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ABSTRACT

This paper investigates the obstacle-climbing ability of a novel passively articulated robot, Polibot, which is
compared to a standard tracked robot using a fixed wheel configuration. Two test cases are analysed: the traverse of
a single obstacle and the navigation upward along a vertical surface. Both scenarios are analytically solved using
a quasi-static Newton-Euler approach. The dynamic equilibrium of the system is also defined using an energetic
approach, focusing on the energy loss from the wheel-ground slippage. Understanding the role played by the dif-
ferent energy components contributes to shedding light on the fundamental mechanisms underlying the negotiation
of obstacles and highly challenging terrain, in general, by suspended tracked robots. Finally, experimental results
are presented to validate the proposed approach in real-world conditions.

1 Introduction

The use of rough-terrain mobile robots has been demonstrated in diverse fields, including space exploration [1]], preci-
sion agriculture [2]], search and rescue operations [3]], automation [4], and maintenance [S]. Based on the design requirements
of the application in terms of operating speed, efficiency, and mobility, the best locomotion type can be chosen. The most
common solutions are wheeled, legged, tracked, or hybrid. Tracked robots are known to excel in traction efficiency [6], es-
pecially on loose soil [7], and obstacle negotiation [8]]. Nevertheless, in cases where the terrain exhibits significant curvature
(i.e., when the track size is relatively larger than the terrain irregularity), only a portion of the track can come into contact
with the ground, which hampers the ability of a robot to traverse rough terrain. Various articulated tracks have been proposed
to overcome this limitation with the idea of replacing a long track with a combination of short tracks that can be controlled
10 to achieve stable contact in rough terrain, such as Chaos [9]], Kenaf [10]] and iRobot’s Packbot [|1 1]]. However, the previously
11 mentioned mobile robots have actively articulated tracks that require additional hardware and complex control strategy.
12 In the last few years, an increasing interest has been given to new locomotion mechanisms with passively suspended tracks,
13 which automatically adapt to the terrain shape [12]]. In [13]], an example is given in which a robot is equipped with separate
12 driving tracks at each of its four corners. These tracks are connected with the main body through two rocker links and four
15 pitch-roll passive joints with two degrees of freedom. In [[14] a passive bioinspired suspension is discussed to address the
16 trade-off issue between load capacity and vibration isolation. In other research related to wheeled robots, the kinetostatic
17 modeling of a passive articulated suspension for planetary rovers has been presented [|15]].
18 Recently, the authors presented Polibot, a new passively suspended tracked robot that can be employed in search-and-
19 rescue operations, agriculture, or planetary exploration. Polibot is shown in Figure [T] as operating in a commercial farm.
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Typically, in the design of tracked robots, the axes of rotation of the ground wheels are fixed to the chassis. In contrast,
suspended solutions allow the ground wheels to move up and down with respect to each other. In the case of Polibot, an
articulated suspension system is adopted, in which the chassis is connected to each of the four ground wheels through swing
arms, resembling the legs of a multi-legged insect. The design, set-up, and analytical modeling of the robot were discussed
in [16]), whereas its multibody digital twin was developed in [I7]. The novel contributions of this research are multiple.
The obstacle climbing performance of Polibot is investigated in terms of the minimum requirement of friction coefficient
and drive torque, and change in the distribution of vertical forces using a quasi-static Newton-Euler model for the two cases
of the traverse of a single obstacle and the upward navigation of a wall. As a comparative benchmark, the results have
been contrasted with those obtained from a standard tracked analog with fixed wheels. The behavior of Polibot is also
analytically solved using the principle of virtual work, highlighting the role played by the different energy types involved.
Special attention is given to the elastic potential energy stored in the robot suspension and to the energy loss due to wheel-
ground slippage. These aspects are seldom addressed in the literature and their understanding contributes to shed light on the
fundamental mechanisms underlying the negotiation of irregular terrain. Finally, experimental results are presented obtained
from the real robot in terms of required drive torque that confirm the theoretical approach.

Fig. 1: Polibot: an example of a passively suspended tracked robot; (top) the robot operating in a vineyard, (bottom) details
of the suspension system
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The paper is organized as follows. A brief description of Polibot and its main features is provided in Section[2] Section
[3] details the analytical model developed to assess the obstacle climbing ability. Numeric results are presented and discussed
in Section[d] Section[5]presents the experimental results obtained from the Polibot robot operating in real conditions. Finally,
Section 6 draws the relevant conclusions and closes the paper.

2 The passively suspended Polibot

A close-up of the articulated track suspension system adopted by Polibot is shown in the lower part of Figure [I] The
four ground wheels, W; (i = 3,...,6), can move independently with respect to the triangle-shaped frame SF that is part of
the robot chassis, providing remarkable adaptability to the shape of the terrain. This is achieved by using swing arms, whose
rotation is controlled by spring-damper elements. The front swing arm (FSA) and the rear swing arm (RSA) allow wheels
3 and 6 to rotate around the hinges D and E, respectively. The central bogie-like structure allows wheels 4 and 5 to rotate
around the hinge F. Beyond the ground wheels, the rubber track reinforced with steel cables envelopes the sprocket W; and
the idler W5.
Polibot has a net weight of approximately 70 kg with a payload up to 40 kg and covers an overall supporting area of 1.5 x 1
m. It is powered by two 350 W and 24 VDC brushed motors and turns by skid-steering. With a maximum speed of 2 m/s,
Polibot can survey one vineyard hectare in about 40 minutes. The use of 1.5 x 0.1 m tracks ensures a ground pressure of 7
kPa at the maximum payload that is much lower than the agronomic damage threshold (=40 kPa).

3 Obstacle climbing ability

For rough-terrain robots, the ability to overcome rocks is of primary importance. Referring to Fig. 2 one single rock
can be modeled as a step-like obstacle, which is a conservative assumption. The contact point depends on the geometry of
the obstacle and can be defined by referring to the wheel-terrain contact plane, as detailed in [[18]]. As an example, the contact
model for the front Wheel 3 that crosses the obstacle is shown in Fig. [3| It is assumed that a contact force between the wheel
and the ground, C3 = [F3,N;]7, exists at the point CP5. The tension acting on the upper and lower branches of the track is
indicated, respectively, as 77 and 7>. The angle o3 measures the inclination between the wheel-terrain contact plane and the
horizontal direction. Figure [3]shows the change in the vertical displacement of Wheel 3, Az3, as a function of the contact
angle o3 (note that the complementary angle of 03 is actually considered in the graph), during the entire obstacle negotiation
maneuver. The relationship between Azz and a3 can be obtained analytically as:

h
AZ3 :R(cosoc3—1+R> (D

being 4 the obstacle height and R the wheel radius.

3.1 Robot modeling

This section briefly recalls the half-symmetry model that describes the inverse kinematics of Polibot, as previously
developed by the authors. The interested readers are referred to [[16] for more details. Being underconstrained, the problem
can be solved by coupling the inverse kinematics with the quasi-static equilibrium of the system to include the elastic
deformations of the suspension, leading to the following compact matrix form of the force distribution equation:

Gc'fc+Giilt'fint:fs )

Suspended-wheel robot Fixed-wheel robot
. ‘ OENO

Fig. 2: Obstacle negotiation for a suspended (left) and fixed-wheel (right) tracked robot.
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Fig. 3: Single wheel contact model: (left) Free-body diagram of Wheel 3, (right) vertical displacement of Wheel 3 as a
function of its contact angle 03

where f,. are the wheel-ground interaction forces, f;,; the internal forces (i.e. track tensions and spring forces), and f; the
summed effect of gravitational and external forces. G, and Gj,; are functions of the seven degrees of freedom of the robot.
Overall, Eq. (@) results in a system of 24 equations in 24 unknowns. Details are reported in Appendix [A] Note that the force
distribution equation (2)) has been extended with respect to [16]] to include the change in track tension at each contact point.
Given the geometry and inertial properties of the robot and the position of the wheel contact points CP; and the corresponding
contact angles o, Eq. predicts the robot configuration and the wheel-ground forces (upper part of Fig. |4) and internal
forces (lower part of Fig. ) acting on the system.

When a standard tracked robot is considered, wheels are attached to the chassis. Therefore, as soon as Wheel 3 starts climbing
the obstacle, Wheels 4 and 5 lift and the only contact forces are those acting on the first and last wheel. The behaviour of a
standard robot can be obtained from Eq. by removing the null unknowns and the corresponding rows and columns.

3.1.1 Virtual work
The principle of virtual displacements is a powerful method for the dynamic analysis of multibody systems using an
energetic approach. In the case of Polibot it can be defined as

8W = 8Lynot + 8Ly + SLo + SLyip = 0 3)

meaning that the virtual work of all forces 8W acting on the system must be zero. 8L, is the virtual work of the drive torque,
0L, that of the gravitational forces, 6L,; that of the elastic forces of the suspension system, and 8Ly, the work associated
with the longitudinal slip of the ground wheels. Expressions of the single virtual works are given in Appendix [B} Equation
will be used to obtain the different energy contributions in terms of gravitational, elastic and slip components.

4 Results

The behavior of Polibot is compared with that of an analog vehicle that employs a standard fixed-wheel configuration.
Two test cases are considered: the traverse of a step-like obstacle and the upward navigation of a vertical surface. The
behavior of the two robots is evaluated based on the following metrics:

Minimum friction coefficient: the smaller the required friction, the better the climbing ability.
Drive motor torque: the higher the torque, the bigger the size of the drive motor, which is bulkier and adds more weight
to the robot.
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Fig. 4: Force systems acting on the robot: (top) contact forces [F;, N;]” that each of the four wheels exchange with the ground,
(bottom) internal forces including track tensions 7; and spring forces F,; ; in the suspension system

Ground pressure distribution: the more uniformly distributed the normal pressure under the track, the better the tractive
performance of the vehicle [19].

4.1 Obstacle traverse

The worst-case condition of wheel contact is considered where Wheels 2 and 3 lift, whereas Wheels 4 onward remain
in contact with flat ground, as shown in Fig. 2] (top). The obstacle height is set as about 85% of the wheel radius (h/R=0.8,
h=0.055 mm, R=0.065 mm). The minimum coefficient of friction required by Polibot and its fixed-wheel counterpart is
plotted in Fig. [5]as a function of the vertical displacement of Wheel 3. The starting phase of the climbing manouver is the
most critical. The value of the minimum coefficient of friction required by Polibot is 0.45, whereas that of the fixed-wheel
robot almost doubles (=0.83). During the climbing stage, the required friction decreases as Polibot confirms its superiority
over the robot without a suspension system. A similar result is achieved when looking at the torque drawn by the drive motor
that controls the track sprocket, as shown in Fig. [6} Polibot’s required torque is significantly lower than that of the standard
robot. The maximum request results in 0.74 and 1.21 Nm, respectively, for the suspended and rigid robot.
The use of a passive suspension promotes a more uniform ground pressure beneath the tracks. During obstacle crossing,
all wheels remain in contact with the ground, guaranteeing a better load distribution between the wheels and the ground,
thus reducing the minimum friction coefficient. In the case of a rigid robot, as soon as Wheel 3 starts climbing the obstacle,
wheels 4 and 5 lose contact. Consequently, load peaks are observed under wheels 3 and 6. A normalized deviation of the
normal force acting on the wheels can be introduced as

1 N)2
1Lis(Ni—=N)
OoN = = 4
N > 4)
with:
— 1
N=-) N, 5
1 ; &)
where N; (i = 3,...,6) is the normal force acting on the i — th ground wheel. The lower Gy, the more uniform the ground
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pressure distribution resulting in improved traction ability and reduced soil compaction. Figure[7]compares Gy as obtained
from the Polibot and its fixed-wheel counterpart during the step-like obstacle crossing. As seen from this figure, adopting
the suspension system ensures a better ground pressure distribution during the entire maneuver.

4.1.1 Energy balance

It is interesting to evaluate the different contributions to the drive effort during the obstacle crossing manoeuvre using the
principle of virtual work, as explained in Section [3.1.1]and Appendix B] First, the standard fixed-wheel Polibot is analyzed
and the results are shown in the left plot of Figure [§] The energy delivered by the drive motor (black solid line) balances
partly the increase in the gravitational potential energy due to the lift of the robot (grey solid line) and partly the energy
loss (black dashed line) due to slippage of Wheel 6. The energy balance for the suspended Polibot is shown in right plot of
Figure 8] In the initial stage of the climbing maneuver, the suspension system tends to contract and store elastic potential
energy (black dotted line). In this phase, the robot center of mass slightly lowers, thus explaining the negative contribution
of the gravitational component (grey solid line). The elastic energy is partially returned to the system in the second part of
the maneuver contrasting the increase in the gravitational energy. Compared with the rigid robot, the slippage loss (black
dashed line) is larger in the first part (up to Azz = 20mm) and smaller in the second part. The advantage of adopting a passive
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articulated suspension system appears double-fold. On the one hand, obstacle crossing is achieved with a more progressive
lift of the robot center of mass, resulting in a significant decrease of energy peak. On the other hand, the ability to store and
release elastic potential energy serves as a buffer that can be helpful to cover energy requests.
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4.2 Wall negotiation

The climbing of a vertical surface represents a limit case, where the obstacle is infinitely tall, as shown in Figure[9} In
terms of obstacle climbing ability, it refers to practical scenarios where an obstacle has a height greater than the radius of the
front wheel. It is assumed that the friction coefficient between the track and the wall is known (=0.7) and constant during
the maneuver. The idler Wheel 2 gets in contact with the wall and starts climbing, resulting in the lift of Wheel 3, in the
case of the suspended Polibot, and the wheels 3, 4 and 5 in the case of the rigid robot. When comparing the two vehicles
in terms of minimum coefficient of friction with the ground, the adoption of the suspension system ensures a reduction of
58% compared to the rigid chassis (0.33 versus 0.78), as shown in Figure[I0top). Better performance is also achieved in the
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Fig. 9: Wall climbing in the case of the suspended Polibot (top) and rigid robot (bottom).

maximum drive torque (Figure middle) and normalized deviation of the normal force Gy (Figure bottom).

4.2.1 Energy balance

Similarly to the case of the step-like obstacle, the different contributions to the drive effort are investigated using the
principle of virtual work. The results are shown in Figure [TT] for the rigid (left) and the suspended Polibot (right). The
compliance provided by the suspension system reduces the overall energy request. The robot center of mass is lifted more
gradually, resulting in a significant decrease in the gravitational energy request (grey solid line). The loss due to slippage
(black dashed line) is also lower as the wheel displacements can be accommodated more easily. One additional advantage is
that the energy spent to load the elastic elements of the suspension (black dotted line) is stored (not dissipated) and can be
returned to the system.

5 Experimental validation

Experiments are performed with the all-terrain robot Polibot (see Fig. [T). In nominal mode, the vehicle uses its passive
suspension system, as explained in Section 2] By replacing the spring-damper elements with steel rods, Polibot can operate
in fixed-wheel mode instead. Two sets of experiments are performed that replicate the scenarios previously solved via the
analytical model, namely, the traverse of an obstacle of 55 mm height and the negotiation of a vertical wall, as shown in Fig.
Both types of obstacles are tackled simultaneously by the two tracks to avoid asymmetries. The travel velocity of the
robot is set as 0.05 m/s to comply as much as possible with the underlying quasi-static assumption. During the experiments,
the sprocket rotations and the electrical current drawn by the drive motor are recorded. The relationship between the sprocket
rotation and the corresponding vertical displacement is obtained from Eq. (I). For brushed motors, the drive torque can be
indirectly measured through a linear relationship with the electrical current [20]. Each test has been repeated five times and
the average values are shown in Fig. The motor current drawn by the drive motors of Polibot operating in nominal mode
(fixed-wheel) is marked by a solid (dashed) black line. It should be noted that for a fair comparison with the results obtained
via the analytical model the component of the electrical current related with the motion resistance has been subtracted
from the total electrical current. The contribution of motion resistance due to internal friction and interaction with the
ground has been obtained by performing straight motion tests at constant speed. As seen in Fig. [I3] for both scenarios of
single obstacle traverse (a) and wall negotiation (b), Polibot requires less torque when operating in the nominal suspended
configuration than in the fixed-wheel mode. The average decrease in drive effort is about 30% in the case of obstacle traverse
and about 50% in the case of wall climbing. The experimental driving torque profiles of Figure[I3|can be compared with the
theoretical counterparts obtained for the traverse of a single obstacle and the navigation upward along a vertical surface, as
shown in Figure [ and Figure [I0] respectively. It can be observed that the agreement is good enough showing consistency
between experiments and theory. Discrepancies can be expected as the analytical model neglects various effects including
the efficiency of the transmission driveline. In addition, it should be noted that the analytical driving torque profile is based
on numerical optimization to solve the non-linear problem expressed by Equation (Z) under simplifying assumption, e.g.
minimum coefficient of friction (Refer to Section 4.1). Similar conditions cannot be replicated in real experiments.
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6 Conclusions
The paper presented an in-depth investigation of the climbing ability of a novel tracked robot that adopts a passively

articulated suspension system. Based on a quasi-static Newton-Euler model, it was shown that Polibot outperforms a standard
tracked analog with a fixed-wheel layout in the traverse of a step-like obstacle and in the climb of a vertical wall. The
reduction in the required minimum friction coefficient and the maximum drive effort resulted, respectively, in 46% (58%)
and 39% (48%) for the single obstacle case (wall negotiation). A significant more uniform ground pressure distribution was
also observed. By applying the principle of virtual work, it was possible to obtain the energy balance of the system and
evaluate the contribution of the different forces involved. One advantage of the adoption of a passive suspension system
is that the elastic potential energy can be be stored in the system and released to cover energy peaks. The possibility to
accommodate wheel displacements is also positive to reduce energy loss caused by track slippage, especially in the wall
climbing.

Parallel to the theoretical study, an experimental activity has been developed to validate the analytical findings using the real
Polibot prototype that was appropriately instrumented and tested. The experimental results demonstrated the validity of the
proposed approach. Future directions of the research will focus on the model-based optimization of the suspension geometry
and elastic stiffness to maximize the climbing ability of the robot. In addition, by monitoring the torque delivered by the
tracks it may be possible to develop strategies for adaptive control of the robot during obstacle negotiation. The availability
of potentiometers to measure the relative rotations of the various components of the suspension system may also enable the
reconstruction of obstacle geometry and terrain topography in general based on the quasi-static kinematic model.
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Appendix
A Force distribution equation

Equation (2)) expresses the quasi-static equilibrium equations of the Polibot half-symmetry model. The expression of
the single terms in Eq. can be obtained by applying the Newton-Euler equations to the whole system and the single
suspension swing arms. The motion resistance, F,, accounts for the internal resistance of the running gear and the resistance
due to interaction with the terrain. Please, refer to Fig. [A.T] for the meaning of the geometric parameters involved. More
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199 details on the assembly of Eq. (2)) and its solution can be found in [16]. Note that ¢(_) and s(-) stand for cos(-) and sin(-),

200 respectively.
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204 The virtual work of the drive motor torque C,, can be obtained as
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where 89?1 is the virtual rotation of the sprocket relative to the chassis, and T(=30) the transmission ratio. The virtual work
of the weight force W is

SLg =Wozg (B.5)

where 3z¢ is the virtual vertical displacement of the robot center of mass. The virtual elastic work 8L,; is given by the sum
of the contribution of the three spring elements. For the i-th elastic force F;; ;, one gets

OLe1 i = Fop i9l; (B.6)

being d/; the deformation of the i-th spring element. Please note that the elastic virtual work 8L,; applies only to the suspended
Polibot, while it is null for the fixed-wheel robot. A special treatment deserves the virtual work lost in the wheel-ground
interaction due to slippage. Assuming a pure rolling condition for Wheel 3 that crosses the obstacle, the other wheels will
necessarily undergo slippage to comply with the kinematic constraints of the system. To better explain the problem, the case
of the fixed-wheel robot is considered. Figure [B.2]shows the virtual displacement field for the rigid Polibot consistent with
its boundary and constraint conditions. The vehicle rotates 86 around its instantaneous center of rotation K, which can be
found by intersecting the two normal directions of contact, n3 and ng, at wheels 3 and 6, respectively. As a result, points P
and M experience virtual displacements 8P = 80K P and M = 80KM. Wheel 3 is assumed to roll of 803 = 8P/R3, R3 being
the wheel radius. With respect to the robot chassis, the relative displacement of Wheel 3 is Segel = 803 — 86. By considering
the track coupling between wheels 3 and 6, the relative displacement of Wheel 6 can be obtained as 592” = 59361 R3/Rg, and
finally 80 = 867/ + 86.
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Fig. B.2: Virtual displacement field for the fixed-wheel Polibot

The instantaneous center of rotation of Wheel 6 can be found as

KoM = % B.7)
and the corresponding slippage at contact point CPg
356 = 806(Rs — KoM (B.8)
Then, the virtual work dissipated in the slippage of Wheel 6 is
OLs = Fds6 (B.9)

A similar approach can be followed for the suspended Polibot to obtain the virtual work due to slippage incurred by wheels
4,5, and 6. The relative virtual displacement of the wheels with respect to the chassis is provided as output by the multi-body
model of Polibot expressed by Equation (2)).

In summary, by applying the principle of virtual work (3), it is possible to obtain an alternate expression for the drive torque
following an energetic approach. For the fixed-wheel Polibot, one gets

i Lo 8L,
"0t 80l

(B.10)

In the case of the suspended Polibot, it leads to

cop . OLg B 8Ly
I T R TR A LA

(B.11)

where 8L = 8Ls4 + 8Ly 5 + 8L 6.
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