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Abstract

A three-dimensional static analysis was used to model a portable vehicle ramp used to raise
passenger vehicles. The objective is to examine various ramp materials and alternative designs of
the supporting sections below the ramp, to optimize this product in load-bearing capabilities,
safety factors, and cost-effectiveness in minimizing material use. Finite element analysis (FEA)
is a computational method using a discretization of structural displacement fields to predict how
a product reacts to real-world forces, vibrations, and other physical phenomena. The commercial
software that is used is Abaqus Student Edition, an FEA solver capable of structural models with
a limit of 1000 analysis points on the system.

The ramp is at an angle of 17 degrees and has dimensions of 35.5in L x 12in Wx 8.5in H. A
pair of ramps is designed to elevate an average midsize sedan weighing approximately 3,350 Ibs
and the design will assume 70% of the weight of the vehicle is concentrated at the front half of
the vehicle, due to the engine, transmission, battery, and other components below the hood. The
simulation was designed to assume the ramp as fixed to the ground. Manufacturers, such as
Pittsburgh Automotive, use a plastic ‘poly material’, which was assumed to be
Polymethylmethacrylate (PMMA) or acrylic. This is compared to other materials such as
acrylonitrile butadiene styrene (ABS), polylactic acid (PLA), high-density polyethylene (HDPE),
polystyrene (PS), and polyvinyl chloride (PVC). Five different ramp support designs were also
evaluated. Using weighted decision matrices, it was found that using PVC instead of PMMA, and
a section design similar to the Pittsburgh Automotive ramp sections, was the best material and
design selections to optimize safety, load-bearing capabilities, and cost.
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Introduction

In modern society, having one’s own passenger vehicle is essential to provide a practical
means of transportation. However, owning a vehicle comes with many expenses including
purchasing, insuring, and maintaining the vehicle. Because of this, many automotive owners
prefer to perform maintenance on their vehicles, which requires lifting the vehicle to work
beneath it. Common automotive lifting tools include jacks, stands, and ramps shown in Figure
1. The most inexpensive option is the portable vehicle ramp to raise the front half of the car by
driving onto it. The ramps currently on the market are commonly made of a durable plastic
material with hollowed-out sections below the ramp, allowing the ramps to support up to 350
times their weight. This project models a pair of vehicle ramps to determine how to ensure the
best ramp design in terms of optimizing cost and factor of safety. The ramps follow a design
similar to Pittsburgh Automotive’s Portable Vehicle Ramps, shown in Figure 1b, which elevates
the front wheels of a passenger car by 6 in. The dimensions of this ramp are shown in Figure 2.
The analysis was conducted assuming a uniform distribution pressure-load from an average

midsize sedan weighing 3,350 Ibs, with a tire width of 8.5 in contacting the ramp platform.

a) Hydraulic Floor Jack and Jack Stands [1] b) Pittsburgh Automotive 13,000 Ibs
Portable Vehicle Ramp Set [2]

Figure 1: Common Automotive Lifting Tools



a) Bottom view sketch of sections b) 34 view sketch of a single portable vehicle
supporting ramp with dimensions ramp with dimensions

Figure 2: Sketches of Portable Vehicle Ramp with dimensions

Finite element models were created to analyze the various materials and ramp designs.
FEA refers to computational simulations that predict how a model of an object will react to
physical phenomena by dividing the subject into a mesh of discrete elements, “building blocks,”
to analyze the system as a whole [3]. Meshes with large elements are referred to as coarse and
meshes with many small elements are referred to as fine, providing more accurate results. These
elements are comprised of nodes, points on the elements where the degrees of freedom are
defined. Degrees of freedom represent the possible movement of the point due to loads exerted
on the structure, such as translating or rotating about X, Y, Z [4]. The FEA commercial software
that was used to conduct these analyses was Abaqus Student Edition, which limits all analyses
to 1000 nodes. All models created were as refined as possible, approaching the 1000 node limit,

and for consistency purposes - used the same element type.



Computational Methods

It was first determined that English units will be used consistently. A dimensioned
standard solid ramp (dimensioned in inches) with no cutout sections, Model 1, was first created
in Abaqus, extruded to a 12 in thickness, with dimensions shown in Figure 3. The five materials
of Impact-Grade Molded Acrylonitrile Butadiene Styrene (ABS), Impact-Grade High-Density
Polyethylene (HDPE), Polylactic Acid Biopolymer (PLA), Impact-Modified Polystyrene (PS),

Rigid-Grade Polyvinyl Chloride (PVC), and Polymethyl-methacrylate (PMMA or acrylic) and
their material properties of density p [%], Poisson’s Ratio, and Young’s Elastic Modulus

1 [0 ]were added to the model.

RUD 0
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Figure 3: Dimensions of Standard Ramp Side View in inches

The material properties, including ultimate tensile strength o, [[1[1[1] were extracted
from Ref. [5] and this data table can be found in Appendix 1. Because ranges were often
provided for the material properties, the maximum density was selected to ensure maximum
strength, minimum ultimate tensile strength to expect the lowest possible stress that could cause
failure, and the lowest Young’s modulus to minimize deflection of the ramp platform. The cost
per pound of the materials were identified from Ref. [6] - [11] to use in the calculation for cost-

optimization. Solid, homogeneous sections of each material were then created for each material.




This model was copied four times to make four other ramp design models. The other four models
were all modified using Abaqus’s Cut Extrude tool. The dimensions of these cut-extrusions are

shown in Table 1. The isometric view of these models are shown in Table 2.

Ramp Design Abaqus Model
Model # -
Name (View
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Table 1: Dimensioned Abaqus Sketches of each Ramp Design Model in inches

Ramp Design
Model # - Name

Abaqus Model

Model 1 - Standard
Ramp

Model 2 - Vertical
Sections




Model 3 -
Horizontal Sections

Model 4 -
Triangular-Truss
Supports

Model 5 - X-Truss
Supports

Table 2: Abaqus Models of Ramp Designs
The loads were next calculated as shown below to be a pressure of 328.529 (111 for a

tire width of 8.5 in, assuming that it contacts the entire length of the flat surface of the ramp. The



calculations take into consideration that only a single ramp will be used in the analysis due to
symmetry, assuming uniform weight distribution of the car. This same pressure is applied for all

the ramp models.

Calculation of Load Applied from Vehicle Weight:

DLULUL = [guoduld — DULULULULULUL = D.D(DDDD DDD) = [gan DDED —
DLUL oooo — DDDD/D = [gut. 0 uud — DULULUL = OO0 O X DD.DFZ

UUgoo. b oon
Tirewidth=85" (101 =[] x [1 = (13.52")(8.5") = 114.92 [1[12

_boooo.o ooy

0 = 5_—5 — [ =000 000 [0 «— Assume same pressure for all ramp
O gon.oo og

models

An Encastre boundary condition, fixing the ramp translationally and rotationally in the x-,
y-, and z-directions, was applied at the base of all models, as shown in Figure 4. It is assumed
that the ramp will be fully fixed to the ground by the weight of the vehicle. The meshes of all
models consistently used C3D4 Linear Tetrahedral elements, as shown in Figure 5, which were
best suited for the geometry of the triangular portion of the ramp. The meshes were refined to
approach as close to 1000 nodes as possible, all ranging from 805 - 988 nodes to ensure accurate

results (reference Appendix 2 for the table of mesh properties).

Figure 4: Abaqus Simulation of Applied Pressure Load and Boundary Conditions
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Figure 5: FEA Simulation Mesh of C3D4 Linear Tetrahedral elements

The approach is that five ramp models were first created with PMMA as the material.
PMMA was selected because it had the highest ultimate stress value of the six materials. A
decision matrix was then used in ranking safety, deflection, and cost for the order of their
importance from 1-3, and assigned a ranking of where each ramp model design ranked from 1-5
for these requirements, scoring O if the safety factor is below 1, being deemed unsafe. Using the
decision matrix to determine the best ramp design, this model was then duplicated, and each
assigned one of the five other materials to run new FEA analysis.

After running the analysis, the mass [[1[111],displacement [[1[]],and maximum stress
[CJ0117] were recorded. For displacement, the U2 values, displacement in the vertical y-direction
were used. This is to observe whether the ramp will be compressed significantly. Although a
minor deflection is inevitable, it is important that it is minuscule so that the ramp will serve its
purpose of raising the vehicle approximately 6 in. For the stress, counterintuitively, the minimum
blue values were used due to the fact that it is the negative displacement (compression) that is the
focus for this application. The von Mises stress was used since it is a stress used as a failure

criterion, to determine whether a material will yield or fracture under stress [12].
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Results

In the initial analyses for the different ramp section designs, maintaining the material,
PMMA, consistent for the five models, the mass of each model was obtained in pound-mass
[(101107] from using the Abaqus Query Tool for Mass Properties. The mass was used to calculate
the total cost by multiplying the mass in (10111 by the PMMA cost of $6.74/Ibs. The safety factor
was next calculated using the ratio of the ultimate stress and the maximum stress, shown in
Equation (1). The ultimate stress was obtained from Ref. [5] and the maximum stress was the
maximum von Mises stress obtained from the Abaqus FEA simulation results. The displacement
was the negative U2 displacement, the downwards deflection in the vertical axis, also obtained
from the FEA simulation results. These results are summarized in Table 3. These simulation
results can be referenced in Appendix 3, but it is important to note that the Abaqus software
graphics show exaggerated deformations when the vertical deflection values are truly on average

0.015 in, equivalent to 0.038 cm.

000000000000 =DD— (1)
Section Mass Displacement Max Stress  Ultimate Stress ~ Safety
Design [lom]  Total Cost [$] [in] [psi] [psi] Factor
1 81.61 550.06 0.00449 435.40 2,030.00 4.66
2 46.90 316.12 0.00429 427.20 2,030.00 4.75
3 57.17 385.31 0.01157 892.30 2,030.00 2.28
4 40.19 270.91 0.02710 2,102.00 2,030.00 0.97
5 42.63 287.30 0.05022 2,989.00 2,030.00 0.68

Table 3: Analysis Results from Varying Model, Constant Material (PMMA)
Table 4 shows the Decision Matrix used to determine the best design. It was initially

expected for Model 4 or 5 to be the best design since trusses are greatly used in engineering and
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architecture, however, the bars used may have been too thin, resulting in an unsafe design with a

factor of safety below 1. However, Model 2 with the vertical sections design, similar to the

Pittsburgh Automotive ramp currently in the market, was the best ramp design selection in terms

of optimizing safety, cost, and load-bearing capabilities.

. Model Type
Requirement - : . . .
Factor 1 i1 2 | 2 3 | 3 4 | 4 5 | 5
ScoreETotaI Score Total Score§ Total | Score Total Score§ Total
Platfor'm ) PR 5 | 10 3 i 6 o i a4 1 4 9
Deflection g § E E i
Safety 3 4 {125 {15 ] 3 i 9 0 i 0 0 i o0
Cost 1 1 11 3 1 3 2 | 2 5 i 5 4 i o4
Total 21 28 17 9 6

Table 4: Section Design Decision Matrix

Having determined the ramp design, analyses were then conducted of this selected design

for six different plastic materials. The cost and safety factors were calculated in the same way as

in the prior analysis. The results yielded are shown in Table 5. These results were then used to

determine decision matrix scores, shown in Table 6. Table 6 shows that P\VVC was the material

that was best at minimizing deflection, maximizing the safety factor while minimizing costs.
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Cost Mass  Total Cost Displl\gszz(ment Max Stress  Ultimate Safety
[$/lbs]  [Ibm] [$] [in] [psi] Stress [psi] Factor
ABS | 1.50 11.56 17.34 0.00490 428.40 3,480.00 8.12
HDPE | 0.39 37.41 14.59 0.01329 431.30 1,450.00 3.36
PLA | 091 68.39 62.24 0.00176 429.80 2,030.00 4.72
PS 1.39 59.23 82.33 5.69900 428.40 1,800.00 4.20
PVC | 0.59 55.41 32.69 0.00278 430.60 4,350.00 10.10
PMMA| 6.74 46.90 316.12 0.00429 427.20 8,990.00 21.04

Table 5: Analysis Results from Varying Material, Constant Model (Model 2)

Material Selection

Requirement Material Type
Requirements | Importance | rgs | ABs |HDPE | HDPE [ PLA | PLA | Ps iPs |Pvc i Pvc [PMMA | PMMA
Factor  |g5core { Total |Score | Total [Score | Total |Score | Tot | Scor  Total | Score | Total
Platform 2 3 e | 214 |6 f12]1 i2)s5 i1w0] 4 i s
Deflection : ) : : : !
Safety 3 4 12 |1} o3 3 9|2 ie|ls 15| 6 | 18
Cost 1 5 i 5 6 | 6 3 i3 | 2 i2p4ia] 1 i
Total 23 13 24 10 29 27

Table 6: Material Selection Decision Matrix

Figures 6 and 7 show the deflection and von Mises stress color contour plots,
respectively, obtained from the Abaqus FEA simulation results. In Figure 6, it is important to
note that the color scale is reversed due to the way that Abaqus was programmed. Abaqus was
designed to show positive deflections due to expansion as red and negative deflections resulting
from compression as blue. The focus for this application is in determining how much the weight
of the vehicle compresses the ramp downwards, therefore the blue values are the focus for this
application. It is also important to note that Abaqus simulation graphics exaggerated the

deformations, which are not to scale with the results. This emphasizes the importance of

14



observing the magnitude of the values, rather than focusing only on the graphic representations.
For Figures 6 and 7, although the platform appears significantly compressed, the blue values do
indicate that the maximum deflection there is -2.775e-3 in or 0.002775 in, equivalent to
0.007055 cm. Because the initial height of that platform was intended to raise the vehicle by 6 in,

the vehicle would still be raised by 5.997225 in ~ 6 in, a negligible deflection.

u, uz

+3.721e-05
[ -1.972e-04

-4,315e-04
-6.65%e-04
-9.003e-04
-1.135e-03
-1.369e-03
-1.603e-03
-1.838e-03

-2.072e-03
-2.307e-03
-2.541e-03

-2.775e-03

Figure 6: Color Contour Deflection Plot of PVC Model 2

S, Mises

(Avg: 75%)
+4.306e+02
+3.947e+402 S
+3.588e+02
+3.22% 402
+2.871e+402
+2.512e402
+2.153e+02
+1.795e+402
+1.436e+02

+1.077e+02
[ +7.185e+01

+3.598e+01
+1.112e-01

Figure 7: Color Contour von Mises Stress Plot of PVC Model 2
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Conclusion

Five different ramp models: Standard Ramp, Vertical Sections, Horizontal Sections,
Triangular-Truss supports, and X-Truss Supports were modelled and analyzed in Abaqus. These
models were analyzed by placing a load of an average midsize sedan weighing 3,350 Ibs with
70% of its weight in the front half of the vehicle (the portion of the car on top of the two ramps).
Only a single ramp was modelled due to symmetry, and assuming uniform weight distribution of
the vehicle. The meshing was kept as consistent as possible, in using Linear Tetrahedral
elements, and were all fine meshes close to 1000 nodes. Abaqus was used to identify the mass,
maximum stress, and maximum displacement (vertical deflection) values for each model. These
values were ranked in order for each model design to utilize a decision matrix for determining
the best ramp support sections design. Model 2 - Vertical Sections, similar to the Pittsburgh
Automotive ramp design was selected as the best design option of the five models. Conducting
analyses in varying the material (ABS, HDPE, PLA, PS, PVC, PMMA) for this model and
utilizing a decision matrix, showed that PVC was the best material for optimizing the design.

In examining various ramp materials and alternative designs of the supporting sections
below the ramp, it is concluded that the ramp design of Model 2 - Vertical Sections and using
PVC as the material optimizes this vehicle ramp most in terms of safety, cost, and reliability. The
American Society of Mechanical Engineers (ASME) typically requires safety factors of 3.5, but
may vary for different applications [13]. This design had a safety factor of 10.10, which is
188.57% greater than required. The deflection was also only 0.002775 in ~ 0.003 in, meaning the
ramp will still raise the vehicle 5.997 in instead of 6.000 in. In terms of cost, although it was not
the cheapest material, it fell in the mid-range pricing, which was reasonable since the safety and

reliability would not be compromised.
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Future work recommended for this project is to further research other FEA software such
as ANSY'S, Autodesk Simulation, COMSOL Multiphysics, and SolidWorks Simulation. Abaqus
Student Edition was selected for this project because this project was conducted for a graduate-
level FEA course which centered upon using Abaqus to conduct analyses. If alternative FEA
software has certain advantages that Abaqus does not, then future work can pertain to creating
more simulations using the other software to compare the results. Following this, experiments
can be created in constructing physical prototypes and testing them with various loads from
different compact to mid-sized vehicles. Although physical experiments are significantly more
expensive than computational simulations, this would yield the most accurate and dependable
results. These experiments would be necessary if the ramp were intended for actual use and
especially for mass-manufacturing and production as a consumer product. In the case that the
ramp is intended for actual use, more variations of ramp designs would be created and tested
with FEA prior to building prototypes. Design modifications could include adding more trusses
to support Models 4 & 5 or increasing the thickness of the trusses used. Further examination into

other types of plastic materials would be considered for optimizing the ramps.
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Appendix

Appendix 1: Material Properties Table

ABS HDPE PLA PS PVC PMMA
Density p 0.0106 0.0343 0.0627 0.0543 0.0508 0.0430
[j 0 j]
nn3
Poisson’s 0.35 0.46 0.33 0.35 0.32 0.37
Ratio
Young’s 356 117 1006 306 642 400
Modulus [
[ksi]
o [psi] 3480 1450 2030 1800 4350 8990

ABS - Acrylonitrile Butadiene Styrene, Impact Grade, Molded
HDPE - High-Density Polyethylene, Impact Grade
PLA - Polylactic Acid Biopolymer
PS -Polystyrene, Impact Modified
PVC - Polyvinyl Chloride, Rigid Grade

PMMA - Polymethyl-methacrylate (acrylic)

Appendix 2: Mesh Properties of each Model Variation, Constant material (PMMA)

Section Design Nodes Elements Element Type(s)
1 805 3,160 C3D4 Linear Tetrahedral
2 838 2,228 C3D4 Linear Tetrahedral
3 917 3,121 C3D4 Linear Tetrahedral
4 988 3,179 C3D4 Linear Tetrahedral
5 972 3,215 C3D4 Linear Tetrahedral
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Appendix 3: Color Contour Plots of Various Models, Constant Material (PMMA)
*Note: the units of U and S are both psi

PMMA Model 1 Ramp - Standard Ramp

U, u2

+7.013e-05
[ -3.100e-04

-6.902e-04
-1.070e-03
-1.450e-03
-1.831e-03
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-2.591e-03
-2.971e-03

-3.351e-03
-3.731e-03
-4.111e-03

-4.492e-03

S, Mises
(Avg: 75%)

+4.354e+402
[ +3.991e+402
+3.62%+02
+3.267e+402
+2.904e+402
+2.542e+02
+2.179 402
+1.817e+402
+1.455e+02
+1.092e+402
+7.301e+401
+3.677e+01
+5.393e-01
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PMMA Model 2 Ramp - Vertical Sections

U, u2

+8.111e-05
[ -2.832e-04

-6.474e-04
-1.012e-03
-1.376e-03
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S, Mises
(Avg: 75%)
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+2.137e+02
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+1.426e+02
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+3.580e+01
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PMMA Model 3 Ramp - Horizontal Sections

U, U2

+3.676e-04
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S, Mises
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+7.437e+01
+1.447e-02
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PMMA Model 4 Ramp - Triangle-Truss Supports

u, U2

+6.446e-04
.E -1.667e-03

-3.97%e-03
-6.291e-03
-8.603e-03
-1.091e-02
-1.323e-02
-1.554e-02
-1.785e-02

-2.016e-02
-2.247e-02
-2.479e-02

-2.710e-02

S, Mises

(Avg: 75%)
+2.102e+03
+1.927e+03
+1.752e+03
+1.576e+03
+1.401e+403
+1.226e+03
+1.051e+403
+8.758e+02
+7.007e+402
+5.255e+02
+3.504e+02
+1.752e+402
+5.245e-02
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PMMA Model 5 Ramp - X-Truss Supports

u, U2

+6.087e-04
[ -3.627e-03

-7.862e-03
-1.210e-02
-1.633e-02
-2.057e-02
-2.480e-02
-2.904e-02
-3.327e-02

-3.751e-02
-4.174e-02
-4,598e-02

-5.022e-02

S, Mises
(Avg: 75%)

+2.989e 403
[ +2.740e+03

+2.491e+03
+2 242403
+1.993e403
+1.744e 403
+1.495403
+1.246e+03
+9.974e+02

+7.4840+02
[ +4.9954+02

+2.505e+02
+1.554e+00
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Appendix 4: Color Contour Plots of VVarious Materials, Constant Model (Model 2)
*Note: the units of U and S are both psi

Impact Grade, Molded ABS Model 2 Ramp - Vertical Sections

U, uz2

+8.060e-05
[ -3.343e-04

-7.492e-04
-1.164e-03
-1.57%e-03
-1.994e-03
-2.409e-03
-2.824e-03
-3.23%e-03

-3.653e-03
-4.068e-03
-4,483e-03

-4,898e-03

S, Mises

(Avg: 75%)
+4.284e+402
+3.927e+402
+3.570e+402
+3.213e+402
+2.856e+402
+2.500e+402
+2.143e+402
+1.786e+402
+1.42%e+402

+1.072e+02
[ +7.154e+01

+3.585e+01
+1.653e-01
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Impact Grade HDPE Model 2 Ramp - Vertical Sections

U, u2

+4.717e-04
[ 26.754e-04

-1.8226-03
-3'969e-03
-4.1160-03
-5.2630-03
-6.4116-03
-7.5580-03
-8.7050-03

-9.852e-03
-1.100e-02
-1.215e-02

-1.329e-02

S, Mises
(Avg: 75%)

+4.313e+402
[ +3.954e+402

+3.595e+02
+3.237e+02
+2.878e+02
+2.51%e+402
+2.160e+02
+1.802e+402
+1.443e+402

+1.084e+402
[ +7.256e+01

+3.66%9e+01
+8.131e-01
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PLA Biopolymer Model 2 Ramp - Vertical Sections

U, u2

+2.522e-05
[ -1.235e-04

-2.721e-04
-4,208e-04
-5.695e-04
-7.182e-04
-8.66%9e-04
-1.016e-03
-1.164e-03

-1.313e-03
-1.462e-03
-1.610e-03

-1.75%e-03

S, Mises
(Avg: 75%)

+4.298e+02
[ +3.940e+02

+3.582e+02
+3.224e+02
+2.866e+02
+2.508e+02
+2.150e+02
+1.792e+02
+1.433e+02

+1.075e+02
[ +7.174e+01

+3.593e+01
+1.271e-01
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Impact Modified PS Model 2 Ramp - Vertical Sections

U, u2

+9.378e-02
[ -3.88%9e-01

-8.716e-01
-1.354e+400
-1.837e+00
-2.320e+00
-2.802e+00
-3.285e+00
-3.768e+00

-4,250e+00
-4,733e+00
-5.216e+00

-5.699%e+00

S, Mises

(Avg: 75%)
+4.284e+02
+3.927e+02 [ LSS )
+3.570e+02 R e
+3.213e+402 *’pﬁ;@tﬁf_-f 3
+2.856e+02 "44}":’;' e
+2.500e+02 '

+2.143e+02
+1.786e+02
+1.42%+02

+1.072e+402
[ +7.154e+01

+3.585e+01
+1.653e-01
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Rigid Grade PVC Model 2 Ramp - Vertical Sections

U, u2

+3.721e-05
[ -1.972e-04

-4,.315e-04
-6.65%e-04
-9.003e-04
-1.135e-03
-1.369e-03
-1.603e-03
-1.838e-03

-2.072e-03
-2.307e-03
-2.541e-03

-2.775e-03

S, Mises
(Avg: 75%)

+4.306e+02
[ +3.947e+02

+3.588e+02
+3.229%e+02
+2.871e+02
+2.512e+402
+2.153e+02
+1.795e+4+02
+1.436e+02

+1.077e+02
[ +7.185e+01

+3.598e+01
+1.112e-01
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PMMA (Acrylic) Model 2 Ramp - Vertical Sections

U, u2

+8.111e-05
[ -2.832e-04

-6.474e-04
-1.012e-03
-1.376e-03
-1.740e-03
-2.104e-03
-2.46%e-03
-2.833e-03

-3.197e-03
-3.562e-03
-3.926e-03

-4.290e-03

S, Mises

(Avg: 75%)
+4.272e402
+3.917e+402
+3.561e+402
+3.205e+402
+2.84%e+402
+2.493e+402
+2.137e+402
+1.781e+402
+1.426e+402

+1.070e+02
[ +7.13%+01

+3.580e+01
+2.151e-01
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