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Abstract

Autonomous inspection and maintenance tasks with robots in oil and gas re-
fineries require moving along pipelines and manipulation dexterity in cluttered
environments. This paper investigates the problem of controlling a wheeled mo-
bile manipulator endowed with a snake-like arm to inspect the structures while
stabilizing the supporting pipe. A model predictive control approach stabilizes
the wheeled robot on the pipe. When the wheel torques saturate, the stabiliza-
tion task leverages the resulting propagating force on the wheeled robot given
by the snake-like arm’s dynamics. The significant number of degrees of freedom
given by the snake-like arm allows a prioritized redundancy resolution scheme
with hybrid motion/force tracking to inspect the same and adjacent pipes while
avoiding self-collisions and environmental impacts. Simulations in the realistic
Gazebo environment validate the achieved preliminary results.
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1. Introduction

Non-destructive test (NDT) measurements represent the standard way to as-
sess the quality status of an industrial pipe. In this scenario, ultrasonic probes
are used to retrieve the wall thickness of a surface to prove the integrity of
the material without compromising its internal structure. These tests are per-
formed by placing the inspection probe in fixed contact with the surface under
examination. Besides, pipelines are usually grouped in steel-framed structures
called pipe-racks that are typically set at high locations to enable easy access
for inspection and maintenance and preserve the ground space of the indus-
trial plants. Currently, NDT measurements are performed by humans that
must climb a high scaffolding to reach the inspection location with the use of
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Figure 1: Concept of the device employed within the HYFLIERS project.

tools like man-lifts, cranes, or rope-access systems. Therefore, improving NDT
inspection operations plays a fundamental role in raising human safety and de-
creasing the economic costs related to the inspection procedures (i.e., scaffolding
installation, lengthy plant stoppage, and so on).

The solution proposed within the HYFLIERS project (https://www.oulu.

fi/hyfliers/) is innovative in NDT inspection processes. The project proposes
a hybrid aerial-ground robot equipped with a snake-like arm (see Fig. 1). The
envisioned device can fly within the oil and gas facility, land over the pipe rack,
use the rover’s wheels to navigate along the pipe, and use the arm to inspect
the pipe and the adjacent ones.

This paper investigates the problem of designing a control framework stabi-
lizing the wheeled manipulator over a pipe while the snake-like arm approaches
the pipe-rack structure for inspection purposes. The devised controller uses a
model predictive control (MPC) approach to stabilize the rover over the pipe
during the arm movement. The need to simultaneously manage and satisfy dif-
ferent dynamic constraints justifies the choice of an optimization technique to
control the rover movement on the pipe: the constraints can be modelled by
the dynamic of both the system and the interaction with the landing spot. The
same result might also be achieved considering several basic control techniques,
but an optimal control law allows for adjustment of the control actions based
on both these selected constraints and the predictions carried out on the system
evolution. Furthermore, the problem cost functions can be chosen to achieve
multiple objectives.

Since the wheel torques may saturate, the stabilization task leverages the
resulting propagating force on the wheeled robot given by the snake-like arm’s
dynamics. The significant number of degrees of freedom (DoFs) given by the
snake-like arm allows the implementation of a prioritized redundancy resolution
scheme with hybrid motion/force tracking to inspect the pipes while avoiding
self-collisions and impacts on the environment.
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The contribution of the work lies within the novel proposed application. To
the best of the authors’ knowledge, a wheeled manipulator equipped with a
snake-like arm performing NDT measurements over a pipe does not exist so
far. The preliminary development of such an idea may improve NDT inspection
operations. Besides, the idea of exploiting the snake-like arm’s dynamics to
stabilize the wheeled base on the tube is a further contribution.

2. Related work

Recently, several robotic systems devoted to executing NDT measurements
have been proposed. Some solutions consider using mobile platforms to perform
the inspection task [1]. Internal climbing robots that can navigate the interior
part of structures such as tanks, pipes, and steam chests have been proposed
in [2, 3, 4]. These robots can be equipped with ultrasonic probes. However,
this solution is unsuitable for the addressed case study since the internal parts
of the industrial pipelines are not accessible. Another class of climbing robot
can adhere on the external surface to inspect as in [5, 6, 7]. These works use
pneumatic, magnetic, and mechanical actuation to navigate the external section
of ducts. However, all these solutions are not helpful when inspecting pipeline
locations that are hard to reach.

In this context, the use of aerial platforms has been investigated as well.
The forefront technology to remotely perform NDT measurements using flying
platforms relies on telescopic tools attached to the robot frame. The APPEL-
LIX [8], Texo Drone Survey Inspection platform [9], Ronik Inspectioneering UT
device [10], and Voliro inspection drone [11] represent the most promising busi-
ness technology in this field. Besides, a research platform, AeroX, composed
of an eight-tilted rotor platform with stability and manoeuvrability to make
ultrasonic measurements with an active telescopic probe, is presented in [12].
The main problem of these solutions is the stability of the floating base, which
can be compromised when the robot is flying in contact with the inspection
point and the battery duration. Differently, the HYFLIERS project proposes
an innovative solution: the inspection is carried out when the drone lands on a
pipe, and the propellers are not considered during the execution of the whole
task to preserve the battery duration. A similar hybrid platform equipped with
a 4-DoF arm has been presented in [13]. However, adopting a snake-like arm is
essential to enlarge the robot’s workspace. This type of robotic arm is charac-
terized by many DoFs, allowing the exploration of confined spaces or structured
environments. Their use is widespread in literature [14, 15]: it is possible to
use them through kinematic control schemes to complete submarine operation
combining to an underwater vehicle [16], in amphibious applications [17], for
nuclear reactors inspection [18], the inspection of pipes [19] with path planning
and kinematic control only, or elastically deformable channel [20] adopting a
model-free control scheme. Similarly, the possibility of adding a snake-like arm
to an aerial vehicle has already been investigated in [21]. An interesting applica-
tion of hyper-redundant arms is presented in [22] where an hybrid motion-force
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Figure 2: System architecture summarizing the developed controller: all the blocks and their
interconnection are showed.

control strategy is proposed for a space manipulators considering the arm as a
set of interconnected subsystems.

In this work, the rover platform presented in [23, 24] is considered. There, a
robotic arm is addressed for pipe inspection. Here, instead, a snake-like robot
is considered mounted on the rover, improving the dexterity of the platform
and the range of possible applications in cluttered pipelines. To solve the rover
stabilization problem, the solution proposed in [25] is taken as inspiration. The
algorithm in [25] has been modi�ed here to obtain a linear version of the op-
timization problem, while the propellers contribution in [25] has been replaced
here by exploiting the snake-like arm's dynamics.

3. Overall architecture

The proposed mobile manipulator is made with a wheeled base (rover) and
a snake-like arm. The rover mounts four custom mecanum wheels allowing the
omnidirectional robot motion along the pipe. See [23, 24] for more information
about the rover. This hyper-redundant manipulator comprises n � 6 revolute
joints, giving a high movement capability in cluttered environments.

The following assumptions are made. A1) The robot is already landed on
the pipe-rack and the propellers are turned o� for all the task. A2) The rover
can move only in its sagittal plane. A3) The wheels and the pipes are rigid and
a Coulomb friction model is assumed at the contact. A4) The radius, size, and
distances in the pipe-rack are known. A5) The inertia of the wheels is negligible
compared to the inertia of the rover's rotation around the pipe's centre.

Assumption A1 is to save battery consumption [24] and has no particular
implications towards the paper's aims. Assumption A2 is not limiting as practi-
cally demonstrated in [23, 24]. Assumption A3 is commonly used when contacts
happen and friction is relevant [26]. Assumption A4 is doable since pipes have
standard measures and oil and gas industries have precise knowledge of their
plants. Assumption A5 is realistic given the values of the initial prototype
in [23, 24].
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Figure 3: Snapshot from the simulation environment, with the pipe-rack, the rover, and the
snake-like arm. The main frames are depicted. The arm's CoM is in green; the rover's CoM
is in red; and the whole robot's CoM in yellow.

The devised architecture, as showed in Fig. 2, comprises (i ) an o�ine tra-
jectory planner for the end-e�ector (E-E) of the snake-like arm; (ii ) an MPC
controller to stabilize the rover on the pipe; and (iii ) a hybrid motion/force con-
trol scheme with prioritized redundancy resolution to track a trajectory and a
force reference while retaining the rover balance without colliding with the envi-
ronment and avoiding self-collisions. It is worth highlighting that the proposed
architecture has a decentralized structure, in the sense that the snake-like arm
and the rover are seen as two separate entities, while the interactions between
the two are seen as external e�ects to deal with [27].

4. Snake-like arm mathematical modeling

With reference to Fig. 3, let W be the �xed reference frame placed at the top
of the pipe. Let S be the frame attached to the rover's center of mass (CoM).
Without loss of generality, at the beginning of the task, W and S have the same
orientation. Let B be the frame attached to the snake-like arm's E-E.

Given the assumption A2, it is possible to decouple the kinematics and
dynamics of the snake-like arm from the one of the rover. Indeed, the rover
has only one DoF given by � 2 R which concisely describes the orientation
Rs(� ) 2 SO(3) of S with respect to W. Therefore, the pose ofS in W is
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