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1. Introduction

Piping inspection robots play an essential role for
industries as they can reduce the human effort and
pose lesser risker to their lives. Generally, the locomo-
tion techniques of these robots can be classified into
mechanical and bioinspired (Kassim et al. 2006). By
using slot-follower leg mechanisms, DC-motors and
control units, a rigid caterpillar type inspection robot
was designed and developed at LS2N, France
(Venkateswaran et al. 2019). This rigid prototype
helped in identifying the static forces required to
accomplish good contact forces with the pipeline
walls. In order to work inside curvatures, a tensegrity
mechanism that uses three tension springs and a pas-
sive universal joint was introduced between each
module of this robot (Venkateswaran and Chablat
2019). The optimal parameters of the robot assembly
were identified by considering a preloading along the
cables, which ensured the stability of the entire robot
(Venkateswaran et al. 2021). However, under static
conditions, there exists some forces on the robot,
especially on the tensegrity mechanism when one end
of the leg mechanisms is clamped with the pipeline
walls. These forces are dominant when the orientation
of the pipeline is horizontal. The objective of this art-
icle is to understand the effect of stiffness of the
spring on the static stability of the tensegrity mechan-
ism under the self-weight of the robot assembly.

2. Methods

Similar to the static force modelling approach fol-
lowed by Venkateswaran et al. (2019), the digital
model of the robot is employed to analyse the tenseg-
rity mechanism. The flexible robot in the horizontal
configuration with one set of legs (left) fully clamped
is shown in Figure 1. Under the condition proposed
in Figure 1, the free end of the robot imposes forces
and moments to the clamped end. As there are flex-

ible tensegrity structures present between each

Figure 1. The piping inspection robot in the horizontal
orientation.

Figure 2. Distribution of masses on the robot under

static condition.

-hr, hr,

(b) Static phase under the influence of
robot weight

(a) Home-pose under no load

Figure 3. The tensegrity mechanism in the home-pose and
loading condition.

module, the overall weight distribution for the robot
could be split as shown below in Figure 2.

The tensegrity mechanism on the right end is subject
to a higher amount of loading under the static condi-
tion as shown in Figure 2. The mechanism carries the
weight of the entire robot, which is concentrated on the
centre of gravity of the mechanism. While working
inside a pipeline, the orientation of the robot about the
z-axis is usually unknown. Based on earlier studies, the
tensegrity mechanism undergoes the maximum deflec-
tion in the position when one of the springs is at a dis-
tance 7y from the origin. This configuration will be
taken for further analysis. The geometry of the mechan-
ism in this orientation is shown in Figure 3.

To recollect, the base coordinates of the mechansim
are represented by B; to B;. The moving platform coor-
dinates are represented by C; to Cs;. The springs are
mounted at a distance ¢ from the origin of each plat-
form. The origin of the mechanism and the universal
joint is at A and the tilt angles are given by o and f.
When one set of leg mechanisms are clamped with the
pipeline walls, the self-weight of the robot w generates a
deflection of the mechanism through an angle . The
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(b) Total potential energy at k = 20 N/mm

Figure 4. Total potential energy of the tensegrity mechanism
under varying stiffness of spring.

self-weight is concentrated on the CG of the mechan-
ism. The parameter h determines the static stability of
the mechanism under vertical configuration and it was
found to be 0.6 (Venkateswaran and Chablat 2019).

3. Results and discussion

Under static condition as demonstrated in Figure 2,
the self-weight of the robot w is estimated using the
digital model of the robot in CATIA. The value was
found to be around 4 N. As the mechanism is studied
under a passive mode, the total potential energy of

the system is contributed mainly by the springs (Us)
and the gravity (Ug). The total potential energy
(Utot) is given by:

Utot - Us + Ug (1)
1 3 5
where U, =3 k Z(Zi lo)

i=1

and Uy, = wsine (r¢h + CG)

The parameter I, represents the zero free length of
the spring and for ease of calculations, this is
considered as Omm. From the existing prototype
(Venkateswaran et al. 2021), the value of r; was iden-
tified to be 11 mm. For the configuration represented
in Figure 3b, the value of tilt angle « = 0 radians
whereas f§ contributes to the tilt. At this configur-
ation, the value of ¢ corresponds to the value of 8. By
solving Eq. (1) using the design parameters specified,
the total potential energy of the system is given by
the equation:

Ue = 35.2sin f + 312.8 k — 50.82 kcosf  (2)

From Eq. (2), it can be interpreted that the stiffness
of the spring k plays an essential role in the static sta-
bility of the mechanism. A value of 1 N/mm does not
ensure a stable configuration. However, when the
value reaches to 20 N/mm, a stable potential energy
configuration could be observed. A comparison of the
potential energies for the two spring stiffness values
are represented in Figure 4. From Figure 4b, it can
also be concluded that the total potential energy of
the system can never be a minimum at 0 radians.
However, with the increase in spring stiffness, the
deflection of the mechanism could be signifi-
cantly reduced.

4, Conclusion

The analysis presented in this article helped in under-
standing the static stability of the tensegrity mechan-
ism due to the self-weigh of the robot assembly. The
effect of spring stiffness on the mechanism was also
understood. This study also helps in modelling the
stacked tensegrity structure that will be incorporated
in the robot assembly and this will permit to have an
elephant trunk design.
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