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Abstract:The aim of this study was to evaluate the impact of
verification and validation processes in the predictive precision
and accuracy of a finite element model of a human-powered
vehicle (HPV) chassis. The three-dimensional (3D) geometry of
a steel frame structure was obtained using a 3D laser scanner to
create a static finite element model of the structural system.
Static operational loading conditions were physically
represented using hollow concrete blocks and subsequently
simulated in the software SolidWorks. Basic boundary
conditions were applied to the physical model in order to ensure
structural stability and resemble real-world settings. The
verification and validation processes were developed according
to the Guide for Verification and Validation in Computational
Solid Mechanics from the American Society of Mechanical
Engineers. The verification process was performed through a
sensibility analysis, in which the model was subsequently remeshed by increasing the number of elements until output
values converged. The validation process was performed by
comparing the computational model’s stress and strain outputs
with the corresponding quantitative values obtained from a
strain gauge located in the physical model; the strain
distribution of one part of the model was compared with that
obtained using a photo-elastic technique. It was found that
716,890 was an acceptable number of solid tetrahedral elements
needed to guarantee reliability in the HPV model outputs. In
addition, the relative error between the experimental outputs and
the computational model was 0.13% for normal principal stress
and 3.73% for normal principal strain. These findings make
clear that the processes of validation and verification are
essential for quantifying the uncertainties and evaluating the
predictive capacities of computational models of physical
structures.
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1. INTRODUCION
Computer simulation of mechanical systems can be
performed by finite element analysis (FEA) in order to
quantitatively predict the design performance and safety of
engineered structures [1]. As a powerful engineering tool
that provides an alternative solution to traditional analytical
methods, FEA is used to examine a wide variety of physical
situations in a broad range of fields such as mechanical
design, civil engineering, electric engineering, and
biomedical engineering [2]-[5]. The calculations performed
by the FEA are based on a numerical technique developed
to solve partial differential equations, solving massive
problems by discretizing them [6]-[7].
Users of the finite element method often assume that the
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careful fulfillment of the pre-processing, solving, and postprocessing phases is sufficient for obtaining reliable results
[8]. However, the finite element method involves not only
systematic and random errors but also several uncertainties
that potentially compromise the accuracy and precision of
the predicted results from FEA [9]. The uncertainties in the
computational model can be present in (1) the geometrical
parameters of the model, (2) the loading conditions of the
model, (3) the material properties assigned to the model,
and/or (4) the selected boundary conditions that constrain
the physical response of the model. Moreover, both
systematic and random errors are associated with specific
FEA methods [10].
Verification, also known as convergence testing, is the
process of searching for numerical precision in order to
reduce error. This process checks whether the
computational model truly represents the mathematical
model and its solution [11]. Thus, the convergence test
aims to remove the error of the computational model by
building an asymptotic solution using a sequence of
repeated finite element models. Complementarily, the
validation process quantifies the uncertainties in order to
assess the degree of accuracy with which the computational
models predict the real physical outputs from the
perspective of the planned uses of the model [10].
The implementation of verification and validation
(V&V) processes is always needed in order to increase the
FEA’s predictive confidence for producing quantitative
outputs whose representativeness encompasses not only
reliability (i.e., precision) but also validity (i.e., accuracy).
As stated in the literature, V&V methodology should
always begin with the verification process, which evaluates
the precision of the FEA output [12], followed by the
validation process, which determines the degree of
accuracy that a FEA possesses in its representation of the
physical model [13]. In sum, V&V is a complementary
methodology intended to increase both the precision and
the accuracy of the quantitative predictions in the
computational model outputs [14].
Engineering design often involves complex structures,
for whose analysis a hierarchical study must be performed,
starting from the main component. For vehicles, the chassis
is the frame part or basic structure that endures the stresses
and deformations that result from operational conditions for
which the chassis is designed [15]-[16]. In addition, it is the
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main structure to which all the other functional and nonfunctional components are attached [16]. In a humanpowered vehicle (HPV), the following components are
mounted in the frame: suspension, seat, wheels,
transmission system, handlebar, and anti-roll cage. Each of
these attachments serves in some way as a load input or
fixture for the structural system [15].
Few meta-analytic studies of computational models have
been undertaken to evaluate the incidence of V&V
processes. Thus, many flawed FEA models with
unmeasured uncertainties may not truly represent the
intended reality, leading to erroneous conclusions and
inferences related to the analyzed designs [17]. In the
engineering field, inconsistent conclusions involving highimpact decisions may lead to failure of systems [8], [18].
The objective of this study is to evaluate the impact of
V&V processes in a FEA of a HPV chassis. We operate
under the axiom that FEA can accurately predict stress and
strain values not only with validity, but also with reliability.

2. MATERIALS AND METHODS
The subject of study was a chassis made of 1.5 inches
diameter tubular 1020 steel with 2.1mm average wall
thickness and a 76.59GPa Elastic Modulus and 230MPa of
Yielding Stress (Figure 1; Table I), with an average weight
of 116.15 N and global dimensions as follows: 1,417 mm in
length, 678 mm in height, and 470 mm in width. The
structural system was analyzed under certain loading
conditions that represented the operational situations of the
frame structure. The operational loads were simulated using
concrete bricks of the following weights: (1) 60.822 N, (2)
68.278 N, (3) 65.433 N, (4) 68.0814 N, (5) 184.624 N, (6)
176.188 N, (7) 111.638 N, (8) 110.166 N, (9) 66.512 N,
and (10) 67.787 N (Figure 2). Furthermore, three car jack
stands used as supports provided the necessary stability to
the structural system and represented the desired boundary
conditions.

Figure 1(a) Human-powered vehicle (HPV) and (b)
Mainframe of the chassis used for the HPV
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Figure 2 HPV physical model loaded with bricks
simulating the operational critical load condition
2.1 3D Scan
A reverse-engineering process was used to create a 3D
geometrical model of an existing physical frame [19]. The
3D geometries of all the structural components of the HPV
chassis were digitized using a high-precision infrared laser
scanner (HandyScan 700; Creaform, Levis, Canada) [20].
Positioning targets (Creaform, Levis, Canada) were placed
on the surface of the HPV in order to provide the required
static reference system for the laser scanner. A total of 205
black contour positioning targets of 6 mm in diameter were
directly placed on the physical model, with an average
distance of 50 mm between nearest neighbors.
Prior to placing the positioning targets, the whole chassis
of the HPV was covered with a matte-finish paint in order
to reduce the light reflection that would distort the laser
scans. The scanning parameters for the laser scanner were
as follows: 0.2-mm resolution, 2.54-ms shutter speed, and
0.30-m average distance between the scanner and the
chassis. The chassis was scanned in the two following
steps: first, the structure was scanned while supported in a
position resembling the condition as it would normally
operate; next, after completing the mesh scanning, the
structure was turned upside-down in order to reach the zone
of the model that was inaccessible in the first configuration,
so as to cover the whole structure’s surface.
The scanning process was performed in a dust-free
environment under controlled conditions with an average
room temperature of 25°C and an average relative humidity
of 64%, all the latter environmental conditions meet the
requirements for the optimal function of the scanner.
During the scanning process, the laser scanner was moved
around the metallic frame of the HPV, collecting 550,000
measurements per second. The mesh database, based on the
captured point cloud, was imported to a workstation
(ZBook, 64 GB memory, Intel Core i7 processor, Navidia
QUADRO; HP), using the scanner’s post-processing
software (VXElements, Ver. 6.3SR1; Creaform).
Once the point cloud mesh of the physical model was
obtained, post-processing proceeded using Geomagic
Design X software (Ver. 2018; 3D Systems, Rock Hill, SC,
USA) to reconstruct the missing information, remove noise,
and improve the mesh [21]. After obtaining a completely
closed mesh, the model was exported to Geomagic Control
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X software (Ver. 2018; 3D Systems) to provide a deviation
analysis between the scanned and the reconstructed
geometries. Finally, the mesh was exported to the FEA
software SolidWorks (Ver. 2018; DassaultSystémes,
Vélizy-Villacoublay, France) and was converted into a
solid model (Figure 3).

chassis, said elements were bonded using the merging tool
of Geomagic Design X software prior exporting it to
Solidworks. More than 800,000 solid tetrahedral elements
with four nodes each were used to create the 3D mesh of
the FEA model of the HPV structure. The loads were
applied to the surfaces in a way that best resembled the
original operational load conditions, using hollow concrete
bricks. Moreover, the self-weight of the frame was included
within the analysis by multiplying the mass by gravity
(9.81 m/s2). The boundary conditions of the model were
defined not only to mimic the original structure but also to
provide the required statical stability to the system (Figure
4). The vertical displacement was set as zero for all the
surfaces where the model was supported in direct contact:
also, rotation and lateral displacement were constrained
since the real-world physical conditions determined such
restrictions.

Figure 3 (a) 3D-scanned model in Geomagic Design X
software. (b) 3D-solid geometry imported into Solidworks
software, ready for simulation using finite element analysis

2.2 Finite Element Model
Using the reconstructed geometry of the scanning process
of the components of the HPV, a 3D geometrical FEA
model was imported to the software SolidWorks (Ver.
2018; DassaultSystémes). The mechanical properties of the
material used for the construction of the physical model
were defined according to specifications provided by the
local supplier (Table I), which were applied to all the
components of the numerical model for the FEA
simulation.
Table 1: Mechanical properties of the material used for the
FEA model of the HPV structure
Property

Value

Units

Elastic Modulus

76.59

GPa

Poisson Ratio

0.29

-

Shear Modulus

75

GPa

Mass Density

7900

kg/m3

Tension Limi

306

MPa

Yield Strength

230

MPa

The computational model was an assembly composed of
several structural components bonded to behave as a single
structural system representing the physical design of the
Volume 9, Issue 5, September - October 2020

Figure 4 3D model within the FEA software with the
material applied, initial meshing, boundary conditions
defined, and loads applied. The color convention in the
graph is as follows: magenta for anterior and posterior
loads, pink and green for displacement restrictions, blue for
central load, and red for gravity load exerted on the model
2.3 Verification
The verification process was performed by evaluating the
sensibility of the model outputs to different mesh sizes,
aiming to determine the minimum number of elements that
guaranteed accuracy in the model through a convergence
analysis of the mesh [22]. The mesh type used for all the
analyses was a combined mesh based on curvature, with
four-node tetrahedral elements of a maximum initial size of
15 mm, for a total of 23,363 elements in the first analysis.
The criterion of inclusion for the simulations was that the
total percentage of elements with an acceptable aspect ratio
(<3) was greater than 95%, aiming to achieve an error
below the 5% within the software prediction and the
measured values.
Eight simulations were performed, with each subsequent
simulation built using a reduced maximum element size
and thus an increased number of elements. For the final
analysis, the mesh characteristics corresponded to a
maximum element size of 2.8 mm with a total of 868,828
elements. The principal normal stress (P1) was chosen as
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the critical factor for analyzing the convergence procedure,
with the output read at the same node in all cases. To
analyze the convergence of the values and the sensibility of
the model, how the outputs changes when varying the mesh
size, the P1 result of each simulation was plotted against
the number of elements.
2.4 Validation
A 45º strain gauge rosette (Pattern: 120CZ Model; Vishay
Precision Group, Malvern, PA, USA) was placed in the
upper part of the left curved structure (Figure 5), and the
values of three normal strains were recorded using
electronic equipment and LabVIEW software (SCXI-1000
chassis, SCXI modules; National Instruments, Austin, TX,
USA). Next, principal normal strain was calculated using
Equations 1 and 2, and the stress was calculated using
equation 3. Moreover, the frontal plate was evaluated with
photo-elastic techniques that have been found suitable for
similar situations [23]-[24]. The HPV chassis was covered
with PS1 sheet and PC10 adhesive so that the normal strain
distribution could be obtained using a PhotoStress®
Analysis (Vishay Precision Group). During the test, images
were captured using a camera for later comparison with the
FEA software results.

Figure 5 Position of the point of analysis with respect to
the frontal tube end; relative coordinates are with respect to
the global coordinate system. Overall distance is in black,
while the component distances parallel to the X-, Y-, and
Z-axes are respectively labeled in red, green, and blue
In order to avoid bias, and increase the present study’s
confidence level, the finite element model simulation was
performed before the laboratory tests and measurements
[11]. Complementarily, the validation process was
performed by a third party with the intention of reducing
bias. The loads were placed smoothly in order to avoid
impact and possible flawed data recording or damage to the
strain gauge or the photo-elastic coating (Figures 3 and 6).
After the load was fully placed, the strain gauge
measurements were performed, and the images were taken
for the photo-elasticity analysis.
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Figure 6 Installation process of (a) rosette and (b) photoelastic plate used in the validation of the HPV structure

3. RESULTS
3.1 Scanning Process
The two-step process used for scanning the physical chassis
proved to be suitable for an adequate geometric
reconstruction. Intervention tasks during post-processing
were minimal because the mesh result of the scanned model
was almost fully closed. This result is attributed to a wellplaced reference system that allowed coverage of all parts
of the model, as well as to the matte-finish painting that
reduced laser reflection, thus increasing the scanning speed
by capturing more data and reducing the noise recorded by
the equipment.
The use of a high-precision laser scanner increased the
level of detail of the obtained geometry while also
capturing complex geometries at the welded joints and
superficial irregularities attributed to the painting process.
In order to ensure that the reconstructed geometry satisfies
deviation tolerances, the surfaces serving as references for
loads and boundary conditions must be represented as
regular or mono-surface entities via a reconstruction
process; this mesh must be compared with the original
scanned mesh. Deviation analysis was performed by
comparing both geometries in Geomagic Control X
software with the purpose of evaluating the reconstruction
results (Figure 7). In this process, a satisfactory result was
obtained in which the reconstructed geometry showed an
average deviation of 0.338 mm with respect to the scanned
geometry.

Figure 7 Deviation analysis of the reconstructed mesh with
scale in mm. Regions extending beyond the original
scanned geometry are marked in red while regions lying
below the original geometry are marked in blue. In both
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cases, marginal reconstructed mesh values deviated less
than 1 mm from the original mesh

3.2 Finite Element Model
The results of the FEA, in terms of stresses, strains, and
deformations, were obtained from the 3D structure
simulation using SolidWorks software. The principal
normal stress pattern (P1) showed a tensional prevalence of
stresses at the joint between the frontal plate and the frontal
tube with values between 32 and 200 MPa (Figure 8a).
These values were 13% lower than the normal yield stress
of the material. The principal shear stress (P1−P3/2)
showed concentrated levels between 21 and 62 MPa at
certain areas along the joints between the plates and tubes
of the physical structures (Figure 8b). The maximum
principal shear stress value was 73% lower than the shear
yield stress of the material.
Furthermore, the pattern of deformations was in
accordance with the applied loads. A maximum vertical
deformation (uY) of 0.47 mm was found at the anterior part
of the physical model, with a secondary maximum of 0.36
mm at the posterior part of the metallic frame (Figure 8c).
The lateral part of the physical model showed minimal
vertical deformation. The normal principal strains (ε1), as a
measurement of the variability of the normal deformations,
were comparable with the principal normal stress
distribution (Figure 8d). Values between 3 × 10−4 and 1 ×
10−6 were detected in the FEA model, identifying the
higher magnitude in the zone surrounding the frontal hole
of the joint between the plate and the tube.

Figure 8 Finite element model outputs: (a) Principal
normal stress distribution. (b) Principal shear stresses. (c)
Maximum deformations. (d) Principal normal strain
distribution
3.3 Verification
The mesh refinement process and its subsequent sensibility
analysis were performed to ascertain the accuracy of the
structural frame of the HPV. A node, located in the corner
of the left side in the central box of the chassis, was
selected to read the outputs of the finite element model at a
consistent location (Figure 9a). The first principal normal
stress (P1) was plotted against the number of elements; this
latter variable ultimately proved to be inversely
proportional to the element size. Eight simulations were
performed, sequentially reducing the element size of the
Volume 9, Issue 5, September - October 2020

FEA mesh. Convergence of the output was reached at
around 450,000 elements (Figure 9b).

Figure 9 (a) Node of analysis for the verification process
and (b) mesh convergence test results

3.4 Validation
Stress and strain measurements were performed within
the finite element model using the probe tool at the location
of the physical strain gauge (Figure 5), which was created
in the software as a reference for reducing the average error
in the measurement process. A value of 9.37 MPawas
reported for principal normal stress (P1), 1.128 × 10−4 for
principal normal strain. The measurement of strain and the
prediction of stress in the physical model were performed at
the same location as in the numerical model. The strain
gauge reported three values as follows:ϵa=63 × 10-6, ϵb=123
× 10-6, and ϵc=53 × 10-6(Figure 10).

Figure 10 Strain gauge lecture for the validation test in
LabVIEW software
ϵa=ϵx cos2θa+ ϵy sin2θa+ γxysinθacosθa
ϵb=ϵx cos2θb+ ϵy sin2θb+ γxysinθbcosθb
ϵc=ϵx cos2θc+ ϵy sin2θc+ γxysinθccosθc

(1)

where ϵx=6.3 × 10-5,ϵy=5.3 × 10-5 and γxy=-1.3 × 10-4.
=

+

(

) +(

)

(2)
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From this expression, we obtain
=

= 1.238 × 10

×

(3)
From this expression, we obtain

expressed as percentage differences, resulting in an average
difference between FEA outputs and laboratory test values
of 0.13% for the stress and 3.73% for the strain. Since
quantification was based on only one lab test, estimation of
statistical variability was not possible.

= 1 = 9.36 MPa.

A complementary photo-elasticity validation process was
performed during the test. The images obtained from the
physical model were compared with the results in the FEA
model by performing a qualitative similarity comparison of
the strain distributions of the numerical model and the
photo-elastic coating (Figure 11). The distribution of the
numerical prediction agreed with the physical model result,
but a number of noise factors and threat variables were
identified, such as inhomogeneous adhesion between the
coating and the plate and insufficient area covered by the
coating. Optical noise attributed to the adhesive was also
observed, since where the coating ends were fixed by only
adhesive without the photo-elastic plate, some results could
not be assessed.

Figure 11 Similarity between (a) the numerical model
results for strain distribution and (b) the photo-elastic
physical stress patterns

The FEA model displayed the highest strain results near
the central hole of the frontal plate. Elevated concentrations
of normal principal stresses were found around the lateral
holes. High strain values were found under the central hole,
though the highest strain values in the model were found in
the immediate vicinity of the joint in the upper zone, 3 ×
10−4 (Figure 8d). In spite of all this, the overall central
strain distributions of both models agree. In contrast to the
computational prediction, the photo-elastic coating showed
the highest strain values in the lateral bottom corners and
around the center plate (Figure 11), exhibiting higher
magnitudes near the supports instead of near the joint of the
central plate and frontal tube. The strain near this joint
could not be assessed since a significant surrounding area
was required for gluing the coating to the plate.
The differences between the predictions of the numerical
model and the measured values in the physical model were
Volume 9, Issue 5, September - October 2020

4. DISCUSSION
Computational models are built with the purpose of making
predictions of the engineering responses of physical
models. However, the bridge between the computational
model and the physical model is based on both precision
and accuracy; together, these reflect the strength of the
predictions, placing the outputs of both models as near to
one another as possible [25]. The quality of the results and
the strength of the predictions are improved by reducing the
uncertainties, which in turn is accomplished by properly
representing the geometry, the materials, the loading
patterns, and the boundary conditions in the model [14].
Because the stress prediction results were closer to the realworld values (0.13% difference) than the strain prediction
results, which were themselves quite close (3.73%
difference), we can accept the hypothesis that the model
predicts stress and strain values similar to those of the
physical model. Although the stress value predictions are
almost thirty times more precise than the strain value
predictions, both predictions are below the 5% error
tolerance threshold.
The FEA model of the HPV frame showed a minimum
overstrength of 30 MPa. However, the studied vehicle’s
chassis design showed noticeable stress concentration
zones corresponding to short-scale transitions in geometric
shape. In addition, the highest stress values within the
whole system (200 MPa) were exhibited by the central box
element and its joints with longitudinal components. This
location corresponds to welded joints with mechanical
behavior disturbed by thermal stress [26]. In spite of the
high stress magnitude patterns, showing a maximum
normal principal stress of 30 MPa below the yield limit of
the material, the HPV chassis reported only small
deformations. This phenomenon may indicate a low
dissipation of energy through strain when bearing loads;
this dissipation factor may be critical under cyclic loading
conditions or in case of a vehicle collision [27].
The material exhibited an unusual low elastic modulus,
being an average 60% below the expected behavior; such
phenomenon may be attributed to the fact of poor quality of
the local material. It can be assumed that the tubular shape
and the raw material involved several low-quality
manufacturing and conformational processes; situation that
have proven to be common in the local steel markets in
Colombia, due to that is highly recommended to involve
always a material characterization process prior analyzing a
structure.
In general, the geometry obtained using the laser scanner
had minimal impact on the V&V process. The well-set
parameters of the laser scanner and the control of the
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scanning process variables required minimal intervention in
the post-processing of the obtained mesh. This
minimization reduced the uncertainty in the geometry and
produced modifications or reconstructions of the numerical
model that were insignificant. In addition, the final
geometry of the numerical model represented the physical
model to a high degree, involving only minimal
modifications during the reconstruction, as surface
finishing, noise cleaning, and small voids filling. This
finding indicates a high level of validity. Since
discrepancies in the results can be generated as a direct
result of the lack of control of the geometry employed [28],
the accuracy of the geometry as a software input is a key
part of the verification process.
During the validation process, the photo-elastic
technique proved to be a suitable tool for quantitative
description of the strain distribution of the frontal plate. At
the same time, this technique also proved to be sensitive to
the boundary conditions and to adhesion to the plate, the
latter being considered the source of error of highest impact
on the results. Furthermore, the technique produced a strain
pattern so mild as to require visual enhancement by
increasing the vibrancy and saturation of the colors.
Comparing the photo-elastic results with those in previous
literature [29]–[31], the quality of the present results is
comparable, and the present analysis can be regarded as
successful. Moreover, we find that as an alternative for
validation, photo-elastic analysis includes several
susceptible stages during the validation process that may
threaten or bias the process.
Although only one validation test was performed in a
controlled environment, using a strain gauge and photoelasticity simultaneously, the conditions of the test can be
replicated. Moreover, all measurements were performed
with calibrated equipment and high-quality commercial
devices that have been used in previous FEA validation
processes [32]. In order to increase its reliability for
decision makers [34] and ensure complementarity, a FEA
model should always include V&V processes to improve
the correctness of the prediction of the physical model’s
response [33]. Furthermore, during the V&V processes of
the computational model, verification must be performed
before validation, thus enhancing the validity of the study
by reducing the threat of bias.

5. CONCLUDING REMARKS
It was found that, for this specific numerical model under
these loading and boundary conditions, stress and strain
predictions were both below the 5% error tolerance
threshold. Stress prediction was almost thirty times more
accurate than strain prediction, with respective average
error values of 0.13% and 3.73%. These results suggest that
the V&V processes are essential for guaranteeing that the
FEA can both reliably and accurately predict the
mechanical response of structural models in terms of
stresses, strains, and deformations.
The geometry used here faithfully represented the
Volume 9, Issue 5, September - October 2020

physical model, with a 0.338-mm average deviation
between geometries. Due to the minimal uncertainty in the
geometry, it was disregarded as a source of error for the
model. The following potential sources of error were
identified: localized changes in the behavior of the material
due to welding effects and irregularities in the physical
contact of the model with its boundary conditions and
loads. These error sources concentrated the model’s
reactions atypically and modified the strain gradient.
V&V processes are needed not only to reduce the
engineering risk of full-scale systems, but also to provide
quantitatively support for confidence in terms of the
mathematical models’ safety, reliability, and performance.
Decision makers’ confidence in results is increased by
V&V.
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