Development of an inspection robot for small
diameter distribution mains
Edwin Dertien, Mohammad Mozaffari Foumashi, Kees Pulles, Stefano
Stramigioli and Ekkehard Zwicker???? ? ?
Robotics and Mechatronics group,
Faculty of EE-Math-CS,
University of Twente, the Netherlands

Abstract. This work discusses the design and construction of a robot
for moving in small diameter pipes (down to 57 mm inside diameter), capable of negotiating curves, diameter changes, sharp bends and T-joints,
intended for (semi) autonomous inspection of gas distribution mains. A
number of fundamental design changes and improvements will be shown
with respect to earlier designs. The new design is fully actuated using
identical modules for facilitating ease of production and maintenance. It
maintains the high spreading factor (63 mm - 125 mm outside diameter)
which allows it to be used in a large section of the (urban) low pressure
gas distribution net. The robot is able to take a vertical climb, broadening the general application range and facilitating entry in the gas distribution network by means of vertically drilled holes. The robot is largely
produced using additive manufacturing technology, having a huge impact
on both the development process and the robot performance.
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INTRODUCTION

The PIRATE (Pipe Inspection Robot for Autonomous Exploration) aims at
developing a robot platform for in-pipe inspection of the low pressure (urban)
gas distribution mains. The platform has to be able to carry out visual inspection
and leak searching using auditive noise-based sensors. Based on statistical data
available on the (Dutch) gas distribution net [10], design requirements for size
and maneuverability have been determined. One of the most restricting design
requirements is being capable in maneuvering in a relatively wide diameter range
of 63 mm to 125 mm while at the same time being able to take a sharp (mitered)
bend. Note that the inside diameter of a 63 mm pipe (SDR 11) can be as small
as 51.5 mm. Although many very different designs exist for moving inside pipes
[2] [5] [6] [7] for (visual) inspection, none target these requirements specifically.
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Fig. 1. The pipe inspection robot

A prototype capable most of the necessary maneuvers has been been presented
earlier [4]. A number of design changes have improved the weight, traction and
clamping force of the design, as well as the producibility. These design changes
have been described in [8] of which some will be repeated in this paper. This
paper describes the design, and will focus on the possible impact on these changes
for gas industry.
The robot uses a modular structure consisting of bending modules, drive modules
and one rotation module. Two bending modules form a clamping v-shape which
generates the necessary traction force on the tires. Two driven wheels have been
used for propulsion. The first model of the robot proved capable of negotiating a
mitered bend in an 80 mm tube. The amount of available traction force proved
however to be insufficient; the robot proved capable of taking a 30◦ inclination,
not meeting the 45◦ requirement, which was established based on the network
topology. Also taking bends took a lot of time, due to the lack of traction power.
Due to a number of radical changes in the design with respect to the first model,
this paper describes a robot capable of vertical climb with the same morphology. Being able to climb vertically will allow the system to enter an existing
gas distribution grid through a vertical drilled entry point instead of a longer
trench. One novel aspect of the design process is the structural use of additive
manufacturing methodology (3D printing). This allows an unprecedented rapid
iterative design cycle and has yielded a lightweight design with a relatively small
number of parts.

2

ANALYSIS

In this section the main considerations for adapting the previous design will be
given, focusing on the clamping mechanism, the propulsion, sensing and modularity.

Development of an inspection robot for small diameter distribution mains

2.1

3

Clamping

The robot uses a V-shaped section consisting of two modules to generate traction
force on the tires. The tires are in this case neoprene rubber O-rings of 3 mm
diameter. The amount of clamping force that can be generated using this V-shape
is dependent on the diameter of the pipe. The maximum attainable clamping
force (Fn ) on the pipe wall is given by (repeated from [3]):
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Fig. 2. Geometric relation for calculating the clamping torque
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where L is the length of a module, dw is the wheel diameter, D the pipe
diameter and T the exerted torque by the clamping module (see figure 2). This
means that the available amount of clamping force (and traction force) is depending strongly on the pipe diameter: the smaller the diameter, the smaller the
amount of available clamping force.
The motor responsible for generating clamping torque T has to be able to deliver
the desired torque in the first place. After setting the correct angle β the torsional
spring with constant k = 3.5 mN m/◦ takes care of maintaining this torque
(series elastic drive, see [9]) The clamping module requires a gear train to transfer
power from the self-locking worm gear via the spring to the joint. CAD design
of the total system is given in figure 3. Note that each mechanism drives the
geared edge on the next module.
For vertical climbing, the amount of clamping torque necessary depends on the
available friction force. The friction force is depending on the materials: smooth
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Fig. 3. CAD drawings of bending gear system showing worm gear, spring and clutch.
Module showing this gear system and an in-wheel drive system

PE or PVC for the pipe wall and NBR70 rubber O-rings as tires. When the
robot is clamped vertically inside the tube, Ff has to be larger than gravity.
Tire friction models normally encompass various visco-elastic effects [12]. Since
we are primarily concerned with the holding force, and not what happens if
the robot slips, a simple viscous friction (coulomb friction) model is considered
sufficient:
Ff = µ ∗ Fn > mg sin(γ)

(2)

with γ the inclination of the pipe. As estimate for µ = 0.5, based on a set of
short experiments [11]. The robot prototype weighs 0.9 kg, so one clamp has to
keep half of that in position. The robot looses traction when Fn < 9.8 · 0.45kg =
4.41 N With µ = 0.5 the supplied normal force has to be at least 8.81 N, divided
over the three wheels.
Deformation of the tires due to hysteresis in the material [12] causes a considerable amount of rolling friction Frf , depending on the exerted amount of clamping
force. To let the robot climb, a traction force of at least mg = 4.41N has to be
delivered by three motors, resulting in 100 mNm per motor. The force loss
Frf = Cr · Fn =

Cr Tm
µ rw

(3)

is depending on wheel radius rw and estimated friction constant Cr = 0.01 −
0.015. The resulting friction torque is about 5% of the motor torque per wheel.
2.2

All wheel drive

The propulsion torque in the previous prototype was generated using two wheels.
In the situation where the robot has to navigate trough a corner, only one wheel
is available for propulsion, since the other half of the robot has to un-clamp.
In the case with just two wheels the available amount of torque proved barely
sufficient. In the new design the location of the motors has changed; every wheel
has a motor mounted inside - a so called ’in wheel drive’. A coupling between
motor shaft and wheel has been implemented which decouples five of degrees
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of freedom while connecting only one (traction). Figure 3 also shows the wheel
drive system. The chosen motors (Faulhaber 2619 SR series with included 112:1
gear box) can deliver up to 0.1 Nm.
2.3

Fully modular concept

Since now every wheel has an in-wheel mounted drive system, and every joint
has to be able to bend in one plane, every module of the robot can have the same
make-up, except for the rotation module in the center. The minimal robot configuration consists of two clamping V-shapes with one center rotation point. This
configuration can be made using four exactly the same modules (encompassing
bend and drive) and one different rotation module. This setup has advantages
not only for production but also for maintenance, and offers flexibility in choosing the right robot layout for a certain task.
2.4

Position sensing

In the previous prototype potentiometers have been used as position sensors
for joint angles and spring deflection. In this prototype rotary hall-effect based
sensors have been used. These absolute position sensors have a resolution of 12
bit and can be interfaced digitally (using an SPI protocol). This results in a
resolution of 0.09◦ per bit. For the bend angle range [80..200◦ ] and the spring
deflection [0..85◦ ] this resolution is enough.
The wheel motors have 16 ppr incremental encoders on the motor shaft. With a
reduction of 1:112 and a wheel diameter of 45 mm this results in a resolution of
0.079 mm per pulse which is more than sufficient. During inspection the data of
six driven wheels is aggregated into a position estimate inside the pipe. In future
also sensor fusion using optical sensor (visual flow) and IMU data will be added.

3

IMPLEMENTATION

For realizing the prototype extensive use has been made of an Objet Eden 250
3D printer. This printer uses a photopolymer (VeroWhiteTM ) which is advertised
as ’simulated plastic’. Although some of the material properties are insufficient
for final (industrial) use, the realized mechanical parts prove strong and durable
enough for laboratory experiments.
The biggest advantage of using a 3D printer is the way it facilitates a rapid
design cycle. While with our previous prototype basically one design cycle of
Simulation, CAD, CAM and production was taken over a period of one year, in
the described project at least four cycles were run trough in a period of half a
year.
The choice for production method for this prototype leads to restrictions on the
design for future producibility. Since a 3D printer can print virtually any shape
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no consideration has been given to the restrictions that apply with methods like
CNC milling or injection molding. For that reason the only available production
method for this design will be 3D printing. Other 3D printing processes can
however use stronger materials than the used photopolymers, so the choice to
proceed with this limited manufacturing option has been made. Not all functional
parts can be made using the described photopolymer based process.
3.1

Design iterations

The following design iterations were produced with stepwise increasing complexity over a course of a number of weeks. The first test in VeroGray - see figure
4 -a was printed as initial test with limited functionality. In this model space is
left for motors and driven wheels. This first test model is deliberately oversized
for testing basic strength.

b

a

c

d

Fig. 4. Design iterations in 3D print

The second iteration - b - has the same layout, but is scaled down to a shape
approaching the desired robot’s size. The material thickness is now at a limit
(3mm) which starts to bend under influence of moisture. The material’s HDT
is specified at 40◦ and a water absorption quotient of 1.5%. Using the material
itself as rotational joint (without bearings) did not prove sufficient.
A third module - c - also displayed without motors, approaches the necessary
curved shape. Material thickness proves fairly robust. Two types (VeroWhite and
FullCure, a transparent material) have been used. Also space for the bending
motor and spring joint is present proving more stable. Metal inserts (gear strips)
are used for the clamp joint. Iteration - d - contains three driven wheels, one
bending motor. This module is used as basis for the final prototype described
in this paper. The final model has been printed using selective laser sintering
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technology (SLS) in PA3200 (glass fibre reinforced nylon) which provides enough
strength for lab tests and might even work during some initial field trials.
A modular distributed electronics control system has been used for interfacing
sensor data and local motor control. All boards (one per module) are connected
using and industry standard RS485 bus.

4

RESULTS

x [mm]

Experiments have been done in three different pipe diameters with a considerably
smooth surface (transparent polycarbonate). Since PE and PVC pipes are very
common in the targeted gas distribution network, these pipes provide a realistic
test situation. Figure 5 shows measurements of a climb in a vertical pipe of 63
mm (57 mm inside). In the first part of the graph the motor power is gradually
increased up to the moment where the robot starts to move. In the graph the
positions of four different wheels are shown. In this -worst case- scenario different
wheels provide different levels of traction. Still is it possible to give an indication
of the position with reasonable accuracy. Besides the vertical climb also other
obstacles have been taken, they can be found in [8].
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Fig. 5. Position in the pipe during a climb in 63 mm
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CONCLUSIONS

This paper presents a novel design for a pipe inspection robot capable of climbing
vertically. Being capable of this vertical climb (in small diameter pipes) has a
huge impact on the scope and type of scenarios the robot could be used for. This
capability also simplifies entry and exit to the network dramatically. The use of
a 3D printer increased the development speed dramatically compared with the
development of the previous prototype (4 months instead of two years for a fully
functional prototype). The design that is yielded using this methodology is both
lightweight and mature, since the multidisciplinary design choices necessary in
mechatronics have been dealt with in rapid design iterations.
5.1

Future work

Currently an entry lock for use with (live) gas distribution mains is under development. This system, consisting of a standard clamping connector and ball-valve
arrangement should allow the system to be used during the first field trials. In
the meantime an optical inspection system using cameras and laser projection
is being integrated on the system allowing for operator control while the system
is being deployed.
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