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Abstract

Earth-moving machine builders require innovative design methods and tool to optimize structural performance while reduc-
ing production and design costs, particularly in crucial phases like undercarriage frame design and structural verification.
After an in-depth description of the design flow normally followed in industry, the paper presents a computationally efficient
method and tool to aid designers in dimensioning extendable tracked undercarriages, aiming to drastically reduce design
time and efforts to optimize resources. The proposed tool is based on an analytical model established from in-depth analyses
of the undercarriage Computer Aided Design (CAD) assembly and the expertise of the industrial partner. To address the
3D structural problem, a planar system is employed with proper corrective coefficients. These coefficients are meticulously
evaluated through direct comparison with Finite Element Method (FEM) models by seamlessly integrating SolidWorks and
ANSYS Workbench. The tool accepts as inputs geometric and material data, as well as specific user-defined load scenarios,
providing outputs in the form of the deflected configuration of the undercarriage and stress levels. Direct comparison with the
results obtained from FEM for three industrial undercarriage models demonstrates the validity of the approach, with errors
consistently within the 10% range in almost all cases. This enables designers with no advanced skills in FEM to efficiently
validate diverse design variants with minimal effort. Once validated, the tool is integrated with an optimizer in Matlab to
conduct computationally efficient design optimization studies. The optimization problem, focused on minimizing the beam’s
vertical size while maintaining structural integrity and limiting deflections, has been successfully resolved within a limited
computational time, showcasing the benefits of the proposed approach for undercarriage design.

Keywords Earth-moving machinery - Tracked undercarriage - Engineering design tool - CAD/CAE integration - Structural
design

1 Introduction

In the age of Industry 4.0, where the market demands rapid
adaptation and the ability to diversify products in response
to evolving consumer needs, companies and designers face
critical challenges. The constantly evolving market requires
companies to diversify their portfolio by configuring a wider
array of product variants for customers, strictly designed
according to their needs [1]. Achieving a competitive edge
necessitates upgrading both design and production phases,
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maintaining high levels of quality and efficiency. This chal-
lenge is particularly relevant in the case of earthmoving
machinery, where the intrinsic complexities of components
such as tracked undercarriages play a pivotal role [2, 3].
Owing to their superior terrain adaptability and off-road
traction performance in comparison to wheeled solutions
[4-6], tracked undercarriages have been adopted across
various sectors over the last decades [7]. Today, the most
competitive constructors are able to deliver highly tailored
solutions based on the clients’ requests, as shown by [8].
Tracked undercarriages find extensive use not only in con-
struction sites but also in crop production [9] and submarine
trenchers [10, 11].

The most critical design phases revolve around the
frame embodiment design and its concurrent structural
verification to ensure optimal performance, durability, and
safety [12—14]. The primary goal is the optimization of the
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undercarriage mass and vertical size while maximizing
strength and robustness to effectively support diverse and
cyclic loading scenarios specified by the end-user applica-
tions [15, 16]. The complexity arises from the multitude
of geometric parameters (a frame is normally composed of
hundreds of welded metal sheets) and intricate interactions
among parts (e.g. many mutual contacts between different
parts characterized by frictional sliding), especially when
dealing with extensible undercarriages incorporating addi-
tional elements like telescopic beams and hydraulic actua-
tors to adjust the track gauge.

At the industry level, the undercarriage structural design
is commonly approached resorting to the Finite Element
Method (FEM), enabling accurate analysis of systems with
a large number of parts and providing a wide library of mod-
eling features to account for various nonlinearities. Despite
these capabilities, 3D FEM (solid elements) may become
impractical when several simulations must be performed,
as in the case of extensive optimization studies, due to its
large computational times [17]. Specifically, a single sim-
ulation on an undercarriage made of more than 500 parts
(resulting in an overall mesh of 500,000 elements and 400
boundary conditions) can take hours or even days to con-
verge if the nonlinear solvers are activated, while many dif-
ferent design variants are conceived and should be quickly
evaluated. From a strategic viewpoint, it is always desirable
to rely on accurate and efficient models and tools during
the preliminary design phases, i.e. when plenty of design
alternatives are to be evaluated, to reduce the overall delays
and increase the business competitiveness [18-20]. Fur-
thermore, it is important to note that FEM implementation
demands skilled personnel to ensure the proper development
and interpretation of models. Despite the growing attention
to the performance of earthmoving machinery and related
components, as evident from the relevant number of recent
research works in the field (see e.g. [13, 21-26]), an accu-
rate and time-efficient behavioral model and tool that sup-
ports the undercarriage structural design is missing in the
current literature. Therefore, an inefficient iterative empiric
approach based on the company know-how is nowadays pre-
ferred, usually leading to sub-optimal solutions.

With the aim to overcome the abovementioned limita-
tions, the present paper focuses on the development of an
efficient design tool able to quickly calculate the bending
deformation and stress state of extendable undercarriages
under various combinations of input geometric param-
eters and loading conditions. After a meticulous analysis
of the loads exerted on the undercarriage during operation,
emphasis has been placed on the front axle, which is the
most loaded sub-assembly. This is modeled resorting to the
Euler—Bernoulli’s beam theory as a system of three beams
representing the right/left tubular elements and the central
body. To obtain the moment of inertia of the central body,
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characterized by a nonstandard geometric shape, an inte-
grated Computer Aided Design/Engineering (CAD/CAE)
framework that incorporates SolidWorks and ANSYS Work-
bench is defined. The evaluation process involves assess-
ing the influence of the main parameters through dynamic
updates to the geometry and subsequent FEM verification
(see Refs. [27-31] for more details). At last, the proposed
theoretical model is analytically solved, and the derived for-
mulas are incorporated into a calculation tool to favor its
easy and efficient use in industry. In this way, the designer
can keep the focus on inventing novel design solutions,
which are quickly validated and dimensioned with the tool,
drastically reducing time and efforts.

The remaining of the paper is organized as follows. Sec-
tion 2 describes the undercarriages main features and details
its industrial design method. Section 3 reports about the
undercarriage static modeling. Section 4 details the model
FEM validation and its subsequent integration into an inter-
active design tool, which is then integrated with an optimizer
to perform size optimization on an industrial test case. The
concluding remarks are given in Section 5.

2 Undercarriage design overview
2.1 System description

The undercarriage constitutes the lower section of an earth-
moving machine, as shown in Fig. 1. During operation, it
constantly withstands both the weight of the upper machine,
including all the components and subsystems that define the
machine utilization (e.g. drilling mast for a drilling machine)
and the heavy working loads arising from the specific opera-
tional cycle. Furthermore, the undercarriage plays a crucial
role in managing the machine locomotion. This study specif-
ically focuses on tracked systems, namely systems employ-
ing continuous tracks (series of interconnected metal links
joined by pins) to generate the desired movement.
Undercarriages are typically composed by a welded steel
frame and many track components, which can be identified
from Fig. 1 as follows (see also [32] for more details):

e Track chain, consisting of a series of chain links and track
shoes connected by bush-pin couplings.

e Track rollers, which support the weight of the machine
and slide on the planar side of the chain link.

e Sprocket, i.e. the driving wheel that engages with the
track chain to provide the traction force.

e Idler, which is the front wheel of the undercarriage whose
function is to guide the chain. It usually comes coupled
with a spring unit, made up of a shock absorber and a
tensioner, which it used to set the correct preload for the
track chain.
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As it can be seen, tracks, rollers, idlers, and other
associated mechanisms are housed in the sideframe on
both sides of the undercarriage. The most intricate and
time-intensive undercarriages, concerning product devel-
opment, costs, and production, are the extendable ones.
These formats offer the flexibility to vary the track gauge,
resulting in two distinct configurations: minimum and
maximum opening (see Fig. 2). The transition between
configurations provides the following advantages:

1. greater stability during work in the fully open track con-
figuration;

2. reduced overall dimensions in the minimum track con-
figuration, ensuring compliance with dimensional limits
for exceptional transports on trucks.

Sideframe

tensioner

UNDERCARRIAGE ASSEMBLY

Central body

Gearbox

Sprocket

Track rollers Track chain

In the case of extendable undercarriages, additional com-
ponents, including extension beams and a welded metal
structure housing the telescopic beams (referred to as the
central body in Fig. 1), need to be taken into account. These
beams not only slide into each other but also within the
housing of the central body. This configuration results in
numerous frictional contacts and connections in the central
area, where also stress concentrations take effect. These fac-
tors make the prediction of the structural behavior of this
zone a complex task.

2.2 Design process

The flow typically adopted in industry for the design of
a newly commissioned undercarriage consists of many
sequential steps, as highlighted in Fig. 3.

In particular, three main phases can be identified [33]:

e Preliminary design, covering the requirements gath-
ering, technical specification definition, planning, risk
analysis, up to the definition of a preliminary layout and
its subsequent quotation.

e Detailed design, characterized by the maximum com-
pany resources usage as both the embodiment CAD
design and the Computer Aided Engineering (CAE)
verifications can take several weeks.

e (Check and refinement, where the last details are com-
pleted before ending with the final documentation and
the production.

As it can be noted from Fig. 3, behavioral modeling and
simulation are predominantly conducted during the sec-
ond phase of the process [34]. In particular, the undercar-
riage sizing primarily involves static FEM analyses, with
load scenarios provided directly by the end-user. The loads
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Fig.3 Undercarriage design workflow

transmitted to the undercarriage comprise various contri-
butions (e.g. upper machine weight, working conditions,
payload, etc.) as illustrated in Fig. 4. However, as previ-
ously mentioned, FEM proves to be demanding and time-
consuming due to the large number of parts (even with non-
fine mesh options, i.e. free second-order tetrahedral mesh
with 15 mm as the element size), connections, and boundary
conditions required in the models. Consequently, running
optimization studies with many possible iterations would
lead to high computational times (the reader should refer to
[17] for further insights and [35-37] for practical applica-
tions). From a strategic perspective, the following points

1) Load case evaluation

Upper

Arm configuration
structure

Machine working
conditions

transmitted to
undercarriage

external forces

y- and z- compliant
supports (springs)

Fig.4 Loads acting on the undercarriage and related FEM model
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may need careful attention in order to enhance the efficiency
and effectiveness of the undercarriage design process:

1. It is advisable to address structural assessments even
in the preliminary design phase. This would aim to
reduce overall project timelines by having more relevant
data early on, facilitating the estimation of the product
dimensions and providing valuable information for pre-
cisely quoting the undercarriage to the client.

2. The sizing should be conducted without relying on FEM.
Given the need to quickly assess various design candi-
dates, computationally efficient methods and tools should

2) FEM model setup

Meshing:
*  Tetrahedral (2nd order)
* Elem size: 15+20 mm

(=500000 elements)

x-displacement=0
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be preferred, reserving the use of FEM for the next stages,
namely for few detailed analyses and final checks.

3. Manufacturing design guidelines should be implemented
to deploy feasible and cost-effective solutions.

Building upon these considerations, in the following
sections an efficient and easy-to-use calculation tool able to
quickly return an estimation of the undercarriage deformed
shape and maximum bending stress is developed and vali-
dated on various commercial undercarriage models from
the industrial partner and specific load cases. The tool is
based on a simplified yet efficient analytical model which
can be easily tuned based on the design specifications.

3 Static modeling

As the main target is to develop a fast and accurate design
tool, a geometry analysis is needed to delineate and sche-
matize the structural problem, so that it can be modeled
and solved adopting well-established theories of struc-
tural mechanics. Leveraging the company expertise and
incorporating insights from preliminary FEM simulations,
in this analysis particular emphasis is placed on the front
axle, namely the most critical area, where the maximum
stresses and deformation happen in the telescopic beams
and in their housings. This hypothesis can be easily verified
by checking the longitudinal load distribution on the track
rollers in Fig. 5, obtained by plotting the reaction forces
on a FEM model subject to a standard load case where the
external load originated from the upper machine is posi-
tioned in front of the undercarriage. Specifically, the asym-
metrical distribution underlines that the majority of the
transmitted load are exerted on the front axle, which will
be therefore deeply analyzed in the remaining of this work.

External vertical
—
load

g oAl Cldlw v DOOUD J
2 =

Fig.5 Rollers load distribution
in case of purely front external
load

-—

FRONT

3.1 CAD-based analysis and model definition

From a closer examination of the front axle sub-assembly
CAD model and, in particular, of its section view reported
in Fig. 6, the following considerations are made:

o Three main structural entities are identified, hereinafter
named inner beam, outer beam, and central body.

e Points 1 and 5 represent the frame contact points with
the ground. Here the entire weight of the upper machine
is supported by the track rollers and chain links (see the
enlarged view in Fig. 7).

e Points 2 and 4 indicate the telescopic beams entrance
area in the central body.

e Point 6 represent the contact point between the outer
beam and the central body.

e Points 3 and 7 are the extremities of the beams overlap-
ping portion.

Although points 6 and 7 coincide spatially (see Fig. 6),
they refer to different aspects in the context of this struc-
tural problem. Point 6 describes the interaction between
the outer beam (in red) and the central body (in gray),
whereas point 7 focuses on the interaction between the
outer beam and the inner beam (in blue). Also, such points
do not rely on the vertical middle axis for all the undercar-
riages models. Naturally, the undercarriage configuration
in its fully extended state, characterized by minimal geo-
metric overlap (let us compare Figs. 2 and 6), will exhibit
the highest deflections and therefore represents the most
studied configuration.

As for the boundary conditions considered in the
model, namely the connections among the structural
entities and the imposed constraints set, the following
observations hold:

REAR
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Fig.6 Section view of the front
axle CAD drawing and obtained
structural schematic. In the pic-
ture, a is the total track gauge,

b is the central body width, c is
the distance between the end of
the inner beam and the extrem-
ity of the central body, d identi-
fies the overlapping length, and
k is the central body length
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Fig. 7 Ground contact point detailed view

1.

Revolute joints at extremities (points 1 and 5): by ana-
lyzing the connection at the beams extremities shown
in Fig. 7, it is evident that the track roller is solely sup-
ported and in contact with the chain link (i.e. no bolted
connections). Consequently, the track roller is free to
rotate by pivoting on the extremal area of the roller crest,
allowing the rotation of the entire frame.
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2. Spring connections at extremities (points 1 and 5): the
undercarriage moves on different terrains, from soft sand
to asphalt or concrete. Therefore, to account for the ter-
rain stiffness in the model, the above discussed revolute
joint is characterized by a certain vertical compliance,
defined by a spring constant. Such constant is given by
three different contributions in series: the track roller
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stiffness, the chain stiffness, and the terrain stiffness.
However, in the calculation of the equivalent spring stiff-
ness (K,,), the terrain contribution dominates being far
lower than the others. By combining the company know-
how and the results of previous studies, Kgq has been set
equal to 445,000 N/mm for earthy soils and equal to
800,000 N/mm for harder soils (e.g. rocks or asphalt).
With reference to Fig. 5, a specific number, denoted as
n,, of track rollers working in parallel is being consid-
ered at both supports.

3. Couplings with central body (points 2, 4, and 6): the
contact areas between the beams and the central body
vary according to the presence of recovery wedges and
anti-wear plates, used to recover the assembly gap, as
shown in Fig. 7. Consequently, the beams are usually not
in contact with the central body along their entire length,
and the sliding takes place only in the areas where the
space between the beams and the central body is absent.
Being the beams not strictly fitting the central body
housing, the sliding surfaces are not modeled as a pris-
matic coupling, but rather as simple sliding supports. In
fact, the prismatic joint would imply not only a support
reaction force but also a reaction moment, which can-
not be present since the sliding area is very small and,
despite the presence of recovering wedge/plates, there is
some remaining vertical clearance that allows the rota-
tion of the beams with respect to the central body.

4. Coupling between beams (from point 3 to 7): to keep
the model as simple as possible without losing accuracy
and reliability, the beams overlap has been modeled as a
couple of simple sliding supports: the contacts happen
punctually at the end surfaces of the overlap region.

It is important to note that, in this model, all sliding supports

have been assumed to be frictionless, as frictional have a mini-
mal impact on the overall vertical deformation of the model.

Mast up Mast down

Center of Mass

3.2 Applied loads

Depending on the application of the earth-moving machine,
the undercarriage is subject to different external loads,
including both the upper machine weight and its operational
loads. As illustrated in Fig. 8, the machine self-weight may
not be centered on the undercarriage center of gravity. This
can occur due to variations in machine configurations, as
seen in drilling operations where the drilling mast may be
raised to bore holes or kept lowered during locomotion
phases. Additionally, the upper machine turret has the capa-
bility to fully rotate on the swivel bearing, allowing working
loads to be applied from any direction around the machine
(described by angle ).

Due to the above considerations, the undercarriage expe-
riences not only a vertical force but also a moment at the
swivel bearing, where the upper machine connects to the
frame. The customer typically provides to the company the
total vertical load F,, applied in the center of a reference
system Oxyz (where O coincides with the undercarriage
center of gravity), and the maximum moment M,, which
can manifest at any working load angle . Since the maxi-
mum stresses occur in the telescopic beams, the specified
force and moment are decomposed to analyze their effects
on the front axle. In this process, the initial 3D load case is
transformed into applicable conditions for the schematized
2D model, as shown in Fig. 9. In particular, the moment M,
is decomposed in its components M,, and M, , whose magni-
tude will depend by the working angle a. M,y can be further
decomposed in its generatrix forces, dividing the moment
by its arm, that is the central body length k. Concerning
the vertical load F, and the moment M,,, these are simply
divided by 2 and moved to the front and rear axles.

While performing these force transfers, torsional
moments acting on the front and rear axles should also
be added to the model. However, based on the company’s

Front load (0°) Side load (90°)
Working
load angle

X axis X axis (9]

Fig.8 Center of gravity and working load conditions for a generic undercarriage
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Fig.9 External loads applied on
the schematized structure

know-how and common engineering practice, it is essen-
tial to highlight that these effects are consistently at least
one order of magnitude lower than the considered flexural
contributions. Therefore, given that the developed model is
aimed at defining an easy-to-use and rapid tool to predict the
undercarriage structural behavior, the influence of torsional
moments has been disregarded.

Another significant contribution is the undercarriage self-
weight, denoted as F,,, which is usually about 10-20% of the
total vertical load and, therefore, cannot be neglected in the
calculations. As said, the undercarriage comprises numerous
components, and considering that distributed loads would intro-
duce unnecessary complications in the model, the weights are
merged in three main groups and applied at specific points.
In particular, contributions from the sideframes (each approxi-
mately F,,/3) are applied at points 1 and 5, whereas the central
body contribution, inclusive of the beams weight and equaling
F, /3, is applied at the midpoint, as shown in Fig. 10.
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3.3 Theoretical formulation

The geometry and load analysis outlined in Section 3.1-3.2
lead to the structural problem depicted in Fig. 10, which
can be solved with the Euler—Bernoulli linearized beam
theory under the assumption of small deflections [38]. In
particular, the governing equation is as follows:

M. (s)

V2= 56 M

where U,, M,, and J are respectively the beam vertical dis-
placement, bending moment, and cross-section moment of
inertia expressed as functions of the coordinate s (depicted in
Fig. 10), whereas E represents the material elastic modulus.
To simplify the model setup and resolution, the three beams
have been divided into the following segments:
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segment o (point 1 — point2) : 0 < s < (a—b)/2
Outer (red) beam — 4 segment 0,(point2 — point3) : (a—b)/2 <s<(a—b)/2 +c
segment 05(point 3 — point7) : (@ —b)/2+c<s<(a—-b)/2+c+d

L

segment i,(point 3 — point7) : (@a—b)/2+c<s<(a—-b)/2+c+d
Inner (blue) beam — < segment i,(point 7 — point4) : (a —b)/2+c+d <s<(a+b)/2
segment i;(point4 — point5) : (a+b)/2<s<a

L

segment ¢,(point2 — point6) : (a—b)/2<s<(a—-b)/2+c+d
Central body — 4 segment ¢,(point 6 — midpoint) : (@ —b)/2+c+d <s<a/2
segment ¢;(midpoint — point4) : a/2 < s < (a+b)/2
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Such approach has led to redefining Eq. 1 for each of
the nine segments. In particular, the bending moment
function can be written as

shown in Fig. 6. In the same manner, the moment of inertia is
calculated for each segment approximating them as box-shaped
bodies with constant cross section along the length. Since the
beams and the central body could be made of different metal

M., < F, - ﬂ ) s ) sheets, the required input data are not only the width and height
3 of the section, but also the four metal sheets thicknesses values.
Therefore, the resulting formulas for the outer boxed beam (/,),
—-b i ‘
M,,=M,, -F, (s _a _ ) 3) inner boxed beam (J;), and central body (J,) become
1
Ja = E(bohz - (bo - t0,3 - t0,4) (ho - to,l - tu,2>3) (11)
Mx,03=Mx,02_F3<s_a;b_c> (4‘)
1 3
li=1 (b = (b =13 = 1;4) (i = 11— 1;5) ) 12)
Mx,i1=F3<S—a;b_C> (%)
J. = 112((19 iy +iy)(he i1+ tc’2)3 - bchf) (13)
-b
Mxi2=Mxil_F7(S_a _C_d> (6) ~ . :
’ ’ 2 where b and / are respectively the total width and height of the
boxed beams, whereas ¢, t,, t;, and ¢, represent the thicknesses
M M. _F ( _a+b ) 7 of the upper, lower, left, and right metal sheets within the spe-
3T 4\’ 2 ™ cific segment (being subscripts “0”, “c”, and ‘7 used to indicate
the three different beams, as v131ble in Fig. 10). Considering
Mo —F a—b that approximating complex bodies as a simple boxed section
xel =52 (s ) ) ®) determines a certain amount of error in the results, specific cor-
rective coefficients will be evaluated in Section 3.4.
a—b Once all the necessary relationships are established, the ver-
Moo =M, —Fg (S T, T d) 9 tical displacement function, U,, can be determined for each
segment by performing a double integration of Eq. 1, leading
4 M, to the following expressions:
Mx.cB = Mx,cZ - FL'(S - E) + 7 (10) 1
Upor = C2 = 1 TREL —— ((Fy —3F))s’ — 18C,EJ s) (14)
where F, ..., F; are the reaction forces, F,,, F., and M,, are
the external forces (as explained in Section 3.2 and recalled in
Fig. 10), whereas a, b, ¢, and d are the geometric distances as ¢, =c, - 36EJ ——(QFyy + 6F, = 6F))s> + (9F,b — 9F,a)s* — 36C5EJ, s)
15)
U, =Co— 3627 ((2Fy, + 6F5 + 6F, — 6F)s” + (—=18F3c + (9F3 + 9F,)b — (9F; + 9F,)a)s* — 36CsEJ,s) (16)
1
U,q=Cg+ 2E7, ——— (2F;8° + (=6F;c + 3F3b — 3F3a)s* + 12C,EJ;s)
A7
U.p=Cyp— 257, ———((2F; = 2F3)s> + (=6F;d + (6F5 — 6F;)c + (3F; — 3F3)b + (3F; — 3F;)a)s> — 12CyEJ;s) (18)
Uyin=Cn (19)
~m, ((2F7 +2F, — 2F3)s + (=6F;d + (6F3 — 6F;)c + (3F, — 3F, — 3F;)b + (=3F, — 3F, + 3F;)a)s* — 12C,,EJ, s)
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1
U, =Cy+ 2ET, ———(2F,8* + (3F,b — 3F,a)s* + 12C3EJ.s)
(20)
U, =Cig— 1227 ((2Fg — 2F,)s® + (=6F¢d — 6F¢c + (3F¢ — 3F,)b + (3F, — 3F¢)a)s* — 12C5EJ.s) 1
U,3=Cig
’ (22)
12EJ —— ((2F, + 2F¢ — 2F,)s* + (—6F¢d — 6F¢c + (3F¢ — 3F,)b + (=3F, — 3F¢ + 3F))a — 3M,)s* — 12C;EJ,s)
Here C,, ..., C,g are the integration constants (2 for each  Central body F, — Fy + F, — F. = 0 (44)

differential equation). Considering also the presence of the
reaction forces F, ..., F, the total number of unknowns to
be determined is 25. To solve the mathematical problem,
the following additional relations expressing the congruence
among displacements must be incorporated:

at point 1

s=0 Uz,ol =-F /l’l, eq (23)
at point 2 Upor = Uzr Q4

wy U, =U 2 (29

§ = z,01

2 Uz,oZ = z,cl (26)
UZ 02 = z 03 27
_7r
at point 3 Uzuz U 03 (28)
s = ab +c UZvU3 - z,zl (29)
: Uz, 2 = cl (30)

U 2—U’ , 3D

Z,C.

U 3 =

2,03

m (32)
atpoints 6 -7 U, ;3= &Lz (33)

s=L4ct+d Up=Uy (34)

2,

U212 = U, a B33
Atmidpoint U_ 4 = U, (36)
a
s = 5 Ué,c?, = Ué,cZ (37)
. U.,= (38)
at point 4 w3 = Uz
atb U; B U; i2 (39)

2 U,;=U,. 40

2, 25

at point 5

s=a Usis =

2

—Fs/n.K, (41)

r——eq

Also, the vertical force equilibrium is imposed for the
three beams, i.e.:

Outer beam F, — F, — F3 + Fg+ F; = = =0 (42)

Inner beam Fy —F, —F; + F5— = =0 (43)

At last, the following expressions are added to impose
the null moment at the right extremity of each beam:

Outer beam Mo =0
s:%+c+d %03 — (45)
Inner beam
. M=0 (46)
Central body
_ ath M, ;=0 “7
2

The model has been analytically solved in Matlab,
employing the symbolic math toolbox to derive practical
formulas. The primary outputs include the beam vertical
displacement U (s), which is plotted in the range s € [0, a]
to visualize the deformed shape, and the bending stress,
calculated as follows [38]:

(48)

To take into consideration any secondary effect or
approximation made in the previous sections, the model
incorporates corrective coefficients for U,(s) and o,(s),
which will be introduced in the remainder of this section.

3.4 Corrective coefficients evaluation

Preliminary comparisons with FEM data obtained from differ-
ent undercarriages models have shown deviations in the ana-
lytical results. In particular, both vertical displacements and
stresses have been compared by extracting probe data from
ANSYS Workbench. Vertical (z-)displacements are assessed
by considering the nodes located on the neutral axis of the
beams of the front axle, whereas the Von Mises stresses are
obtained by exporting the stress probes from the most critical
bending regions, specifically where the beams enter the cen-
tral body. The observed differences between FEM and theo-
retical results (reaching up to 20% at this stage) are mainly
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due to the simplifications introduced during the calculation
of J. using a simplified formula for boxed beams. Notably,
the central body does not present a beam-like geometry, and
its structural properties are influenced by various geometric
parameters. Moreover, as visible in Fig. 11, comparisons
made considering different load scenarios have highlighted a
dependency of the errors from the angle a, i.e.:

¢ Displacements: error is limited when « is up to 45°, then
started to rise reaching the maximum at 90° (purely lateral
load). This behavior can be justified by the simplifications
introduced during the geometric and load modeling of the
structural problem, i.e. when the original loads are decom-
posed to obtain forces and moments acting on the front
axle of the undercarriage and the 3D geometry is simpli-
fied to a 2D beam-like structure (see Figs. 9 and 10).

e Stresses: error reaches its maximum at 0° (purely frontal
load), but is considerably limited at around 90°. This is
attributed to the lack of marked additional stress compo-
nents (e.g. torsional, local effects) when the load is on the
beam plane (i.e. for a = 90°).

Due to the above reasons and with the objective of
enhancing the accuracy of the analytical model, the fol-
lowing corrections are implemented. Two coefficients,
namely y;(a) and u,(a), corresponding to displacements
and stresses, are derived through careful mathematical fit-
ting of the results presented in Fig. 11. Such coefficients are
expressed as follows:

i = 140.16 (sen @) p, = 1/(1.05 +0.25 (cos a)§>

and are applied to the previous functions U, (s) and 6, (s) for
s € [0,al

Uz,corr = /’ll Uz Ub,corr = /’l20-b (50)

to correct for any possible load case.

Subsequently, a corrective factor to account for the
stiffness characteristics of the central body (not included in
the earlier formula for J, expressed in Eq. 13) is introduced.
The coefficient is determined through a parametric study
conducted in an integrated CAD/CAE environment [39]. In
fact, the undercarriage welded frame presents a highly non-
standardized geometry, consisting of multiple reinforcement
plates of varying thickness arranged to form a specific shape.
Thefore, the use of a CAD tool is imperative to capture all
these effects accurately. Then, to fully exploit the simulation
capabilities of commercial FEM solvers, a framework
integrating SolidWorks and ANSYS Workbench has been
established by connecting their workspaces, as detailed
in [17, 27, 28]. This enables the creation of a parametric
CAD model that is iteratively updated and seamlessly
transferred into the ANSYS structural environment, as
shown in Fig. 12. In this environment, loads and constraints
are applied before initiating the i-th analysis automatically.
For the parametric study, a simplified CAD model of the
undercarriage is created. This model is conceived to allow
easy modification by varying few key dimensions (i.e. the
considered parameters). Therefore, it excludes non-essential
elements for mechanical resistance (e.g. extra connecting
plates, gap recovering systems) which would unnecessarily
increase the mesh complexity and the computational load
in the FEM analyses. In SolidWorks, a special identifying

(49)  prefix is then assigned to the geometric parameters, allowing
7 v A v B
7 : ;
~~~~~~ 2 (@) Geometry v 2 & EngineeringData v/
SOLIDWORKS R Ny
o 4 @ Model vV .
5 @ setp v 4
6§ Solution v o4
7 @ Results vV .

(53 Parameter Set

—>8 (5 Parameters —
Static Structural ]

] A-B-C-D: Remote displacements

1: Swivel bearing support diameter

2: Swivel bearing support thinkness = -

. ;
3: Central body relief profile angle 2 0 pesignof Experiments
4: Diagonal gaussets thickness 3 |0 Responsesuface v/

Response Surface

P
i
1
> %
|

(x,y,z displacement = 0)
E-F-G-H-I-J: Remote displacements
(y displacement = 0)

Load Scenario: Only weight

(a=0)

Fig. 12 CAD/CAE integrated framework: parametric CAD model and related CAE simulation setup
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ANSYS to recognize and edit their values when required.
The four geometric parameters considered in the study are
the swivel bearing diameter and thickness, the central body
relief profile angle, and the diagonal gaussets thickness,
as illustrated in the left schematic of Fig. 12. Concerning
the ANSYS model, shown in the right side of Fig. 12, the
following conditions and settings are enforced:

e Linear isotropic elastic structural steel (elastic modulus,
Poisson’s ratio, and density set to 210,000 MPa, 0.33, and
7800 kg/m® respectively).

e Remote displacements (x,y,z = 0) at the extremities of
the beams (i.e. regions A-B-C-D) to prevent rigid body
motions, while rotations around x are left free.

e Additional remote displacement (y = 0) in [-J-H-G-E-F
to consider the effect of the end stop pins;

e Purely frontal load (@ = 0°) applied on the swivel bearing
support.

e Free mesh with second-order tethraedral elements
(medium element size of 20 mm). A preliminary mesh
convergence analysis has been conducted with both the
simplified and the complete undercarriage geometries, by
varying the element size from 15 to 40 mm. The obtained
variations in terms of vertical displacement and bending
stress are within 3%, indicating the model stability.

e Frictionless sliding contacts among the surfaces of the
telescopic beam structure, adopting the pure-penalty for-
mulation with auto-asymmetric behavior, trim tolerance
of 1 mm and Gauss point detection.

¢ Nonlinear solver (NLGEOM option turned on) with 20
initial substeps, two minimum substeps, and 100 maxi-
mum substeps.

Fig. 13 Response surface of
the maximum vertical FEM
displacement for different geo-
metric configurations

1
N

—g -4.5
£ s
g

g -55

!
=)

Vertical displace
&
L

!
1
n

e Maximum vertical displacement registered at each
simulation.

Under this setup, a single candidate is solved in about 15
min, whereas a complete undercarriage simulation model
would take 2 to 4 h to converge. Even so, given that paramet-
ric studies involving four parameters can result in substantial
number of samples for testing based on the chosen variation
ranges and assigned levels for each parameter, time-saving
measures are here implemented. In particular, to optimize
efficiency, premininary studies are conducted to evaluate
the impact of individual parameters on the overall bending
behavior of the system.

From the preliminary analyses, two crucial parameters
have been identified: the swivel bearing support diameter
and the diagonal gaussets thickness (denoted as 1 and 4
respectively in Fig. 12). Subsequently, a two-dimensional
parametric study comprising 20 simulations is conducted
by varying these parameters within defined integer value
spans (5 for the diameter, {990,1010,1030,1050,1080} mm
and 4 for the thickness, {10,20,30,40} mm). The resulting
vertical displacement map over the explored domain is
presented in Fig. 13. Comparisons are then made between
the FEM vertical displacement and the value obtained
from the analytical model, which does not include the
geometric parameters considered in the FEM analysis and,
consequently, provides a uniform result for all cases. The
numerical results, specifically 6.098 for FEM (average value)
and 6.280 for the analytical model, indicate a difference of
12.4%. Consequently, a corrective coefficient of 1.124 has
been applied to J, in the analytical model.
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UNDERCARRIAGE DESIGN TOOL

VARIABLE | VALUE DESCRIPTION VARIABLE | VALUE DESCRIPTION
a= 3150  |[mm] track gauge til= 28 [mm] inner beam upper sheet thickness
Un dercarriage b= 1540 [[mm] centralbody width (distance between left and right end of the central body) ti2= 28 [mm] inner beam lower sheet thickness
. . k= 1250 |[mm] centralbody length (distance between left and right end of the central body) ti3= 28 [mm] inner beam right sheet thickness
dimensions c= 580 [mm] minimum distance between the inner beam end and the right end of the central body ti4= 48 [mm] inner beam left sheet thickness
d= 210 |[mm] beam overlap length tol= 23 [[mm] outer beam upper sheet thickness
Ft 670000 |[N] maximum thurst force at swivel bearing t02 23 [mm] outer beam lower sheet thickness
Load case mass= 11300 [[kg] tracked undercarriage mass t03= 23 [mm] outer beam right sheet thickness
Mt 1200000 |[Nm] bending moment at swivel bearing to4 43 [mm] outer beam left sheet thickness
4= 0 [deg] working load angle tel= 25 [mm] central body upper sheet thickness
bi= 246 [mm] inner beam base te2= 25 [mm] central body lower sheet thickness
hi= 236 [mm] inner beam height te3= 20 [mm] central body right sheet thickness
Beams bo= 322 [mm] outer beam base tcd= 20 [mm] central body left sheet thickness
ho= 292 [mm] outer beam height
geometry he= 292 [mm] central body height Metal
be= 322 [[mm] central body base sheet
Keq= 445000 |[N/mm] spring constant thickness
Material nr= 10 [-] number of lower track rollers
a R E= 210000 |[MPa] Young's modulus
Pl‘Opel‘tleS v= 0.3 [-] Poisson's coefficient
o lim= 690 [MPa] yield strenght

RESULTS SECTION |«

* Deflected beam configuration
Maximum bending stress
* Factor of safety

Fig. 14 Industrial design tool

Table 1 Main characteristics of the tested undercarriages (U-1, U-2,
and U-3)

Parameter U-1 U-2 U-3
a[mm] 3150 3200 3800
Mass [kg] 7750 11,900 17,500
F,[N] 390,500 560,000 751,000
M,[Nm] 594,000 960,000 1,758,000

4 Model validation for interactive design tool

4.1 FEM validation

The derived analytical formulas, opportunely corrected as
outlined in Section 3.4, have been integrated into an Excel
spreadsheet, illustrated in Fig. 14. This has resulted in a pre-
cise and fast structural verification tool conceived for utiliza-
tion in the early stages of undercarriage design, facilitating
the evaluation of new prototypes. Users are prompted to
input key undercarriage dimensions, beam geometry, mate-
rial properties, and load case details. The interactive design
tool generates outputs for the front axle vertical displace-
ment and maximum stress values. By swiftly comparing this
value with the stress limit of the chosen material, the tool
also provides the factor of safety of the current design vari-
ant. This enables users to assess whether the values align
with predetermined acceptability limits (displacement and

@ Springer

stress) established during the preliminary phases of the
design process and defined by company specifications.

To verify the tool correctness, three undercarriage models
have been selected from the product catalog of the industrial
partner [32] and subsequently tested. These are subject to the
primary load scenarios, namely frontal (« = 0°) and lateral
(a = 90°) loads. The proposed model and tool undergo vali-
dation against the FEM simulations of the complete under-
carriage models. The considered parameter sets are listed
in Table 1, whereas the main outputs of the analyses are
presented in Fig. 15. Overall, the analytical and FEM plots
match very well, with differences within 10% in almost all
the examined cases, as visible in Table 2. The positive effects
of the corrections made in Section 3.4 can also be seen from
the results (see dotted lines in Fig. 15). The analytical model
is less effective at capturing the local effects on the beams,
which still require verification through FEM approaches.
However, compared to standard FEM performed in ANSYS,
the novel tool accurately captures the beam deflection and
stress states while significantly reducing computational time.
Notably, on a workstation with an Intel(R) Core (TM) CPU
@ 2.5 GHz and 16 GB RAM, the total time to solve a single
candidate is reduced by six orders of magnitude, dropping
from 15,000 to 0.005 s. The high computational efficiency
makes the analytical model highly suitable for conducting
large optimization studies within a limited amount of time,
as it will be shown in Section 4.2, reserving FEM for final
checks on the best candidate.
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(e) U-3, a = 0°. Max stress: 182 MPa (Analytical)
Vs. 174 MPa (FEM).

Fig. 15 Model validation results
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(b) U-1, o« = 90°. Max stress: 149 MPa (Analytical)
Vs. 151 MPa (FEM).
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(f) U-3, a = 90°. Max stress: 158 MPa (Analytical)
Vs. 152 MPa (FEM).

Table 2 Errors in result comparisons: U, error is presented as both an average (Avg) across the entire beam length (s € [0, a]) and specifically at

the most critical beam section, where also stress value is taken

Error [%]
U-la=0° U-1a =90° U2a=0° U-2a =90° U3a=0° U-3a=90°
U, 10.3 (Avg) 10.2 8.2 (Avg) 2.7 7.4 (Avg) 1.0 3.0 (Avg) 2.7 3.9 (Avg) 2.2 11.8 (Avg) 0.8
(s=2355mm) (s=2355mm) (s=2395mm) (s=2395mm) (s=2835mm) (s=2835mm)
Cpmax 3.6 1.3 13.6 1.6 4.6 3.9
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Table 3 Numerical results of

L Objective function Design variables Constraints
the optimization study
h,[mm] b[mm] hfmm] ¢[mm] ¢[mm] U, [mm] o, [MPa] b,/h; b,/h, t/t,
300 490 250 25 50 11.21 199.20 196 1.80 2.00

4.2 Design optimization study

To show the benefits of incorporating well-tuned analytical
models into the preliminary design phases of commercial
undercarriages, a size optimization study is conducted in
this section [36, 39, 40]. Adopting as a test case the U-3
prototype reported in Table 2, the aim is to find the best
set of plate thicknesses (ti,j’ beingi =o,i,cand j=1,2,34
as reported in Section 3.3) and inner beam dimensions (b,
and A;) which minimizes the height of the outer beam (,).
In fact, according to the industrial practice, reducing the
vertical profile of the undercarriage telescopic beam sys-
tem would yield significant advantages for the design of the

b; = {60,65,70, ...,595,600 }mm

Design variables — h; = {60,65,70, ... ,595,600}mm

upper machine, as typically requested by the client. Adopt-
ing a uniform thickness for all beams (i.e. 1, = ¢, =13 = 1)
to facilitate manufacturing, the size optimization problem
may be formalized as follows:

Minimize /, (51)

U/s) < Uz,lim
0,(8) < 64 i

Constraints — { b;/h; < e (52)
b,/h, <€
ti/to S €
(33)

t, = {5,6,8,10,12,15,16,20,25,30,35,40,45,50,55,60 }mm

t, = {5,6,8,10,12,15,16,20,25,30,35,40,45,50,55,60 } mm

The imposed constraints ensure acceptable deflection
values, preserve the structural integrity of the multi-beam
system, and maintain correct proportions among the beams.
Specifically, the limit for vertical displacement U_ ;,,., bending
stress oy, ;;,, and the shape factor € are set to 15 mm, 200 MPa
(providing a safety factor of ~1.8 for standard S355 steel), and
2, respectively. Concerning the design variables, their values
are varied within the specified intervals based on the commer-
cially available sizes of metal sheets in the market. The size
optimization problem has been solved using the intlinprog
routine in Matlab. The convergence has been reached after
600,000 iterations with a total elapsed time of approximately
50 min. The results of the study are summarized in Table 3.

The optimized dimensions lead to a reduction of the outer
height i, by approximately 12.3%, i.e. decreasing from the
original 342 mm (used in the current commercial U-3 under-
carriage) to 300 mm, while still meeting all prescribed perfor-
mance requirements. Implementing this study in FEM soft-
ware, e.g. utilizing the framework proposed in Fig. 12, would
either necessitate significant model simplifications or result in
excessive computational times.

4.3 Tool integration into design workflow
The proposed tool seamlessly integrates into the dimension-

ing and structural phases of the workflow outlined in Fig. 3,
primarily boosting the design and size optimization of novel
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custom solutions and therefore contributing in terms of com-
pany competitiveness. Furthermore, relevant benefits can be
seen also from the manufacturing standpoint. In particular,
the reported approach facilitates the development of techni-
cal solutions that utilize standard plates thicknesses and pre-
defined maximum overall dimensions of the beam structure,
as discussed in Section 4.2. The use of standard plate thick-
nesses enables the suppliers to gather material more quickly
and reduces the frame cost. It also enhances the efficiency
of metal sheet cutting, improves nesting, and reduces waste.
Ideally, the design can be pushed to the point where the beam
dimensions (base-height) are the ones typical of commercial
profiled rectangular bars, making the welding not necessary.
On the other hand, by adhering to predefined dimensions, the
beam length can be minimized, resulting in reduced material
machining during production and mitigating distortions caused
by welding thermal alterations.

5 Conclusions

This work proposes a novel method and tool to synthesize
tracked undercarriages with extendable telescopic beams of
any class and weight. The novel design tool, which promptly
provides the undercarriage vertical displacement and bending
stress in significantly shorter timeframes compared to standard
FEM, is based on a theoretical model defined starting from an
in-depth analysis of the telescopic beams geometry in a CAD
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environment and from preliminary CAE results. The 3D struc-
tural problem has been simplified by modeling a schematic
geometry and deriving loads for the front axle of the under-
carriage, resulting in a planar multi-beam system. Afterwards,
the model has been refined through the incorporation of cor-
rective coefficients aimed at minimizing output errors. Para-
metric studies have been conducted via an integrated CAD/
CAE simulation environment to evaluate the correction to be
applied for the geometric and load simplifications introduced
in the modeling of the central body. In particular, a multi-
software framework consisting of SolidWorks and ANSYS
Workbench has been defined to rapidly assess the influence
of the main geometric parameters of the central body on its
structural properties. The tool has been validated against FEM
data for three undercarriage models from the industry reposi-
tory, demonstrating a strong correlation with maximum errors
within the 10% for the majority of the cases. At last, a size
optimization study has been carried out in Matlab to reduce
the outer beam height and favor the design and assembly of the
upper machine. The proposed tool converged to a feasible solu-
tion and successfully demonstrated its suitability for managing
multi-variable optimization studies. Its higher computational
efficiency enables extensive comparative analyses, facilitating
the standardization of beam structures across various under-
carriage configurations. This optimization strategy allows to
reduce the number of components in the bill of materials, sim-
plifying manufacturing and welding processes.
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