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Abstract: Obstacle-crossing and stair-climbing abilities are crucial to the performance of mobile robots
for urban environment mobility. This paper proposes a tracked stair-climbing robot with two bogie-
like suspensions to overcome architectural barriers. After a general introduction to stair-climbing
robots, the “XXbot” concept is presented. We developed a special model that helps us figure out how
a system will move based on the shape of the ground it is on. Then, stair-climbing simulations were
performed with the multibody software MSC-Adams and the results are presented. This shows that
the robot can be used in many different ways, such as stair-climbing wheelchair platforms.

Keywords: tracked robots; stair-climbing robots; passive articulated suspension system; inverse
kinematics model; dynamic analysis

1. Introduction

Today, ground mobile robots are used in a multitude of fields and for performing
multiple tasks and operations. In the coming years, their use will certainly become even
more widespread. Overcoming a series of steps using a mobile robot is a complicated
challenge. The locomotion system design of stair-climbing robots is generally more complex
because of the wide range of situations that can potentially be encountered.

There are three main types of locomotion systems: wheeled robots (W), tracked robots
(T), and legged robots (L). Hybrid robots are a combination of the previous classes: legsn—
wheels (LW), legs—tracks (LT), wheels—tracks (WT), and legs—wheels—tracks (LWT) [1].

Wheeled robots, controlling a few active degrees of freedom (DOFs), can achieve high
speeds on flat ground with low power consumption. Unfortunately they have limited
ability to overcome a series of step obstacles [2]. “HELIOS-V” [3] is a six-wheeled vehicle
equipped with four low-pressure tires on the outside and two high-pressure tires on the
inside. Ref. [4] deals with two-wheeled vehicles with an inverted pendulum layout used
for personal transportation. The Krys [5] model has special wheels that can easily go up
and down stairs without wobbling. The rocker-bogie [6] model also has special structures
that help it move well in difficult environments.

Tracked robots are capable of overcoming obstacles, but they have higher power
consumption than wheeled robots. Tracked robots can have non-articulated tracks or
articulated tracks. Very simple mechanics and controls characterize robots with non-
articulated tracks. Despite their simplicity, they move well over obstacles. An example of
this scheme is Yoneda [7], a stair-climbing crawler with a high gripping force on the stairs.
To improve the capacity to overcome obstacles, more than two tracks with relative passive
mobility can be adopted [8]. For example, the ROBHAZ-DT3 [9] track is split into two parts.
The TAQT Carrier [10], Silver [11], and Macbot [12] types possess front and rear moving
flippers to go up the stairs.

Legged robots are machines that have legs like humans and animals. These robots
are able to go over different kinds of obstacles by copying how humans and animals walk
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up stairs using their legs and feet. However, they are slow and have very high power
consumption. Examples of legged robots are WL-16 11 [13], Lee [14], ANYmal [15], and
RHex [16].

Hybrid locomotion systems are try to combine the best parts of different ways of
moving while trying to avoid the not-so-good parts. Leg—wheel robots combine the energy
efficiency of wheels with the operative flexibility of legs [17]. Three-wheeled locomotion
unit geometry, which means it can move well on bumpy ground and can climb over things
easily, is adopted in the Epi.q mobile robot family [18]. The Ascento [19] is a small robot
with wheels and legs that can move fast on flat ground and jump over things that are in its
way. The Zero Carrier [20] is a machine that has legs with chains and wheels on its end.
Some of the legs move to help the machine move forward, while others just have wheels.
The RT-Mover PType WA [21] has legs that look like axles and a seat that can move back
and forth. It also has wheels on the ends of the legs. The Morales [22] and Lawn [23] types
use special supports to lift the machine and then put the wheels on a new surface.

Hybrid mobile robots with legs and tracks, used in unstructured environments, demon-
strate that speed and energy efficiency are not crucial. The Titan X [24] is a quadruped
mobile robot with three DOFs per leg. The four belts have a double function: mechanical
transmission for the actuation of the knee joints during legged locomotion and tracks
during tracked locomotion.

In wheel-track hybrid robots, the relative position of the tracks and wheels or the track
shape can usually be changed to enable or disable wheel contact with the ground. The
wheel-track combination is used to achieve stair-climbing tasks, combined with energy
efficiency on flat ground. For example, the All-Terrain Wheelchair [25] uses wheels on flat
ground, while the tracks are hidden under the carriage. When something is in the way,
the tracks on a vehicle can be moved down to the ground while the wheels come off the
ground. This helps the vehicle go over the obstacle without becoming stuck. Helios-VI [26]
has two active arms attached to the axis of the one drive pulley of the active crawler. One
of the arms has two tires on its end to help the vehicle move better on bumpy ground.
The other arm can carry things and change how the things are positioned.

The WheTLHLoc [27] is an example of a robotic platform that combines all three types
of locomotion. It is characterized by a main body equipped with actuated wheels and
two protruded structures to allow for climbing stairs. The Azimuth [28] is fitted with four
independent leg—track-wheel articulations that can generate a wide variety of locomotion
modes. The Wheelchair.q [29] is made up of two parts that help it move, and it also has a
special part in the back that keeps it stable.

In a previous article [30], it has been highlighted that tracked robots perform the task
of carrying a load up a flight of stairs better than others. This is because they combine good
overall performance and good transport ability with low mechanical complexity, simple
control strategies, and low construction costs. Considering this, it was decided to design a
tracked stair-climbing robot capable of safely and effectively climbing a flight of stairs.

How then can a new tracked robot be designed? First of all, one must choose whether
the road wheels are fixed with respect to the robot’s body or not. The first group is very
basic in how they move, so they are not very good at maneuvering around obstacles. So,
we opted for a robot whose road wheels can move relative to the body of the vehicle.
This category of platforms can have passive suspension system or active suspension
system. The passive suspension system for tracked robots was chosen because it combines
mechanical simplicity with the ability to adapt the system layout to the ground shape
of unstructured environments. The basic design for tracked vehicles usually has wheels
connected to the body with springs or dampers that allow them to move easily. Inspired by
tank suspension design, Yutan Li et al. [31] develop a Christie suspension spring loaded
on a shock-absorbing robot. Another example of a passive suspension system can be
found in [32]. Sun and Jing develop a tracked robot with novel bio-inspired passive “legs”,
adapting the track shape to different environments scenarios. Also the all-terrain rover
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Polibot [33] uses a novel passive suspension system to adapt the rubber track-to-terrain
irregularities and distribute the pressure evenly under all conditions.

In [33], we created a special model that helps us figure out how a system will move
based on the shape of the ground it is on. In the same article, the effectiveness of this model
was demonstrated, verifying an excellent comparison between the experimental results
and those of the model. So, we modified it and used it as a tool to broadly design the
new tracked robot by giving the profile of a flight of stairs as the ground geometry and by
iteratively testing how the system was configured. This represents a novelty because such a
model had never before been used as a basis for the design of a new tracked robot. To verify
that the resulting design can effectively climb a flight of stairs, a dynamic simulation
was carried out. Then, the design of a new robot capable of climbing a flight of stairs
was conceived.

This paper is divided into different sections. In Section 2, the “XXbot” concept is
presented and robot design is outlined, especially the working principle of passive swing
arms. Sections 3 and 4 describe the inverse kinematic model for the proposed architecture.
Stair-climbing simulations are made with the multibody sotware MSC-Adams and results
are presented in Section 5. Section 6 discusses future works and concludes the paper.

2. XXbot

The fundamental idea behind the “XXbot” is to design a tracked robot that can adapt
the track to the staircase-supporting surface profile. The “XXbot” concept is shown in
Figure 1. Its name comes from the double-X shape of the suspensions. The two tracks have
articulated passive suspension systems that include two central bogie-like suspensions and
swing arm suspensions on the front and rear side of the robot. This suspension system
guarantees a very high adaptability of the track to the shape of the support surface, both
for the negotiation of obstacles and on a flight of stairs.

2 19 12 17 13 9 14 20 15 18

| |
S
(9
Do

Figure 1. XXbot robot concept. Please refer to Table 1 to numbers explanation.

U ——

Table 1 lists the different components of the system. Referring to the left track,
the weight of the vehicle is spread evenly on the ground through the six wheels. Each
wheel is attached to the frame SF with a swing arm and a spring element. This allows
the wheels to move and adjust to the shape of the ground. Moreover, the two central,
bogie-like suspensions give the system even more adaptability. They distribute the weight
of the robot over the central ground wheels that ensure the contact of the track with the
supporting surface. W, and W;s are hinged and connected to each other through a spring.
In the same way, Wy and Wy are hinged to form the second central, bogie-like suspension.
Finally, the subframe SF accommodates the drive sprocket Wj.
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Table 1. Main components of the robot.

Item Number Description Symbol
1 Sprocket Wi
2 Idler wheel Wy
3 Ground wheel W3
4 Ground wheel Wiy
5 Ground wheel Ws
6 Ground wheel We
7 Ground wheel Wy
8 Ground wheel Ws
9 Track -
10 Subframe SF
11 Front swing arm FSA
12 Bogie arm Front-Front BFF
13 Bogie arm Front-Rear BFR
14 Bogie arm Rear—Front BRF
15 Bogie arm Rear-Rear BRR
16 Rear swing arm RSA
17 Sring—damper 51
18 Spring—damper Sy
19 Spring—damper S3

20 Spring—damper Sy

3. Analytical Model

To evaluate the feasibility and performance of the “XXbot”, an analytical model is
needed. In this part, we will figure out how to move the rover and adjust its suspension
system based on the shape of the ground it is driving on. To accomplish this, we need to
first understand how wheels touch the ground. For vehicles with tracks, it can be tricky
to figure out. But for now, let us pretend that the tracks are very thin and do not make
much of a difference. Then, each wheel on the ground touches the ground at just one point,
denoted with CP;,i = 3..., 8 to match the road wheels’ numbering. When you walk up or
down stairs, it is safe to assume that the stairs will be sturdy and will break.

The model inputs are the geometric parameters of the suspension, the map of eleva-
tion for the supporting surface, the position of the first contact point (CP;) on the map,
the length of the track, the weight of the robot, and the position of the center of gravity
of the robot. The outputs of the model are the body position and tilt, along with the
suspension configuration.

3.1. Degrees of Freedom

A global reference frame XY, Z, and a vehicle reference frame XY, Z, are defined in
Figure 2. For simplicity, we assume a half-symmetry model. In this case, the X; — Z¢ plane
contains the vehicle center of mass. The model does not include roll and yaw rotations (¢
and ) but only pitch movements (0).

Figure 2. Reference frames and degrees of freedom.
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Moreover, in the model, it is assumed that the wheels touch the surface at their lowest
point and that the normal forces pass through the center of them. In fact, the goal of
the created analytical approach is to compute the quasi-static kinematic model of the
suspension to solve inverse kinematic problems. This means figuring out how the robot is
set up based on where the wheels touch the ground.

The system in Figure 2 consists of seven rigid bodies (six are the suspension elements,
and the seventh rigid body is the vehicle frame) connected by four revolute joints located
atthe D, F, V, and E points. Table 2 reports the resulting nine DOFs.

Table 2. Degrees of freedom of the system (please refer to Figure 2).

Number Description Symbol
1 Vertical position of A (global ref. frame) XA
2 Horizontal position of A (global ref. frame) YA
3 Pitch of SF (robot’s pitch) 01
4 Orientation of BFR relative to joint F 0>
5 Orientation of BFF relative to joint F 03
6 Orientation of RSA relative to joint E 04
7 Orientation of FSA relative to joint D 05
8 Orientation of BRR relative to joint V 3
9 Orientation of BRF relative to joint V 07

3.2. Constraints

The support surface elevation map can be represented by the following expression:

Z = fie(X) 1)

where fi, is a function that gives the height of the support surface (Z) for any value of X.

Referring to the schematics of Figure 2, if we know where the first point of contact is
on the X-axis and imagine that the wheels touch the ground at their lowest point, we can
use these equations to describe how they are connected:

Xp = Xcps 2)

Zp — 13 = fr(Xp) 3)
Zg — 14 = fro(Xk) (4)
Zy—15 = fre(X1) (5)

Zg — 16 = fre(Xg) (6)
ZR — 17 = fte(XRr) 7)
Zm =18 = fre(Xm) (8)

where 7; is the radius of wheel i. Given the geometry of the suspension (Figure 1), the coor-
dinates of the wheel centers (P, K, I, Q, R, and M) can be expressed in the vehicle reference
system as a function of the DOFs in Table 2. For clarity, these equations are not reported
here and are shown in Appendix A.

The track adds a kinematic constraint equation to the problem. Infinitely high stiffness
and a negligible thickness characterize the track in this model. Under these assumptions,
a change in the orientation of only one of the rigid bodies would change the length of the
track. This constraint can be expressed as follows:

Lirack = Lnom 9)

where Ly, is a design variable. Since the total length of the robot is approximately
1200 mm, the Ly, imposed is 2845 mm. The derivation of the Ly, in terms of DOFs is
explained in Appendix B.
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Equations (2)—(9) represent a system of eight equations with nine unknowns corre-
sponding to the system’s DOFs. Then, there are many different solutions to the problem,
and we need to think about how things balance to find the right one. We will learn more
about this in the next part.

3.3. Equilibrium Equations

If a vehicle has more than two wheels, it becomes harder to figure out how much
weight is on each wheel using normal equations. So, we need to look at how the elastic
parts of the wheels bend to figure out how much weight they are carrying. To achieve
this, we also need to think about how the bodies 2 to 7 of the vehicle balance and rotate
with respect to D, F, V, and E. These equations introduce eighteen additional unknown
parameters, which are reported in Table 3.

Table 3. List of unknowns.

Unknowns Description
T; Track tension of branch 1
T Track tension of branch 2
T3 Track tension of branch 3
Ty Track tension of branch 4
Ts Track tension of branch 5
Te Track tension of branch 6
T Track tension of branch 7
Tg Track tension of branch 8
C Torque applied to W1 (A point)
N3 Vertical force for wheel 3
Ny Vertical force for wheel 4
N5 Vertical force for wheel 5
Ne Vertical force for wheel 6
N7 Vertical force for wheel 7
Ng Vertical force for wheel 8
Fern Applied force to spring 1
Forn Applied force to spring 2
Fo3 Applied force to spring 3
Fora Applied force to spring 4

The numbering of the track branch tensions is omitted for brevity. The weight of
the single suspension bodies, wheels, and track is neglected. The half-vehicle mass is
set to 110 kg, and the weight force applied to the vehicle’s center of gravity (COG) is
indicated as W. The COG position (X, Zg) has been defined in the center line of the
vehicle. The equilibrium equations are obtained and reported in Appendix C. The track
tension directions relative to the horizontal direction (¢;; and €;;) and the tangency point
positions (XQij and ZQij) are derived in Appendix B. Referring to Table 2, it is possible to
express the rotation of the elastic forces (81, B2, B3 and B4) in terms of the system DOFs.

Elastic element deflection is used to compute forces F, 1, Fy; 2, Fo 3, and F,; 4. Each
spring in the suspension has a set amount of pressure called pre-load. If a force smaller
than the pre-load is applied to the spring, it will act like a stiff object and not bend or move.
This applies to all four parts of the suspension that help the car move smoothly:

L — Lmax,i if Fel,i < Fpre,i (10)
l Lonax,i — (Fer,i — Fpre,i)/ki otherwise

where L; is the length of spring i when a force F, ; is applied to its ends, Fye; and Lyy,; are
the pre-load and the maximum length of spring i, respectively, andk is the elastic stiffness.

The DOFs in Appendix D are used to compute the deformable element lengths (L;
fori=1,2,3,4). Wheel equilibrium equations are considered to close the system. Wj is
the only wheel with drive torque. This results in a further eight equations as follows. This
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simplifies the problem because, due to the tangential forces between the track and the
support surface, the horizontal component of tension may vary along the track.

T, =T, (11)
T,=Ts (12)
T, =Ty (13)
Ty=Ts (14)
Ts = Tg (15)
Te = Ty (16)
T, =Ty (17)

Ts=Ti+C/n (18)

Equations (2)—(18) represent a system of twenty-eight equations in twenty-eight un-
knowns, which are the nine DOFs in Table 2 plus the nineteen unknown forces in Table 3.

4. Matlab® R2023b Simulation Model

The analytical model just presented is implemented in Matlab® R2023b software
to evaluate the way the robot is positioned, the configuration of its suspension system,
the external forces, and the forces acting on bodies when the “XXbot” overcomes a series
of stair steps starting from a flat surface. Step dimensions have a height of 140 mm and a
depth of 250 mm.

Since we are considering a quasi-static kinematic problem, the analytical model evalu-
ates the static equilibrium of the robot in precise configurations. Since it is impossible to
evaluate all the configurations that the robot assumes when climbing the flight of stairs,
only the most significant ones are chosen. For clarity, Figure 3 shows the configuration
where wheels W3 and Wy are on the second step. When an edge of the step is located
between two wheels and deforms the shape of the track, it is necessary to evaluate the
constraining reaction N¢; that the corner applies to the robot. For simplicity, it is consid-
ered vertical and applied at the step edge. This leads to the introduction of two further
unknowns to the problem, the vertical reaction N¢; and the track tension T¢; downstream
of the corner. Tpyey is the track tension in the upstream branch of the corner. To close the
system, two further equations that evaluate the equilibrium of a little portion of the track
around the obstacle are used:

Tpreo SIn (€Ci—W,,, ) + Tcisin (€ci-w,.) = Nci (19)
Tprev €08 (€Ci— Wy, ) + Tci €08 (€Ci-Wyy) = 0 (20)

Furthermore, the vertical constraining reaction N¢; is taken into account in the equilib-
rium equations of the vertical translation and rotation around the point P as follows:

W = N3 + Ny + N5 4+ Ng + N7 + Ng + N¢; (21)

N4(XK - Xp) + N5(XI - Xp) + N6(XQ - Xp) + N7(XR - Xp)
+ Ng(Xm — Xp) + Nci(Xnci — Xp) = W(Xg — Xp)  (22)

This procedure is repeated as many times as there are step edges deforming the shape
of the track in a configuration.
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Figure 3. “XXbot” on the second stair step.

5. MSC Adams ATV Simulations

MSC.ADAMS 2019.2 software performs the dynamical simulation of mechanical
systems. It is like a box that has important parts and extra parts that can be added. The
ADAMS/View package helps us to understand how mechanical systems work. There are
other packages that focus on different parts of machines. Tracked vehicles can be modeled
using the ADAMS Tracked Vehicle (ATV) Toolkit.

It allows creating, modifying, and simulating realistic spatial models for tracked
vehicles in the ADAMS environment. Using this software, a dynamic simulation of a
stair-climbing case is carried out. For simplicity, a half-symmetry model is assumed for the
vehicle. Also in this case, the X; — Z, plane, defined in Section 3.1, contains the vehicle
center of mass. The model does not include roll and yaw rotations (¢ and ¢) but only
pitch movements (€). Robot-specific details and step dimensions are taken from the Matlab
analytical model described above. The angular velocity of the sprocket is 15 deg/s. The
half-vehicle mass is set to 110 kg.

ADAMS uses a relatively simple velocity-based friction model for contacts. Figure 4
shows the dependence between the coefficient of friction and the slip velocity. V, the stic-
tion transition velocity, is the velocity at which the coefficient of friction achieves a maxi-
mum value of pg. ys is the coefficient of static friction between the track and the ground.
The coefficient of dynamic friction between the track and the ground is yp. ADAMS
changes yis to up as the slip velocity at the contact point increases. When the slip velocity
reaches the value of Vp, the effective coefficient of friction is equal to the dynamic coefficient
up. Table 4 summarizes contact parameter values.

Table 4. List of unknowns.

Name Description Value
Us static friction coefficient 0.9
UD dynamic friction coefficient 0.7
Vs stiction transition velocity 0.001 m/s

Vb friction transition velocity 0.05m/s
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Figure 4. Coefficient of friction varying with slip velocity.

The case of the stair-climbing simulations is described in the following. First, the tracked
robot model and the stair-shaped ground were created in the pre-processing environment
of the Adams ATV software. Then, the simulation parameters were defined, and the
calculation was launched in the solution environment. The program initially solves the
static problem in the initial condition. It then solves the dynamic problem for each time
instant until it reaches the end of the simulation. The simulation results are reported in the
software post-processing environment.

Figure 5 shows the simulation’s initial conditions in a perspective view. Figure 6 shows
a sequence of simulation snapshots in the moments of time that seemed most significant to
us. The following table summarizes the forces in the spring elements, the vertical contact
forces between the track and step, as well as the tension in the belt downstream and
upstream of the sprocket for the same instants of simulation time. Table 5 refers to Figure 6a
(flat ground). Table 6 refers to Figure 6b (first step). Table 7 refers to Figure 6¢ (second step).
Table 8 refers to Figure 6d (third step).

Figure 5. Tracked vehicle model in ATV Toolkit.
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Figure 6. ADAMS ATV stair-climbing simulation snapshots: (a) Top left=flat ground. (b) Top
right=first step. (c) Bottom left=second step. (d) Bottom right=third step.

Table 5. Forces in the spring elements, the vertical contact forces between track and step, and belt
tension for flat ground configuration.

Name Description Value (N)
Fern Applied force to spring 1 265
For o Applied force to spring 2 778
Fo3 Applied force to spring 3 691
For4 Applied force to spring 4 401

N3 Vertical force for wheel 3 84
Ny Vertical force for wheel 4 240
N5 Vertical force for wheel 5 190
N Vertical force for wheel 6 297
N> Vertical force for wheel 7 279
Ng Vertical force for wheel 8 0
Tup Belt tension upstream of the sprocket 613
Tiown Belt tension downstream of the sprocket 641

Table 6. Forces in the spring elements, the vertical contact forces between track and step, and belt
tension for first step configuration.

Name Description Value (N)
Forq Applied force to spring 1 219
Feon Applied force to spring 2 1105
Fos Applied force to spring 3 607
Fera Applied force to spring 4 268

N3 Vertical force for wheel 3 138
Ny Vertical force for wheel 4 112
N5 Vertical force for wheel 5 0

Ng Vertical force for wheel 6 88
N7 Vertical force for wheel 7 198
Ng Vertical force for wheel 8 221
Ncyp Vertical contact forces between track and step 1 332
Tup Belt tension upstream of the sprocket 500

Tiown Belt tension downstream of the sprocket 653
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Table 7. Forces in the spring elements, the vertical contact forces between track and step, and belt

tension for second step configuration.

Name Description Value (N)
Fern Applied force to spring 1 284
Fop Applied force to spring 2 1418
Fo3 Applied force to spring 3 469
For4 Applied force to spring 4 296
N3 Vertical force for wheel 3 0

Ny Vertical force for wheel 4 56
N5 Vertical force for wheel 5 0
Ng Vertical force for wheel 6 0
N7 Vertical force for wheel 7 95
Ng Vertical force for wheel 8 310
Nc1p Vertical contact forces between track and step 1 88
Ne2 Vertical contact forces between track and step 2 570
Tup Belt tension upstream of the sprocket 558
Taown Belt tension downstream of the sprocket 779

Table 8. Forces in the spring elements, the vertical contact forces between track and step, and belt

tension for third step configuration.

Name Description Value (N)
Fern Applied force to spring 1 199
Fop Applied force to spring 2 1467
Fo s Applied force to spring 3 347
Fora Applied force to spring 4 560
N3 Vertical force for wheel 3 0

Ny Vertical force for wheel 4 0
N5 Vertical force for wheel 5 0
Ng Vertical force for wheel 6 0
N7 Vertical force for wheel 7 0
Ng Vertical force for wheel 8 0
Nc1 Vertical contact forces between track and step 1 383
Nc2 Vertical contact forces between track and step 2 450
Ncs Vertical contact forces between track and step 3 283
Tup Belt tension upstream of the sprocket 448
Tiown Belt tension downstream of the sprocket 1120

Finally, Figure 7 shows the motor torque during the stair-climbing simulation. Vertical
lines named flat ground, first step, second step, and third step refer to the simulation
instants shown in Figure 6. It can be seen that maximum torque occurs when the front of
the robot meets the step and overcomes it.

newtorHmm

FLAT GROUND
80000.0

70000.0+
GOOO0.0:
50000,0:
40000,0:
30000,0:
20000.0:
10000.0:

A
VY

0.0

-10000.0

FIRST STEP

SECOND STEP

THIRD STEP

0.0

40.0

50.0 60.0 70.0

Time (sec)

90.0

100.0

Figure 7. Motor torque in the stair-climbing process.
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The MSC.ADAMS simulation is proof that the proposed tracked robot can effectively
climb a flight of stairs without tipping over backwards.

6. Conclusions and Future Work

This paper talks about a new track-based robot called “XXbot”. It uses an innovative
system of articulated suspension. Each wheel on the road can move up and down to
adapt the track shape to the stair structure. The developed design aims to perform better
compared to other stair-climbing robots. We also developed a special model that helps us
to figure out how the robot will move according to the shape of the ground. The model uses
a static approach of forces and consists of 28 equations in 28 unknowns that are the nine
suspension DOFs and the nineteen unknown forces, including internal and contact forces.
This means that we are trying to figure out how the rover is positioned on the ground
and how its wheels are set up while also considering that the track on the wheels cannot
change its length. It is a useful tool to predict the behavior of the system in stair-climbing
conditions. The novelty of the present work, compared to [33], is that the model has been
modified to be used as a tool to design new complex systems and optimize the performance
of the new robots. To verify that the proposed tracked robot can effectively climb a flight of
stairs without tipping over backwards, an MSC.ADAMS dynamic simulation was carried
out. The angular velocity of the sprocket was 15 deg/s. The half-vehicle mass was set to
110 kg. Figure 6 and Table 5 to Table 8 summarize the simulation results and prove the
effectiveness of the proposed vehicle.

Given the vehicle’s excellent ability to overcome a flight of stairs, it could be used
in hazardous work environments and in repetitive tasks. Specifically, it can be used for
surveillance and monitoring, military, health care, industrial, and agricultural applica-
tions. In particular, it can be utilized for the inspection and monitoring of buildings and
infrastructure, including commercial and residential buildings.

Nonetheless, the proposed platform could be used as a starting point to build an
electric-powered wheelchair (EPW) and help people with disabilities overcome architec-
tural barriers.
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Appendix A. Suspension DOFs to Compute the Wheel Centers Coordinate

di 14

d1 d17 d16

T
e —
d4 [d20 1 d19 |d18] d3

DL/ d22

[¢] ld]

Figure Al. Body and suspension dimensions: (a) Top left = Subframe. (b) Top right = Bogie arm.

(c) Bottom left = Front swing arm. (d) Bottom right = Rear swing arm.

Based on the way the suspension is built (Figure A1), we can figure out where the
wheels are located using a system called the vehicle reference frame. We can find the wheel
centers (which are called P, K, I, Q, R, and M) X and Z coordinates by using the information
from Table 2:

Xp =X+ (d3+dig +dyg +dog +dy) siny—
(d14 + di5 + dig + dy7 +dqy + do) cos 01—

dypsin (05 + a3) +d13cos (ay + 71/2 — 05 —a3) (A1)

Zp =7 — (d3 + dig + d1g + dog + dy) cos 01—
(di4 +di5 + dig + di7 + di +da) sin 01—

d11cos (05 + az) +dyzsin (ag + /2 — 05 —a3)  (A2)
Xg = Xa + (d3 +dig +dr9) sin 0y — (d1g + dis5 + d1g +di7) cos 01 —dgsin (03 + a1)  (A3)
Zx = Zp — (d3+dig+dig) cos 01 — (dig + dis + dig +di7) siny —dgcos (03 +a1)  (A4)
X; = Xa + (d3 +dig + dig)siny — (dig + di5 + dig + di7) costy — dgsinfy (A5)
Zy = Za — (d3 + dig + dyg) cos 01 — (dig + di5 + dig + d17) sinb; — dgcosf,  (A6)
Xg = Xa+ (d3 +dig +dyg)sin®y — (dig + di5 + dig) cos by — dgsin (65 +a1) (A7)
Zg = Zp — (d3 + dig + di9) cos 6y — (dig + di5 + die) sinfy — dgcos (6 +a1) (A8)
Xr = Xa+ (d3 + dig + dio)sindy — (dig + di5 + dig) costy + desin(07) (A9)
Zr = Za — (d3 + dig + di9) cos0y — (d1g + di5 + dig) sinty + dgcos (67) (A10)
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Xy = Xq + (d3 + dig + di9 + dzo) sinf; — (d14 + d15)COS 01 + dgsin (94) (A11)
Im = Zp — (d3 + dig + d19 + dzo)COS 0, — (d14 + d15) sinf; + dg cos (94) (A12)

Appendix B. Suspension DOFs to Compute the Total Track Length

In this section, we figure out how to find the length of the track based on the number
of parts on a Table 2. The track goes around the wheels and can be made up of straight
lines and curved lines. Each wheel’s curved line can be described using the position of the
wheels before and after it. For instance, we can calculate the length of the track between
Q12 and Qg (Figure A2) as follow:

Figure A2. Contact arc length between track and wheel 1 derivation.

Q12Q18 = Ry (270 + 8701 — Y o1 — Spre — Ypre) (A13)

where R is the radius of wheel 1, the angle that AO line forms respect to the horizontally is
called & fols the angle that AM line forms respect to the horizontally is called (SP,e, the angle

between the tangency point Q1 and AO is called 7,, the angle between the tangency

point Qg and AM is called 7 pre.
We calculate the angles as :

5fol =atan2(Zo — Zx, Xo — Xa) (A14)
(Spyg = atanZ(ZM—ZA,XM—XA) (A15)
Ri — Ry
Y for = arccos( =0 ) (Al6)
Ri —Rs
— Al7
Ypre = arccos( i ) (A17)

where the four-quadrant inverse tangent is atan2, R, and Rg are the wheels dimensions,
AO and AM are the segments lengths. To figure out how long the track is, we need to look
at a straight line between two points called Q1, and Q1. We can calculate its length as:

Q12021 = /A0 + (Ry — Ry)? (A18)

We can find the total length of the track by using some equations that help us under-
stand how things work in general: Equations (A13) and (A18).

8
—
Lirack = Y Ri - (2714 8fo1i — Vfoli — Oprei — Vprei) + \/Cici+1 + (Ri = Riy1)*  (A19)
i=1

where the wheel center is denoted as C; and the wheel radius as R;. For the formula of
Equation (A19) to work, 6,y must be numerically grater than 6, for all wheels. Sometimes,
not all wheels will have this condition. When this happens, it is sufficient to add 27 to
Opre- For wheel 8, R; 1 is replaced by R;. The suspension of a vehicle has certain shapes
and measurements that can be described using numbers. The numbers can be figured out
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based on the different ways the suspension can move. There is a formula that calculates the
length of the track, or the distance between the wheels, but it is very long and complicated
and not easy to solve using math.

Appendix C. Equilibrium Equations for System Bodies

NgI MI N5I NGI MI NBI

Figure A4. Left half suspension system internal forces.

T [otor torque
Cutting line

Figure A5. Right half suspension system internal forces.
Referring to Figures A3-A5, the equilibrium equations are reported in the following

W = N3 + Ny + N5 + Ng + Ny + Ng (A20)

W(Xg — Xp) = Ny(Xk — Xp) + N5(X; — Xp) + No(Xg — Xp)
+ Ny(Xg — Xp) + Ng(Xp — Xp) (A21)
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Fy13c08 B3 - (ZN — Zp) + Fa3sin B3 - (Xn — Xp)+
Tz Ccos €34(ZD — ZQ34) — Tz sin €34(XD — XQ34)7
Tl COS €21 (ZQ21 - ZD) - Tl sin€21(XD - XQZl) — N3(XD - Xp) =0 (AZZ)

Fo1co8 By (Z) — Zp) + Fpsinpr - (Xp — Xp)+
T3 cos €43(Zr — Zou3) — Tssinegs(Xp — Xgu3)+
Tycoseys(Zr — Zoas) — Tysineys(Xp — Xgu5) — No(Xp — Xg) =0 (A23)

— Fypcos 1 (Zy — Zp) + Fopsin By - (Xg — Xp)+
Tycosesy(Zr — Zsy) — Tysinesy(Xgss — Xp)+
Ts cos€s6(ZF — Zgse) — Tssinese(Xgse — Xp) + N5(X; — Xp) =0 (A24)

Foqcos By (Z1 — Zy) + Foasin By - (Xy — X7)+
T5 cos €5(Zy — Zges) — Ts sinegs(Xy — Xges5) +
Te cos €67(Zy — Zge7) — Tesineg7(Xgss — Xr) — No(Xy — Xg) =0 (A25)

— Fac08 By (Zu — Zy) + Fasin By - (Xu — Xv)+
Ty cosezg(Zy — ZQ76> — T sin 676(XQ76 —Xy)+
T;7 cosezs(Zy — Zgzs) — Trsinezg(Xgrs — Xv) + N7(Xg — Xy) =0 (A26)

FypcosBo- (Zg — Zr) + Fypsin o - (Xp — Xg)+
Tg cos eSl(ZE — ZQg]) — Tgsin 681(XQ81 — XE)+
T; cos €g7(Zp — Zggy) — T7sinegz(Xgg7 — Xp) + Ng(Xp — Xg) =0 (A27)

Appendix D. DOFs to Compute Length and Direction of Springs
We use the DOFs reported in Table 2 to calculate the springs length (S1, S2, S3 and 54):

L=/ (Xe = X)2+ (Zn — 7)) (A28)

L= /(Xu — Xr)? + (Zu - Zr)? (A29)

L=/ (Xe — X0)? + (Ze — Z0) (A30)

Ly = \/(Xz = Xn)*+(Zz = Zn)? (A31)

where

(XH 7X]) = dysin (92+0{1) + d7sin 03 (A32)

(ZH — Z]) = —dy cos (92 + Dé]) —dycos s (A33)
(Xu — Xr) =dysin (97 + 061) + dy sin g (A34)

(Zu — ZT) = —d7 CcOos (97 + 061) - d7 Ccos 96 (A35)

(XC - X)) =— (d14)2 + (d3)2 - COS (91 + atan2(ds, d14))+

\/(d15)2 + (d18 +dig + d20)2 . COS(91 + atan2(d18 + dyg + dog, d15)) + dg sin (94 + az) (A36)

(Zc = Z1) = —\/(d14)? + (d3)? - sin (01 + atan2(dz, d1s))+

\/(d15)2 + (d1g +dqyg + dzo)z . sin(91 + atanZ(d18 +dyg + d20,d15)) — dg cos (94 + Déz) (A37)
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(Xz — Xn) = —1/(d22)? + (d21)? - cos (61 + atan2(dy, da)) +

\/(dl +d17 +dis +dis + d1g)? + (ds + dig)?
- cos (01 + atan2(ds + dig, d1 + d17 + d1g + d15 + d1a))

\/(d2)2 + (d4 +dyg + d20)2 . COS(91 + atanZ(d4 ~+ dq9 + dyg, dz)) 4+ dypsinfs (A38)

(ZZ — ZN) = —4/ (d22)2 + (dzl)z - sin (91 + atanZ(d21, dgz))—l—
\/(dl +d17 + dig +dis + d1a)? + (d3 + dig)?

- sin (01 + atanZ(d3 + dig,d1 +d17 + dig + dis + d14))
\/(dz)z + (dg + dyg + dog)? - sin(01 + atan2(dy + dig + doo,dz)) — dipgcos b5 (A39)

where the four-quadrant inverse tangent is indicated by atan2.

B1 = atan2(Zy — Z;, Xy — Xj) (A40)
Bs = atan2(Zy — Z7, Xy — X71) (A41)
By = atan2(Zc — 71, Xc — X1) (A42)
Bs = atan2(Zy — Zn, Xz — Xn) (A43)
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