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Abstract. The failure of any electrical component of overhead power lines may lead to the inefficiency or even to the
complete interruption of energy distribution. Robotic systems for inspecting overhead power lines have been designed
in an attempt to automate the inspection process and make it faster and more reliable. Most of the robotic systems rely
on wheels to move along the conductors of overhead lines. Thus, the friction coefficient of the contact wheel-wire plays
a fundamental role for the proper design of those robots. Preventing slippage in both dry and wet conditions, precisely
selecting traction motors and developing the control system are some of the design steps that depend on knowing the
friction coefficient. This paper proposes a method to estimate the static friction and the rolling resistance coefficients
between the surfaces of a robot’s wheel and a conductor wire cable. The measurement is made in a field test, where a
mass is attached to a wheel’s replica through a rope parallel to the conductor. A real standard conductor cable connects
two poles with different heights. The mass is carefully increased until it slightly pulls the replica along the conductor. The
mass’ weight that moves the replica determines the friction coefficients. A Polyurethane wheel of 50 Shore A hardness is
used as case study, considering dry and wet conditions. Average values for static and rolling friction coefficients for both
conditions are obtained. The impact of the water on the static friction is quantified, aiding to define the robot’s operation
conditions. The method proved to be effective for estimating a friction coefficient, as it has simple execution and it does
not require special equipment, so it can be easily performed in any environment involving wheels and wire ropes.

Keywords: inspection robot, friction on wire cables, friction coefficient, inclined plane, overhead power lines
1. INTRODUCTION

The failure of any electrical component of overhead power lines may lead to the inefficiency or even to the complete
interruption of energy distribution, representing financial risks for both electrical utility companies and citizens (Alhassan
et al., 2020). Consequently, a vast amount of bibliography on different inspection robotic systems for overhead power
lines has been produced since the 1990’s in an attempt to automate the inspection process and make it faster and more
reliable. Some of the most recent works that can be found in the literature related to the development of robots to inspect
power lines are presented by Zhang et al. (2020), Wang et al. (2019), Gulzar et al. (2018), Miralles et al. (2018), Chang
et al. (2017), Qing et al. (2016), Mostashfi et al. (2014) and Boje (2014).

A few of the aforementioned works may deal with the development of drones in order to improve mobility of the
robotic system and avoid the difficulties of obstacle crossing. However, these solutions usually run into the problem
of autonomy, as drones have limited time of flying between charges, and of space, since there may be buildings and
trees surrounding the overhead lines hindering the operation, especially into distribution lines (Alhassan et al., 2020). In
addition, drones must also respect local regulations which impose rules such as not flying over people, maximum payload,
altitude and speed, minimum lateral distance from any obstacle, operation only in daylight hours and by licensed pilots
(Shakhatreh et al., 2019). Consequently, the robotic systems that try to keep the advantages of drones usually end up with
hybrid solutions, such as the robots proposed by Wang et al. (2019) and Chang et al. (2017), both with the capability of
flying during transposition of poles and the necessary degrees of freedom and tools to move along the conductors of the
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power lines.

Due to these constraints of operating drones, most of the robotic systems found in the literature rely on the use of
wheels to allow its movement along the conductors of the overhead lines. Thus, the friction coefficient resulting from
the contact wheel-wire plays a fundamental role for the proper design of those robots. It is the static friction coefficient
that allows the prevention of slippage (Morozovsky and Bewley, 2013). The first prototype of the Expliner robot, for
example, presented slippage as the rubber coating of the wheels did not provide enough friction with the wires (Debenest
et al., 2008). Similarly, the first versions of the cable-crawler robot created by Biihringer ef al. (2010) could not traverse
the mast tip due to obstacle geometry and insufficient friction. In both cases, the problems were solved with changes in
the designs so that the obtained friction between wheels and wire were higher than a minimum value required for each
application. Moreover, this minimum friction coefficient for traction has also to be assessed for wet conditions as rain,
snow and other climatic elements may impact the friction coefficient and create more difficulties for the motion of the
robot (Montambault and Pouliot, 2010).

Beyond guaranteeing a minimum friction to avoid slippage for both dry and wet conditions, an accurate estimation of
the friction coefficient contributes for a more precise sizing and selection of traction motors and aids the development of
the control system (Gulzar et al., 2018; Gao et al., 2020; Alhassan et al., 2020; Xiao et al., 2016). Therefore, measuring the
friction between wheels and wire cable is essential in the project of inspection robots for overhead power lines. However,
in spite of being crucial in inspection robots design, the authors have not found any work on measuring friction and/or
tractive effort between robot’s wheels and aluminum wire cables. Many works focus on robot kinematics and trajectory
development to avoid obstacles, without considering the efforts in the interaction between wheel and cable (Tsujimura
et al., 1996; Nayyerloo et al., 2007; Pouliot and Montambault, 2008; Li et al., 2009; Yang et al., 2012; Goncalves and
Carvalho, 2015). Song et al. (2012) stand out by including force constraints in the solution of the inverse kinematics of
the transmission line maintenance robot AApe-D. One force constraint is related to the friction between wheels and cable.
Although taking into account friction effect in calculation, some experiments of the AApe-D running along the line and
crossing obstacles were carried out but the authors do not explain if or how the friction is evaluated.

Other analyses found in literature which consider the friction between wheels and cables in robot projects do not delve
deeper into the issue. Yifeng et al. (2011) conduct a simulation to evaluate the influence of the driving wheel on increasing
climbing capability, which is related to the wheel material. However, they do not try different materials and, consequently,
they do not change the friction coefficient. Morozovsky and Bewley (2013) analyze the dynamics and build a prototype
of the SkySweeper, a mobile robot designed to operate in an environment of ropes, cables and wires. They added a thin
layer of silicone rubber to the ABS plastic roller in contact with the wire cable to increase friction without conducting any
tests to verify if the silicone was the best choice.

Perhaps the main reason behind the lack of experiments to evaluate the friction between robot’s wheels and conductor
is the difficulty to reproduce the wire cable surface in laboratory. Using traditional equipment to measure friction coef-
ficient, such as a tribometer, would demand modifying the samples’ geometry and positioning. The modification could
lead to an arrangement too distant from the real environment of overhead power lines. As a result, experiments to measure
wear and friction of wire cables demand a self-made test rig, even in applications outside distribution and transmission
lines. One example is mine hoisting systems, where steel wires are widely used and are subjected to diverse conditions.
Each research on friction and wear behaviors of steel wires needed specific test rigs depending on the experiment goal,
e.g. measuring friction coefficient (Xu et al., 2019; Chang et al., 2016; Stawowiak and Zoierz, 2018) or evaluating the
corrosion (Chang et al., 2020) and the impact load effects (Peng et al., 2018).

With all this in mind, this paper proposes a simple method to estimate the static friction coefficient and the rolling
resistance coefficient between the surfaces of a robot’s wheel and a conductor wire cable. The method is based on
the inclined plane principle, already used to measure friction coefficient. The measurement is made in a field test, by
weighting the minimal mass necessary to slightly pull a wheel’s replica along a real standard conductor cable. The cable
connects two poles with different heights.

The remainder of this paper is structured as follows. Some methods currently used to measure friction coefficient
are described in Section 2. Section 3.presents the mathematical development of the equations needed to estimate the
friction coefficient between the robot’s wheel and the conductor cable. Moreover, the procedure to conduct the test field is
detailed in this section. A study case is presented in Section 4. in which the rolling resistance and static friction coefficients
between the surfaces of a Polyurethane wheel and of an aluminum wire cable are measured in dry and wet conditions.
Finally, some conclusions are drawn in Section 3.

2. CURRENT METHODS FOR MEASURING FRICTION COEFFICIENT

The physical principles behind measuring friction coefficients are given by the phenomenon being evaluated: static
friction, dynamic friction or rolling resistance. The standard ASTM G11510 assembles multiple tests to measure friction
coefficient. The standard includes the procedure of placing a rider on an inclined structure whose angle of inclination
increases until the rider moves. At this moment, the tangent of the angle gives the static friction coefficient. The rider’s
movement is observed with the unaided eye (Budinski, 2005). Some Brazilian standards also propose methods based on
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an inclined plane to measure static friction coefficient (ABNT NBR 13989; ABNT NBR ISO 12957-2).

Standard ABNT NBR 11992 presents a method to determine the static friction coefficient between hoses for unblock-
ing and cleaning and the internal surface of PVC pipes for sanitary sewage. The method principle consists of attaching
a container to an extremity of a rope and a hose specimen to the other. The rope passes through a pulley. The container
load is carefully increased until the static equilibrium is broken. The ratio between the container weight and the specimen
weight defines the static friction coefficient.

Standard ABNT NBR 16643 describes a test bench to measure dynamic friction coefficient of microducts. A section
of a microduct is supported on an arc section of a pulley. A fixed weight is attached to one extremity of the microduct
and a variable force is applied on the other extremity until the microduct starts moving. The dynamic friction coefficient
is estimated from the data collected at this moment.

In the scientific literature, Ali6-Sanz et al. (2016) used the inclined plane principle to evaluate friction between a
bracket and an arc wire. The friction is assessed according to the time and distance traveled by the brackets on an inclined
stainless steel wire.

Based on standards ABNT NBR 16643:2017 and ABNT NBR 11992:2017 and on the experiments of Ali6-Sanz et al.
(2016), we developed the methodology described in Section 3to measure the static friction coefficient and the rolling
resistance coefficient between the surfaces of robots” wheels and aluminum wire-cables.

3. METHODOLOGY

A schematic representation of the field test arrangement is shown in Fig. 1. The friction is field tested on a de-
energized duplicate of a distribution power line with poles at different heights. An aluminum wire rope, coming from a
distribution power line, connects the two poles. A replica of the robot’s wheel is placed on the conductor. The replica
is mounted on a structure with a hook to attach a set of masses in order to simulate the robot total weight. A support
is placed behind the replica to prevent the wheel from rolling in direction to the lower pole. A pulley is attached to the
crosshead of the higher pole and a rope is wrapped around the pulley. One end of the rope is tied to the structure where
the replica is mounted on and the other end is tied to a container where water will be poured.

Crossarm of the
— higher pole

Replica

Set of masses Container

Figure 1. Schematic representation of the field test arrangement

The principle behind the method is pouring water in the container until the static equilibrium of the replica is broken.
The friction force and the friction coefficient are then computed from the replica and water weights and from the wire’s
inclination angle in relation to the ground. Before carrying out this experiment, the rolling resistance coefficient of the
pulley bearing must be estimated and taken into consideration in order to avoid oversized measurements of the wheel-wire
friction coefficient. Consequently, the specification of the robot’s required traction motor is not oversized.

3.1 Rolling resistance of the pulley bearing

The rolling resistance coefficient of the pulley bearing is quantified through a test whose schematic representation is
shown in Fig. 2. A rope wraps the pulley and a small receptacle is attached to each end of the rope. The two receptacles
are identical. The first step of the test consists of pouring the same amount of water in the two receptacles, so that the both
are in static equilibrium, i.e. both have the same weight (W; = W5), as illustrated in Fig. 2(a). This step also guarantees
that the rope connecting both receptacles is tractioned. The second step consists of pouring water slowly and carefully
in one of the receptacles until the static equilibrium is broken. The heavier receptacle, with weight W}, goes down and
makes the lighter receptacle, with weight W, to go up. The second step is represented in Fig. 2(b).

The rolling resistance coefficient f; of the pulley bearing is determined from the weight difference AW which pro-
voked the vertical displacement. f;, is obtained through Newton’s 2" Law. Fig. 3 shows the free body diagram of the
bearing.
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Figure 2. Schematic representation of the test to measure the rolling resistance coefficient of the pulley bearing. In (a),
both receptacles weigh the same. In (b), the receptacle at the left is heavier than the receptacle at the right, provoking the
vertical displacement in both receptacles

In Fig. 3(a), the forces acting on the bearing are the weight difference AW'; the normal force N, which is the reaction
to the receptacles weights, so N, = W; + Ws; and the rolling resistance force F'y, between the shaft and the bearing,
resisting the pulley’s rotation. The forces AW and FY, create the moments May and My,, respectively, at the bearing
center. The moments are shown in Fig. 3(b). The moment equilibrium gives:

My, = Maw (D
Ny =W1 +Ws
/](WAW
Ffb = beb @
be
AW
(a) (b)

Figure 3. Free body diagram of the pulley bearing, representing (a) the forces and (b) the moments that act on it

Knowing that the bearing diameter is d:

Maw = AW ¢

The rolling resistance force is the product Fr, = f,/N,. Knowing that N, = W; + Ws, by replacing these equalities
and Eq. 2 in Eq. 1, we have f,(W; + Wg)g = AW, resulting in:
AW W =W
o Wi + Wy o W1 + Wy

Jo 3)
Therefore, the rolling resistance coefficient of the bearing is given by the ratio between the difference of weight of the
receptacles and the sum of both weights.

3.2 Friction between wheels and wire cable

After estimating the rolling resistance coefficient of the pulley bearing, the friction between the surfaces of the replica
and of the wire cable is evaluated. Fig. 4 presents the forces involved in the test. There are four forces acting on the
replica: its own weight Wi pcer, the normal force Ny, pee; generated by the support of the replica on the wire rope, the
friction force Fy and a traction force 7. There are two forces acting on the container: the container’s own weight Wi,qter
and another traction force T5. It is supposed that the rope is inextensible and the single reason behind the changing of the
force transmitted by the rope is the friction of the pulley’s bearing. The angle « is the conductor inclination in respect to
a horizontal line parallel to the ground. The inclination comes from the height difference of the poles and from the sag of
the cable due to the wheel’s weight.
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Figure 4. Forces involved in the field test

The replica weight is defined as Wi,heet = Mupheelr g, Where mq,pee; 1 the replica’s mass and g the gravity acceleration.
The weight Wi,pee; can be decomposed according to the frame O, shown in Fig. 4. The component parallel to the y-
axis and normal to the conductor is calculated as Vtheely = Wuyheet cos a. The component parallel to the x-axis and
tangential to the conductor is Wiypeer, = Wiwneer sin o The replica is in static equilibrium. So, the component W pee,,
is equal to the normal force Nyypeer acting on the replica. The normal force Nypee; determines the friction force Iy, as
F'; is the product between an adimensional coefficient o and the normal force:

Ff = 0Nwheel 4

In this paper, g can be the static friction coefficient or the rolling resistance coefficient. The development of the
equations is the same for both coefficients, so we use p to refer to anyone of them.

Since the replica is on static equilibrium, the friction force F is calculated as:

Ff = Vtheelm - Tl (5)

The container is also in static equilibrium. So, the traction force 75 is equal to the container’s weight:

15 = Wwater = Muwyaterd (6)
where mqyqter 18 the mass of the container with water.

The Newton’s 2"¢ Law is applied to the pulley’s bearing to compute the friction force F¢ and friction coefficient p.
Fig. 5(a) contains the free body diagram of the bearing, considering the forces represented in Fig. 4.

Ffbea,ring
T,
.................................. M
MT T,
r @)
I> Foearing
Nbearing
(@) (b) (©

Figure 5. Free body diagram of the pulley bearing, representing (a) the forces acting on it during the field test, (b) the
composition of the force normal to the bearing, Npcqring and (c) the moments that act on it during the test field

During the field test, the pulley’s bearing is submitted to the traction forces 73 and 75, to a force normal to the bearing
surface, Npearing, and to the rolling resistance between the pulley’s shaft and the bearing, F,,,,,..- 11 is parallel to
the conductor and can be decomposed into T3, = T cos c, parallel to the ground, and T}, = T sin ¢, perpendicular to
the ground. The force FYy,,,,,,, is calculated through the product Fy,,, ... = foNpearing- Fig. 5(b) shows the forces
composing Npearing, Whose magnitude is given by:

Nbearing = \/T12h + (Tlv + T2)2 (7)
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Figure 5(c) contains the free body diagram of the bearing with the moments that act on its center during the test field.
The moment My, .. is generated by the friction force FY,,,, .. and the moments Mr, and Mr, are generated by T
and 75, respectively. These three moments are computed as:

_ d_ g
becaring = Ffbcaring 2 = bebeaMng§

My, =Ty 4 (8)

MTz = T2d
Applying Newton’s 27d Law:
beea,ring + MTl - MT2 =0 (9)

Replacing Eq. (7) in Eq. (8) and then substituting Eq.(8) in Eq.(9), we have:

T2, + (T, + T2 =T> - Ty (10)
After some algebraic manipulation, a quadratic equation emerges:
(fy = DTY +2T2(fy sina + D)T1 + (ff = 1)T5 =0 (1n

Since fp, @ and Ty are known, the quadratic equation’s unknown is 77 in Eq. (11). Eq. (11) has two solutions and
the value that gives the lowest friction force I’y should be chosen. The reason behind this criterion is that the quadratic
equation considers the friction moment My, . — acting in both senses, with one root for each sense (clockwise and
counterclockwise). The higher root considers My, ,,, .., has the same sense of the motion and Mr,. For this situation,
Ty has to assume a higher value in order to lead to a moment that compensates both My, and My, ... . However, the
friction always opposes the movement, condition represented by the lower root. In this case, T} is smaller because it has
to create a moment that is equivalent to the difference of My, ..., . and Mr, and fp, as indicated in Fig. 5(c).

Finally, the chosen value of T is replaced in Eq. (5) to determine the friction force F'y between the replica and the
conductor. The friction coefficient g is defined using the resulting Fy: 0 = F¢/Nyheel-

3.3 Procedure to evaluate friction between wheel and wire cable

An experimental apparatus based on the schematic view of Fig. 1 was built on a power network used for tests at UFSC.
The tests consisted of pourishing water in the container until the replica starts to move away from the support. As soon
as the motion starts, the deposition of water in the container stops and the water container is weighed with a precision
scale. The friction coefficient was determined according to the mathematical formulation described in Section 3.2 The
test results indicate the maximum friction force that must be exceeded for the replica to start moving.

The test procedure is divided into four main steps: the first step consists of preparing the apparatus in the power
network, the next two steps comprise carrying out the experiments and the last step is for the statistical analysis and
estimation of the friction coefficients. The two intermediate steps were planned so that two frictional forces could be
estimated, as follows:

¢ Static friction force: friction force that arises when the wheel slides over the conductor. For these tests, the rotation
of the wheel along its rotation axis is prevented so that the static friction phenomenon can be evaluated;

* Rolling resistance force: friction force that arises when the wheel rolls over the conductor. For these tests, the
rotation of the wheel along its rotation axis is not prevented, such that the rolling resistance phenomenon can be
evaluated.

The complete procedure for each of the four steps is presented below:

STEP 1 - Preparation Procedures

1. Measure the original wire inclination at the point where the replica will be positioned and the frictional forces
measured;

2. Install the support in this point, so that it will prevent the wheel from rolling back;
3. Install the pulley to the superior crosshead;

4. Attach the weights to the replica. These weights allow the wheel to simulate the contact condition that will be
observed for the real cable climbing robot;
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5. Place the replica (wheel and weights) on the line, leaning against the support;
6. Tie one end of the rope to the replica;
7. Pass the rope through the pulley, so that:

(a) The portion of the rope between the replica and the pulley is parallel to the conductor. Perform leveling of the
pulley as needed;

(b) The rest of the rope, from the pulley to the rope’s free end, is vertical/parallel to the pole.
8. Tie the container to the free end of the rope;
9. Pour water into the container until the rope is tractioned;

10. Adjust the angle of the rope already tractioned so that it is parallel to the conductor. Leveling of the pulley fixed to
the crosshead may again be performed;

11. Measure the wire angle near the replica with the aid of a level;

12. Check if the system is in static balance.

STEP 2 - Procedures for Measuring the Rolling Resistance

1. Pour water into the container cautiously until the replica starts to roll. Stop pouring water as soon as the model
moves away from the support;

2. Measure the mass of the water container;
3. Record balance result;

4. Perform 10 repetitions of the steps 2.1 to 2.3.

STEP 3 - Procedures for Measuring the Static Friction Force

1. Lock the replica’s rotation axis;

2. Pour water cautiously into the container until the wheel starts to slide. Stop pouring water as soon as the model
moves away from the support;

3. Measure the mass of the water container;

4. Record balance result;

5. Perform 10 repetitions of the steps 3.1 to 3.4.
STEP 4 - Statistical Analysis

* With the values obtained in the previous two procedures, the friction forces and the friction coefficients are cal-
culated. The maximum and the minimum values, the arithmetic mean, the mode and the standard deviation are
also computed from the results. A scatter plot is generated for better understanding of the results, with the wire
inclination angle on the abscissa axis and the friction coefficient on the ordinate axis.

As it can be seen in the procedure, steps 2 and 3 suggest 10 repetitions each for the measurement of friction forces.
This is intended to minimize the impact of noisy measurements in the estimated friction forces and, consequently, to
reduce the uncertainty of the experiment. Furthermore, changing the point of the wheel that has contact to the cable
for every 3 or 4 repetitions is also recommended. Depending on the material being assessed, wearing may easily occur,
changing the friction force as the experiments are carried out.

In addition, as highlighted by Boniardi et al. (2007), when the failure of aluminium wires in an overhead network
of Touggourt Biskra (Algeria) was evaluated, overhead conductors are prone to many degradation phenomena such as
repetitive bending and oscillation, corrosion, fatigue and high-frequency vibrations. Those conductors may also have
broken or marked strands that may affect the friction coefficient in a specific point of the cable. Therefore, carrying out
the measurements for only one region of contact can lead to misunderstanding results. For the results presented in the next
section, three different points along the cable were used for the experiments but more contact regions may be assessed.
The positions are defined in respect to the higher crossarm. 10 repetitions are made in each position. Besides evaluating
friction in distinct regions, measuring in different positions allows to verify the effect of the sag created by the replica’s
weight in the conductor. The closer to the crossarm, the lesser is the sag.
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4. RESULTS AND DISCUSSION

Firstly, the rolling resistance coefficient between the pulley shaft and the bearing was measured, according to the
procedure illustrated in Section 3.1 To measure the mass of the containers with water, an electronic digital scale weight
SF-400 model is used. This scale has a measuring range from 1 g to 10 kg and a resolution of 1 g. The gravitational
acceleration is considered g = 9.81 m/s?. Ten repetitions are performed, resulting in an average friction coefficient of
f» = 0.1211, with a standard deviation of 0.0255.

The friction between a wheel’s replica and a conductor is studied after estimating the rolling resistance coefficient for
the pulley bearing. The proposed procedures were evaluated for a Polyurethane (PU) wheel of 50 Shore A hardness. The
same balance used to estimate f; is used in the experiment. The inclination of the conductor in relation to the ground is
measured through the Pocket Bubble Level app, an inclinometer app developed by ExaMobile S.A. for smartphones.

Figures 6(a) and (b) illustrate the results obtained by executing the procedure described in Section 3. for three different
locations of the aluminium wire. Both static friction and rolling resistance are assessed for the cable in dry and wet
conditions. In order to analyse any possible impact of rain into the friction forces, water is poured into the wire until a
layer of water is created. The replica is then made wet and positioned in the cable, leaning against the support, exactly as
described in the procedure developed.

Dry e Wet Linear (Dry) - Linear (Wet) Dry e  Wet Linear (Dry) e Linear (Wet)
= 0,14 1,2
.9 Fy =
S 0,12 5]
E 4 I -
13 ) =
S 0,1 ° 20,8
8 0‘)8 T T e S ® 'Y
g ] £ 0,6 i T o
£ 0,06 y § $e £ ‘  anadi R R o}
£ 0,04 & 04
o ° Q
£ 0,02 502
= n
& 0 0
12 14 16 18 20 22 24 9 10 11 12 13 14 15

Inclination [°] Inclination [°]
(a) (b)
Figure 6. (a) Rolling resistance and (b) static friction coefficients measured in field test.

It can be observed from Fig. 6(a) and (b) that the friction coefficient slightly varies with the increasing of the angle.
This variation comes from the dispersion of the data due to observing the wheel motion with an unaided eye. For dry
conditions, averages of 0.875 and 0.074 are obtained for the static friction and rolling resistance coefficients, respectively.
On the other hand, averages of 0.580 and 0.081 are calculated for the sliding and rolling situations when wet conditions
are analysed. As it can be seen in Fig. 6(a), the water almost does not impact the rolling resistance because the wheel
expels the water from the region of contact to the wire as it rolls. It is important to highlight, however, that lighter robots
or stronger weather conditions may lead to different behaviors. In regard to the sliding of the wheel along the wire, a
reduction of 33% in the static friction is observed when raining is simulated, as illustrated by the linear trendlines of Fig.
6(b). The explanation for this situation is that there is a layer of water between the wheel and the wire, acting as lubricant.

5. CONCLUSIONS

This paper presented a method to measure the static friction and rolling resistance coefficients between the surfaces
of a wheel and a wire cable. In this work, the method is applied to a replica of the wheel of a robot for inspecting power
lines and an aluminum wire cable. Nonetheless, the method can be applied in any environment involving wheels and wire
ropes.

The method proved being useful to estimate the coefficients. We could confirm the intuition that water could impact the
static friction, aiding to define the robot’s operation conditions. Despite the dispersion of the results, their average already
helps choosing the motor and evaluating the robot’s operation conditions. For applications demanding more precision,
some sensors should be used to detect if the wheel starts moving.

Future works include measuring the dynamic friction coefficient, following the standard ABNT NBR 16643; and
evaluating rolling resistance through energy conservation and the work done by the rolling resistance force (Minkin and
Sikes, 2018).
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