in mind for these
robots are their locomotion principle, contact system with pipeline walls, cable management and articulation units
for facilitating the robot to pass through curvilinear pipe profiles. During locomotion, at any instant the diameter
of pipeline is unknown and it is essential for the robot to have deployable or retracting modules that can work in
such unknown diameter ranges. Several researches have been proposed and developed in this area of robotics for
varying diameter pipelines. For example, Ankit et al. [1] proposed a screw type robot that is capable of working inside
127-152 mm diameter pipes. Zhang et al.[2] developed an inchworm-type robot that can adapt itself to varying pipe
diameters. Kwon et al. [3] developed an inspection robot that employs a caterpillar module with four bar linkages to
work inside 100 mm diameter pipes having bends and junctions. However, the main challenge lies in the development
of a robot for pipelines having diameters less than 100 mm. As the diameter of the pipeline reduces, careful attention
has to be given to the selection of mechanical systems that can adapt itself to make tight contacts with the walls.
A bio-inspired caterpillar type piping inspection robot was developed by Henry et al [4]. This robot is capable of
working inside 50-94 mm diameter pipelines. However, the robot is a rigid prototype which limits its application
inside pipelines having bends (or) junctions. Also, the velocity of the motors used in the robot is very low and the
cable management issues were not addressed.

In this article, we focus extensively on the modification of the caterpillar type robot into a reconfigurable system.
A tensegrity type mechanism that employs a passive universal joint with three tension loaded springs is proposed to be
introduced in the robot. Prior to the design and analysis of this articulation unit, some key design criteria is addressed
which is essential for a robot to pass through pipe bends or junctions. With the help of Maple, the vector equations are
generated for the tensegrity mechanism. The tilting of the mechanism is first studied to understand its posture under
the influence of a cable force. For the estimation of the maximum bend (or) tilt angles, three possible case studies
are generated for the mechanism. By workspace analysis, the best configuration is chosen which will facilitate the
robot to bend upto maximum angle possible when passing through a pipe bend or junction. A static force analysis is
performed on the mechanism in order to determine its stability with zero applied forces and with a preload. With the
stable configurations determined, the necessary forces that have to be applied to the mechanism for working through
curved pipe profiles are analyzed.

The outline of the article is as follows. The key design factors for a robot to pass through pipe bends and
the architecture of modified robot design is discussed. Followed by that the design of the tensegrity mechanism is
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presented. Analysis of the mechanism is then done for determining the ideal base orientation and then a workspace
analysis is performed for three case studies of the system. The subsequent section deals with the static force analysis
and estimation of forces to be applied to the mechanism. The article then ends with conclusions and future works.

ARCHITECTURE OF THE ROBOT

A bio-inspired robot for the inspection of pipelines has been designed and developed at LS2N, France by Henry et
al. and Chablat et al [4, 5]. This robot accomplishes the locomotion of a caterpillar in six steps for moving inside
pipes. Using leg mechanisms and EC-Motors, the prototype was developed and tested. However, this robot is a rigid
model and it cannot be used for pipelines having bends or junctions. By the addition of suitable articulation units,
the design of the robot can be modified into a reconfigurable mechanism. Before the design of articulation unit, some
key issues have to be addressed for a robot that has to pass through pipe bends or junctions which are: the passive
compliance, the active compliance,and tilt angle limits. Passive compliance could be imagined for a robot that has
to pass through a pipe bend at 90 degrees or less. For addressing this compliance, the articulation unit need not be
necessarily active. An example would be the robot of Zhang et al. [2] which uses a passive flexible helical axle to pass
through 90-degree bends. In the case of active compliance, it is necessary for the articulation unit to be active. For a
robot to pass through a T-junction or an elbow, the articulation unit needs to be actuated in order to decide the best
path to be followed as well as maintain contact with pipeline walls. The third important factor is the tilt or bending
angle limit of the articulation unit. As a robot passes through a pipe bend of 90 degrees or less, it is necessary for
the articulation unit to bend up to a certain angle. The tilt angle range is generally defined by a cone of ± x degrees.
The three factors are represented in Fig. 1.

a b c

Figure 1: Representation of the passive (a) & active compliance’s (b) and tilt angle range (c)

Modified design of the robot

The existing bio-inspired robot is made reconfigurable by introducing articulation units and four-bar wheel mechanisms.
The outline of the modified bio-inspired robot is shown in Fig. 2.
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Figure 2: Outline of the modified bio-inspired piping inspection robot inside a pipeline of radius r

The caterpillar module represented by O′C ′A′B′ is retained in the modified design for having contact with pipeline
wall during static and dynamic phases. OABCD represents a spring-loaded four-ball wheel mechanism. They ensure
contact with the pipeline wall at all instances of locomotion. Also, this mechanism can assist the robot to smoothly
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enter and exit pipe bends or junctions. The parameters ρ and ρc represents the clamping and central system actuation
units. The joint J represents the new articulation unit that will be introduced in the robot. In the existing prototype,
the front and central modules were bolted together but in the proposed design all the modules are being made
independent. As the robot moves through a pipe bend, it resembles an “Elephant Trunk”. By ensuring tight contact
with pipeline walls using the caterpillar module, the force is transmitted from the front to rear end of the robot which
will allow the robot to pass through or overcome the pipe bend.

Design of a tensegrity mechanism

In this article, we focus on the design of a suitable articulation unit that could address the issues of compliances and
tilt limits discussed in the previous section. A tensegrity type mechanism is proposed to be introduced between the
motor modules which can facilitate the robot to pass through 90-degree bends or junctions by bending up to a certain
angle. In the existing design of the robot, the motor units were coupled rigidly. Between each unit, a universal joint
and three tension springs are introduced. The universal joint remains passive and the issue of passive compliance could
be addressed by this joint and springs for a 90-degree pipe bend. For active compliance, cables will be introduced that
can pass through the springs. From a central control unit, the cables can be actuated and the robot can be made to
move or bend along a fixed direction while encountering a junction. The proposed tensegrity mechanism is represented
in Fig. 3.

Tension springs of length ‘l’3 holes for springs & cables

Cables for actuation of mechanism3 holes for motor wires

r
f

Front ViewSide View

Figure 3: The proposed tensegrity mechanism with universal joint, springs and cables

The tensegrity system resembles the robot analyzed by Yigit et al. [6] but in the proposed design three tensions
springs are used over a single compression spring of [6]. The flanges used for spring mounting is carried over from
the existing prototype. The three springs are mounted at an angle of 120 degrees between each other. Three tension
springs are used because they ensure stability of the system as well as the bending limit of the universal joint is
controlled when the robot works through 3D pipe profiles. Three cables for actuation of the system passes through the
springs. The other three holes on the flange can be used for routing the wires coming out from the motors used in the
caterpillar module. The springs are mounted at radius rf from the central axis of the flange. Using CATIA software,
a 3D model of the tensegrity system is created by referencing dimensions from standard parts available at LS2N. The
flanges are produced by 3D printing. With a standard universal coupling and three tension springs of stiffness k =
0.2 N/mm, the prototype is realized and it is depicted in Fig. 4.

Figure 4: A prototype of the tensegrity mechanism created using 3D printing and standard parts without cables

In order to determine the maximum tilt limits, the radius rf and the distance l between the flanges have to be
considered for analysis which will be exploited in the next section.
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ANALYSIS OF THE TENSEGRITY MECHANISM

In order to identify the constraints of the tensegrity mechanism, the equations of the system have to be derived. The
complete tensegrity mechanism represented in Fig. 3 could be correlated to a parallel manipulator of type 3-SPS-U
[7]. The 3D and 2D views of the correlation are represented in Fig. 5.

A 

B�

B�

B�

C�

C�

C�

  Universal joint
  Spherical joint
  Prismatic joint

B�

C�

B�

C�

B�

C�

A 

γ r
f

h r
f

Springs

Universal joint

x

y
z

(a) (b)

x

z

r
f

r
f

c
1

d
1

λ�λ�,λ�
λ�

λ�

λ�

Figure 5: 3D (left) and 2D (right) representations of the tensegrity mechanism to a 3-SPS-U parallel manipulator
(home-pose)

Figure 5 also represents the default or home-pose of the mechanism with no bending or forces. The points B1, B2

and B3 represents the base of mechanism. The central point A is the origin of the universal joint. The end-effector
positions are given by C1, C2 and C3. The vector coordinates for Bi is given by:

bi = Rz(θ) ni, with i = 1, 2, 3 (1)

where Rz(θ) =


cθ −sθ 0

sθ cθ 0

0 0 1

 & ni =


rf cos

(
2π(i−1)

3

)
rf sin

(
2π(i−1)

3

)
−rfh


where ni are the coordinates of Bi in the local reference frame. The rotation matrix Rz with respect to θ is used

for determining the rotation/orientation of mechanism about z-axis inside the pipe. The parameter h is a constant
and it can assume values greater than zero. In order to estimate the positions of end-effector Ci, the theory of tilt &
torsion (T&T) is employed. The T&T theory is employed mainly for parallel manipulators where the robot platform
is mobile and asymmetric [8]. Since the universal joint is passive, the tilt and azimuth angles would be sufficient to
calculate the positions of end-effectors as there is no torsion. The tilt and azimuth angles of the tensegrity mechanism
are represented in Fig. 6.

β represents the azimuth angle between the x-axis and face of the z-axis. Rotation about M causes a shift of the
axis xyz to x∗y∗z∗. The angle between z and z∗ represents the tilt, α. The rotation matrix R for the tilt and azimuth
angles is given by the equation:

R = Rz(β)Rx(α)Rz(−β) (2)

R =

 (cα + c2β(1− cα) −cβsβ(cα − 1) sβsα
−cβsβ(cα − 1) 1 + (cα − 1)c2β −cβsα
−sβsα cβsα cα

 (3)

In order to obtain the position of end-effector, Eqn. (3) is multiplied by the vector coordinates of positions Ci and
the equation is given by:
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Figure 6: Representation of Tilt (α) and Azimuth (β) angles on the tensegrity mechanism

ci = Rz(θ) R oi, with i = 1, 2, 3 (4)

where oi =


rf cos

(
2π(i−1)

3

)
rf sin

(
2π(i−1)

3

)
rfγ


where oi are the coordinates of Ci in the local reference frame of the mobile platform. The parameter γ is a scalar

value that determines the position of end-effector from the origin A. The workspace analysis for various values of γ
will be analyzed in the upcoming section. The length of the mechanism li which provides the solution for the inverse
kinematic problem can be solved and it is given by the equations below:

bi = [bix, biy, biz]
T , ci = [cix, ciy, ciz]

T with i = 1, 2, 3

li =
√

(bix − cix)2 + (biy − ciy)2 + (biz − ciz)2 (5)

Tilting direction of the mechanism

For an applied force, the tensegrity mechanism has to tilt along the direction of force. The position of β is identified
where the mechanism tilts along the applied force. The 2D representation of the tensegrity mechanism shown in
Fig. 5b will be used for calculations. The force vectors on Fig. 5b can be calculated by the equation:

fi = λi
di

‖di‖ with i = 1, 2, 3 (6)

where di = bi − ci & fi = [fix, fiy, fiz]
T

In Eqn. (6), λi represents the magnitude of applied forces. About the origin or central point A, there exist moments
that are generated by the cables (mc) as well as the springs (ms) whose equations are given by:

mc =
3∑
i=1

(ci × fi) (7)

ms =
3∑
i=1

(k ci × di) (8)

where k represents the stiffness of spring. We assume same stiffness for the three springs. The resultant moment m
can be found by summing up the results of Eqn. (7) & Eqn. (8). For attaining stable postures, the sum of components
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in the resultant moment m is equal to zero. As an example, if we assume h = 1, γ = 1, k = 0.2 N/mm, θ = 0 radians
and λ2 = λ3 = 0, the values of λ1 could be estimated with respect to α. The equation of λ1 is generated using Maple
and it is given by:

λ1 (θ=0,β=π/2) =
−33sα

√
1− sα

10cα
(9)

A tilt of α= 0 to π/3 radians is applied on the mechanism. For β = 0, the first cable cannot produce any moment
to rotate around the y axis. Only the other cables can be used. For β = π/2, from Eqn. (9), it could be observed
that the efforts generated have negative values and the mechanism tilts along the opposite direction of applied forces
which is represented in Fig. 7.
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Figure 7: Representation of mechanism with applied force λ1 along C1 −B1 with α = 0 to π/3 radians and β = π/2
radians

The home-pose position of end-effector is represented in gray lines and points C1′ −C2′ −C3′ in Fig. 7. The final
position is represented by C1 − C2 − C3. Thus, in order to have m = 0, preloading forces have to be applied which
will ensure the stability of the mechanism.

Estimation of tilt limits

The feasible tilt range for the tensegrity mechanism has to be calculated. In Eqn. (4), the parameter γ in oi can assume
three values: γ < 0, γ = 0 and γ > 0. These are called as the Pendulum, the Neutral pose, and the Inverse-pendulum.
We set h = 1 for this analysis. The estimation of tilt range also permits us to calculate the geometrical workspace of the
mechanism. The tilt limits can be estimated by taking into account the articulation or joint limits of the mechanism.
The equations of the robot and its associated constraint equations can be generated using the SIROPA[9, 10] package
of Maple. By using the CreateManipulator syntax of SIROPA in Maple, the tensegrity mechanism is constructed.
The tilt and azimuth angles are used as the pose variables and the lengths (l1, l2 and l3) are employed as the articular
variables. By using the ConstraintEquations of SIROPA, six constraint equations are generated, with first three
equations at the lower limit of lengths and the next three equations at the upper limit of lengths. The equations are
given by:
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C1+3i : 2r2fcα(c2β − 1)− 2sβsαr
2
f (1 + γ) + 2cαr

2
fγ − 2r2fc

2
β

+r2fγ
2 + 3r2f − l2j

(10)

C2+3i : −2
√

3r2fcαcβsβ + 2
√

3r2fsαcβγ − 2cαc
2
βr

2
f + 2

√
3r2fcβsβ+

2
√

3r2fcβsα + 2sαsβr
2
fγ + 2r2fc

2
β + 2sαsβr

2
f + 4cαr

2
fγ

+2r2fγ
2 − r2fcα + 3r2f − 2l2j

(11)

C3+3i : 2
√

3r2fcαcβsβ − 2
√

3r2fsαcβγ − 2cαc
2
βr

2
f − 2

√
3r2fcβsβ−

2
√

3r2fcβsα + 2sαsβr
2
fγ + 2r2fc

2
β + 2sαsβr

2
f + 4cαr

2
fγ

+2r2fγ
2 − r2fcα + 3r2f − 2l2j

(12)

where for i = 0 and 1, lj = lmin and lmax

These equations are generated using SIROPA by the projection of variables in a polynomial form [9]. For γ, three
values are assumed −1/4, 0 and 1 and they are employed in Eqn. (10) to Eqn. (12). The value rf is retained as 11 mm
from existing prototype [5]. In order to estimate the geometric workspace range, the CellDecompositionP lus feature
of the SIROPA package is employed. The CellDecompositionP lus uses the Cylindrical Algebraic Decomposition
(CAD) technique and parametric root finding technique of Maple for estimating the regions where there exists real
solutions to the inverse or direct kinematic problem [11]. For isolating the aspects around home-pose, we transform
Eqn. (10) to Eqn. (12) as inequality equations [12] which will be used as inputs for CellDecompositionP lus in Maple.
For the constraint equations, it is also necessary to set the length limits of li as it plays a vital role in the estimation of
the maximum tilt angle. At the home-pose as represented in Fig. 5b, the length between B −C is found to be 9 mm,
11 mm and 22 mm for γ= -1/4, 0 and 1. The constraint limits for these lengths under maximum tilt is assumed to be
lmin = 7 mm and lmax = 31 mm for the analysis. The results of the geometric workspace are then generated for the
three cases of γ and they are represented in Fig. 8.

It could be observed from the results that the maximum tilt range varies for the three case studies. The blue
regions represents the feasible working range for the tensegrity mechanism. The values of tilt with azimuth angles at
the joint limits are provided in Table 1.

Table 1: MAXIMUM TILT POSITIONS WITH AZIMUTH’S AT JOINT LIMITS

γ β αmin β αmax
-1/4

[±π/3,±π]
−π/18

[±2π/3, 0]
π/18

0 −π/6 π/6
1 −π/3 π/3

From Table 1 and the results of Maple from Fig. 8, it can be deduced that the pendulum configuration is not
ideal as the tilt range is narrow and cannot be feasible for pipes having angled or 90 degree bends. Better solutions
are obtained in the other two cases but the inverse pendulum case is considered for further analysis as it could be
potentially used for pipelines having bends up to 90 degrees as it has higher tilt ranges.

STATIC FORCE ANALYSIS OF THE MECHANISM

With the inverse pendulum configuration being a suitable solution for the tensegrity mechanism, it is important to
analyze its stability. In the case of pipelines with junctions, the active compliance has to be employed where the
stability of tensegrity mechanism could be controlled through cables and the robot can be made to follow the right
direction. For passive compliance, the cable actuation is not required and the objective of the mechanism will be to
overcome the bend under passive mode. In this scenario, the static stability of the mechanism has to be determined
and it should be capable of working passively without cable actuation. As the suitable tilt and azimuth ranges have
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Figure 8: Geometric workspace range for the three case studies around the home-pose

been determined, the forces to be applied for the system can be estimated. According to Lagrange, for a moving
system, the equation of motion [13] is given by:

τ =
d

dt

(
∂T

∂q̇

)
− ∂T

∂q
+

dU

dq
where q = [α, β]T (13)

where T and U are the kinetic and potential energies of the system. τ represents the generalized torques on the
system. Under static conditions, the velocity of the system is zero and there exists no kinetic energies. Thus in
Eqn. (13) only the potential energy derivative with respect to the tilt and azimuth angles exists. The mass of the
mechanism is also not taken into account as it vanishes along with the kinetic energy term. The potential energy of
the system is contributed by the springs and cables. For this calculation, we assume the magnitudes of applied forces
along the three cables as F1, F2, F3 and equal stiffness for the three springs as k. The total potential energy can be
estimated by summing up the energies of springs and cables. The equations are given by:

Ucable =
3∑
i=1

Fili Uspring =
3∑
i=1

1
2kl

2
i (14)

Utot = Ucable + Uspring (15)

The springs are considered massless and have zero free lengths. By substituting the results of Eqn. (15) in Eqn. (13),
the forces required to actuate the mechanism can be calculated.

Stability of the tensegrity mechanism

Under zero-applied forces or under the presence of a preload, the mechanism can deform due to the springs. The
stability of mechanism has to be analyzed under static modes. Arsenault et al. [14] analyzed that for a tensegrity
mechanism to be stable under static modes, the second order derivative or the stiffness of the mechanism K has to be
positive. The Utot equation is first derived. Since the inverse pendulum configuration is used in the analysis, we fix γ
= 1. Utot depends on the applied forces as well as design parameters of the system and it can be expressed as:

Utot =
3∑
i=1

f(Fi(α, β, rf , h)) + ζ (16)

where ζ = 3 krf
2
((
h2 − 1

2

)
cα + h2 + 1

2

)
At the home-pose condition as represented in Fig. 5b where we have α and β equal to zero and no applied forces, only
the constant term ζ of Eqn. (16) exists as it depends on the spring stiffness k, mounting radius rf , parameter h and
the cosine of tilt. The stability of the system can be found by plotting the total potential energy against the estimated
tilt ranges. The parameters k, rf and h is considered as 0.2 N/mm, 11 mm and 1. The stability plot for the system
is depicted in Fig. 9.

It could be observed that the mechanism remains unstable and has maximum potential energy with no forces being
applied. Since Utot has a direct dependency on the applied forces, the system continues to remain unstable when the
preload is considered. Under the influence of zero applied forces, the mechanism has no dependencies on the azimuth
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Figure 9: Plot of total potential energy versus the tilt with zero applied forces

angle (Eqn. (16)). The second order derivative of Utot with respect to α which gives the mechanism stiffness Kα has
to be studied for determining stable configuration [14]. The applied forces are considered equal and are taken as F1 =
F2 = F3 = F . The stiffness equation is generated using Maple with β & α at 0 radians and is given by:

Kα =
−3rf

(
2 krf h

2 + hF − krf
)

2
(17)

It can be seen that the mechanism stiffness depends on the parameters rf , h, F and k. By fixing one or several
parameters, it is possible to determine a stable configuration. In this study, we fix the spring stiffness as per the
prototype of Fig. 4 as 0.2 N/mm and a precharge of 2 N is considered for F . The stiffness Kα is then analyzed for
varying values of h and rf and their relations are shown in Fig. 10. As the parameter h increases towards 1, the
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Figure 10: Projection of Kα with respect to rf and h for α & β = 0 radians

positive zone of Kα is higher. However, Kα transforms into negative values when rf increases. By retaining rf as
11 mm from the existing design of the robot, a value of h = 1/2 is chosen such that stiffness Kα is always positive with
the preload. The geometric workspace is calculated for this new inverse pendulum by using Eqn. (10) to Eqn. (12)
and the results are depicted in Fig. 11. From the results of Fig. 11, it can be seen that the tilt range has been reduced
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to ± π/6 radians. Using this range, the total potential energy is recalculated using Eqn. (16) for β = 0 radians and
preload of 2 N. The result is depicted in Fig. 12. Even though the tilt limits have been reduced by almost half, a
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Figure 12: Plot of total potential energy versus tilt for new inverse pendulum configuration with preload of 2 N

stable configuration has been obtained. The system is also found to be stable with the consideration of preload. The
new parameter of h = 1/2 will be considered for further analysis.

Estimation of forces to be applied and influences of azimuth β

In order to make the tensegrity mechanism to tilt upto a given angle, it is necessary to apply at least one force on the
system. However, in order to obtain a given azimuth angle at a given tilt angle, at least two forces must be applied on
the mechanism. The force equations can be solved by differentiating Utot with respect to α & β and equating them to
zero and fixing a positive value of 1 N.mm/rad for Ka. The forces can be expressed as:

Fi = f(α, β,Kα, h, rf , k) with i = 1, 2, 3 (18)

In Eqn. (18), the new inverse pendulum parameters identified in the previous section is considered. The azimuth
angle β can vary from 0 to 2π radians and it can be controlled to attain a certain value based on the profile of pipeline
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encountered by the robot. The three force values of Eqn. (18) are plotted against the azimuth range at the maximum
tilt angle of π/6 radians which is depicted in Fig. 13.
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Figure 13: Variation of forces for β = 0 to 2π radians at α= π/6 radians

In Fig. 13 for each azimuth phase of 2π/3 radians one of the forces remain redundant. During the azimuth phase
of 0 - 2π/3, F3 remains redundant and there exists no significant changes to the system by this force. On the other
hand, the force F1 continues to drop while F2 starts increasing in this azimuth range. The dotted horizontal line in
Fig. 13 separates the region of redundancy and below this line, one of the three forces always remain redundant. The
influences of each azimuth phase on the three forces are provided in Table 2.

Table 2: INFLUENCES OF AZIMUTH PHASES ON THE FORCES

Azimuth (β) range F1 F2 F3

0 - 2π/3 Decreasing Increasing Redundant
2π/3 - 4π/3 Redundant Decreasing Increasing
4π/3 - 2π Increasing Redundant Decreasing

However at azimuth angles of 0, 2π/3 and 4π/3 radians, the forces F1, F2 and F3 are at a maximum while the
other two forces will remain equal and low. Based on the profile of the pipeline, the cables used in the tensegrity
mechanism could be actuated to attain an azimuth angle that will facilitate the robot to have better contact with the
walls. For a curvilinear pipe profile in 3D space, at least one or maximum two forces have to be actuated while the
third one always remains redundant.

CONCLUSIONS AND FUTURE WORKS

The tensegrity mechanism proposed in this article can be implemented as a solution to the rigid prototype of [4, 5]
in order to work through pipelines with bends and junctions. By the study of compliances and tilt angle limits, the
tensegrity mechanism was designed. For pipelines with 90 degrees bends, the universal joint can remain passive and
it can address the issue of passive compliance. In the case of a junction, the cables can be actuated which will allow
the robot to bend to a given tilt and azimuth to follow a given path. By correlating the tensegrity mechanism to a
parallel manipulator, the orientation of mechanism was determined and the maximum tilt ranges were exploited by
decomposition of the mechanism into three case studies. The inverse pendulum configuration was chosen as it provided
the maximum tilt range. However, with the static force analysis, this system was found to be unstable under zero
applied forces. By fixing several parameters, the parameter h was modified to obtain a stable configuration under the
presence of preload. The variation of azimuth β on the mechanism was studied in order to determine the necessary
forces to be applied while working through curved pipe profiles.

With the modification of h, the maximum tilt range was reduced from ±π/3 to ±π/6 radians . This range might
not be sufficient to pass through a pipe bend of 90 degrees. This could be overcome by stacking a second tensegrity
module over the existing mechanism. Kinematics and workspace analysis was performed by Furet et al.[15, 16] on
stacked tensegrity system for 2D case. This problem will be extended for the 3D case because a stacked model can
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provide higher tilt angles. Also with stacked modules, it will be essential to check stability as there will be two tilt
angles. In this case, the Hessian matrix will be derived and stability can be attained when the determinant of the
Hessian matrix is always positive. The CATIA model of the robot with stacked tensegrity modules that resembles an
“Elephant Trunk” is depicted in Fig. 14. Force analysis will further be extended on the stacked models assembled with
the robot for various postures inside pipeline namely: vertical, horizontal and angled configurations for understanding
the stability of the entire robot. An alternate approach will be proposed which deals with the study of variation of
spring stiffness k and its impact on the mechanism stiffness Kα. An optimization technique will also be carried out
for the determination of spring stiffness by taking into account the general design equations of a tension spring.

Figure 14: Modified architecture of the robot with stacked tensegrity structures in CATIA
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NOMENCLATURE

Symbol Description
α Tilt angle of the tensegrity mechanism
β Azimuth angle of the tensegrity mechanism
θ Rotation of tensegrity mechanism about z-axis
R Resultant Tilt-Azimuth matrix
bi Vector coordinates for base Bi
ci Vector coordinates for end-effector Ci
li Length of spring i
rf Radius of spring mounting points from flange centre
h Scalar to determine position of base from origin
k Stiffness of spring
γ Scalar to determine end-effector position from origin
fi Force vector
mc Moment vector of forces caused by cables
ms Moment vector of forces caused by springs
λi Magnitude of cable forces
C Joint limits constraints
U Potential energy of the system
Fi Magnitude of applied forces through cables
Kα Mechanism stiffness with respect to tilt α
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