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Abstract

Sandwich structures are widely used in motorsport and transportation industry due to their high
bending stiffness allied to lightweight characteristics. Despite these properties, they are very weak
in withstanding localized loads, requiring a reinforcement to disseminate loads into a larger area.
Normally, those reinforcements are inserts but, in this work, a new approach is studied where the
honeycomb core is locally removed and the inner skin joins the outer one, creating a rigid attachment
point known as chamfer. The monocoque chassis is the central piece of a racing car, so all other parts
are connected to it, transmitting loads. This work focuses on the suspension attachment area of FST
Lisboa’s formula student monocoque chassis, analysing these two types of reinforcements in terms of
inserts diameter and chamfer geometry. A finite element model was built in order to set the comparison
between the different geometries, first separately and then when included in a suspension quarter.
Subsequently, the geometries with the finest results were chosen and a laminate optimization was
made. Lastly, for validation of the analytic model, four specimens of each one of the two approaches
were produced and a pull-out test was performed, with a custom developed apparatus. Failure modes
similar to those theoretically previewed were achieved and a correlation between the experimental and
analytical results were found for inserts and chamfers. Chamfers results were distant probably due
to some manufacturing errors. Lastly, the results were applied in the construction of the team’s new
prototype monocoque.
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1. Introduction
The pursuit of lightest structures without
neglecting their safety and strength started in
motorsport and easily spread into the automotive
industry that is trying to include more composite
materials instead of metals in their vehicles, to
reduce the overall weight and, consequently, the
fuel or electricity consumption [1].

FST Lisboa is Instituto Superior Técnico’s
formula student team and have been applying
this type of structures in their 8 prototypes, 3
combustion and 5 electric cars. The team is heading
towards a new electric one, the FST09e, their fifth
car with a full carbon fibre monocoque.

Despite those advantages sandwich structures
are very weak under localized loads since the
honeycomb core compresses easily. Considering
this, reinforcements are introduced to spread the
force into a larger area.

Usually these reinforcements are inserts but
different solutions have been adopted and studied
along the time. To clarify if inserts are

required Nguyen [2] compared joints with and
without inserts, using a numerical and experimental
approach. Then, Kim [3] made static and dynamic
pull-out tests into three different shapes of partial
type inserts. Song [4] evaluated the resistance
of fully potted inserts making pull-out tests of
specimens with different core height, density, face
thickness and load direction. Raghu [5] used
metallic potted inserts and studied the variability of
pull-out strength when potting process is changed,
comparing with results from FEA. Lim [6] proposed
an hybrid insert reinforced with uni-directional
carbon fibre that substitute the potting material
and compared it with fully potted inserts through
FEA and experimental tests. Seemann [7] built a
non linear finite element model to predict the pull-
out strength, comparing with experimental tests.
Another joining type was proposed by Block [8]
where a carbon fibre tube insert is designed and
tested.

This work will explore two different
reinforcements configurations that are possible
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(a) Chamfer parameters (b) Insert parameters

Figure 1: Different parameters.

to use on the suspension connection zone of a
monocoque chassis. A through the thickness insert
will be compared with a chamfer, illustrated in
figure 1. The last one is a configuration where
locally the honeycomb core is removed, and the
inner laminate joins the outer one, creating a rigid
attachment point [9].

The monocoque supports all the other car parts,
consequently, all these parts transmit loads into this
structure, but the ones considered for this work are
the suspension loads. During a dynamic event, the
suspension transmits different types of loads (such
as tensile or compressive loadings) along insert
thickness (z), shear loadings in the longitudinal
axis (x,y) and torsional or bending moments about
the longitudinal plane (xy). To simplify, from this
collection of loads, only the tensile loading will be
analysed through the finite element model. Then,
if a correlation is obtained between the numerical
and experimental results the model could be used
to study the other load patterns [10].

According to this, the highest tensile load was
selected as reinforcements design load and oversized
with a safety factor of 1,5 to prevent structure
failures. The resultant tensile load obtained from
the FST team design studies was 8025N.

2. Numerical Analysis
2.1. Materials

The numerical analysis was performed using
the software Altair Hypermesh and the solver
optistruct. The materials used for this work
were aluminium honeycomb core with upper and

bottom epoxy pre-impregnated carbon fibre plies
and carbon fibre inserts.

The material properties are listed in Table 1
where E is the Young modulus in MPa, G is the
shear modulus in MPa, ν is the Poisson’s coefficient,
ρ is the density in g/cm3, Xt and Yt are the
allowable tensile stress in the two planar directions
while Xc and Yc are the allowable compression
stress and S is the allowable in-plane shear stress
in MPa.

2.2. Geometry Improvement

The geometry analysis will first search for the
improvement of several parameters in chamfers
and inserts configurations individually. Then these
geometries will be applied in a plate with a
quarter-car suspension in order to realise which
geometry less influences the reinforcements in
its surroundings. The changed parameters for
chamfers and inserts are presented in figure 1.

For chamfers were only considered three
transition angles (30o, 45o and 60o) and three
different distances between the hole and the inner
chamfer edge (15mm, 20m and 30mm), due to their
manufacturing complexity. In the inserts case the
radius was changed, and three different approaches
were considered, being them two single inserts
(simple), one single rounded shape insert with two
holes (double) and one single custom shape insert
with two holes (double custom).

Table 1: Properties of different materials used

Ex Ey Ez Gxy Gyz Gzx µxy ρ Xt Xc Yt Yc S

CFRP Bi 70000 70000 - 16000 - - 0.07 1.514 620 420 620 420 185

Core 3 3 1034 3 215 485 - 0.007 - - - - -

Insert 55000 55000 55000 - - - 0.07 1.5 600 500 600 500 -

2



(a) 30oangle (b) 45oangle (c) 60oangle

Figure 2: Chamfer results for angle variation.

2.2.1. Chamfers Analysis

The first step was the angle change. On one hand,
as this is a transition between planes the expected
result is that the smoother the transition the better
the results, so smaller angles will lead into a smaller
displacement of the mounting point. But, on the
other hand a smoother and subsequently larger
transition will have a larger lever arm between the
force and the sandwich unaffected zone so smaller
angles will result in displacement increase.

Results show that higher angles produced an
increase of composite stresses and a decrease
of composite failure (figure 2). Otherwise for
displacement the plate with 45o angle achieved the
minimum displacement followed by the one with
30o. Since the 45o and 30o angle plates showed the
best results, the variation of distance between hole
and chamfer edge were performed only for these two
angles. For this parameter analysis it is predictable
that larger distances will result into displacement
increase, again due to the lever arm. The results of
this distance change analysis are in Table 2.

Individual analysis reflects that smaller distances
result in smaller displacements, composite failure
and composite stresses. This happens because
the lever arm is higher and therefore, higher

stresses are generated in the skins, leading to an
increase in displacement and composite failure.
Combining these results with the anterior ones the
configuration that delivers the best values is the one
with a distance between hole and chamfer edge of
15mm and an angle of 30o (15-30o).

Subsequently, the best individual results were
selected and a model with the suspension quarter-
car geometry was built. The results of this study
disagree with the individual ones since the best
configuration is the one with 15mm but an angle
of 45o because this approach affects less area, so,
their influence in the neighbour reinforcements is
smaller.

Concluding, the configuration that provides
better results and, thus, the produced one has
15mm distance and 45o angle.

2.2.2. Inserts Analysis

The inserts study started with a spreadsheet with
insert’s theory, based on Insert Design Handbook
[11]. This tool can calculate the minimum diameter
necessary to withstand the design loads when two
single inserts or a double insert is used. Firstly,
an insert already used in a previous FST Lisboa’s
prototype (two simple inserts with 28mm diameter

Table 2: Results of chamfer analysis.
(a) Individual analysis (b) Suspension quarter-car analysis
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Table 3: Results of inserts analysis.
(a) Individual analysis (b) Suspension quarter-car analysis

each) was tested and observed that is unable to
withstand the loading. So, the minimum diameters
for these two approaches were calculated, the results
were 44mm and 46mm minimum diameter for each
approach, respectively. Subsequently, finite element
models with these diameters are developed to be
used as a way of comparison when the double
custom configuration is analysed. Several diameters
for the double custom geometry were also studied
and the results are show in Table 3 next to the
suspension quarter-car ones.

The results show that the displacement is
minimum for the simple configuration with 44mm
of diameter but to produce this one the two
separated inserts will need to be cut and there
would be no connection between them, which is
not considered in the model, so this results would
decrease. Otherwise, the double configuration
shows a stress concentration because the edge of
the insert is near the holes. So, the discontinuity
generated in the passage from insert to core allied
to the proximity of the hole where force is applied
leads to an increase in the composite stresses and
composite failure. Lastly, the study on the double
custom configuration reveals a good improvement
in the results since the two holes are connected,
sharing the loads and moving as a block. The
selected configuration was the double custom with

29mm was chosen because it has lightweight and
their results are sufficiently close to the 30mm one.

The initial and selected configurations where also
modelled with the suspension quarter-car geometry
to confirm that the inserts are less suitable to
create influences between them. The results showed
that the non-existence of changes in the laminate
geometry helps reducing the influence on the nearby
reinforcements, culminating in better results when
compared to the chamfers.

2.3. Laminate Optimization

This process is the last part of the design process.
The laminate optimization was performed for the
two configurations that achieved best results in the
previous section. This optimization is divided in
three steps that are presented in figure 3. The first
one is the free-size optimization where the software
creates optimized ply shapes according to a defined
objective of minimum weighted compliance and
several constraints to assure structural integrity.
After this step, the user needs to adjust the plies
shape due to manufacturability issues. Then, based
in the real ply thickness, the software slices each
ply in a set of plies with a constant thickness, this
process is called size optimization. Finally, the
software changes the ply order searching for the
stacking that delivers higher stiffness, named shuffle

Figure 3: Laminate optimization process.
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(a) Insert placement (b) Insert plate lamination (c) Insert plate

Figure 4: Insert plate construction.

optimization.

3. Experimental Analysis

Four specimens of each optimized configuration
were produced and pull-out tests performed to
validate the numerical model.

3.1. Plates construction

The inserts themselves were produced using carbon
fibres, involved in resin and compressed in a 3D
printing mould to achieve the desirable shape. After
the cure, inserts were trimmed and placed in some
honeycomb core holes previously prepared. In
the end, the carbon fibre plies were cut with the
optimized shapes and laminated to achieve the
sandwich structure. The lamination process is
divided in three steps. First the outer plies are
laminated according to the stack resultant from the
shuffle. After that, one adhesive layer is laminated
and the honeycomb core with inserts is applied.
The last step is the lamination of the inner adhesive
and carbon fibre plies. This process is showed in
figure 4.

The chamfer plates construction process is similar
to the aforementioned, but with some adjustments.
One difference is that the chamfers are hand
made, using an appropriate tool, directly in the
honeycomb core. Other adjust happened in the
lamination process. The plies, generated by the
software, that contain the chamfer geometry are
impossible to laminate due to their closed geometry.
Considering this, a change was required and each
ply was divided in two. One is the planar segment

of the ply and the other is a planification of the
closed geometry. During the lamination an overlap
between these two segments is indispensable to
guarantee loading transmission. Some images of the
manufacturing process are presented in figure 5.

3.2. Pull-out testing apparatus

For the pull-out testing an apparatus is necessary
to be built. Regulations for pull-out structures
are not well defined and consequently different
testing apparatus are used by researchers who made
experimental analysis [3, 4, 6, 12–14]. Analysing
the apparatus by areas, they were divided in three
distinct parts, the first one is the mechanism to fix
the insert plate, then the structure to apply the
force on the insert and lastly the equipment used to
record the data.

The plate fixing is a 20mm thickness steel rig with
a central hole of 250mm. This rig is made by two
plates bolted together, and then the bottom one is
attached to the testing machine. Some upgrades
were made to the structure to allow a quicker
change of specimens between tests, to improve
the alignment of the plates and, consequently, the
experimental results.

To pull the specimen a steel T-form piece was
made by water jet process and two holes drilled for
the bolts. This piece was designed with dimensions
close to the suspension bracket, essentially in terms
of hole distance and plate contact area to minimize
the differences with the numerical model.

Lastly the equipment used was a testing machine

(a) Chamfer construction (b) Chamfer plate lamination (c) Chamfer plate

Figure 5: Chamfer plate construction.
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(a) Testing rig (b) Testing apparatus

Figure 6: Test setup.

Instrom 3369 with a load cell of 50KN, a SARA
digital indicator installed in one of the bolts to
measure the displacement and an action camera
to record the indicator’s displacement values. The
testing rig and apparatus are described in figure 6.

4. Results and Discussion

For each test the load values from the Instrom
testing machine and the displacement values from
the digital indicators were plotted. The video
recorded starts at the same time as the testing
machine in order to match the time. The figure
7 shows the comparison between the experimental
and numerical results for both the configurations.

As expected, the numerical curve is linear and
since the insert configuration has a stiffer slope it
will withstand higher loads with less displacement.
Otherwise, the experimental curves are mainly non-
linear. The first non-linear part results from the

contact adjust between the rig and the specimen.
After that, a linear trend starts, and this is the
real reinforcement’s capability. After the linear
trend some components of the structures start to
get some damage and their resistance to loading
starts decreasing until failure happens.

4.1. Inserts Results

The experimental results show similar shape, but
they have different trends. The result of insert 2 was
ignored because during the test the nuts broke down
due to small bolt thread that have influenced the
results. The inserts 3 and 4 have similar trends but
the first one has an abrupt decrease of stiffness that
can be a result of some internal defect. Comparing
these two graphs with the number one, it is observed
that the damages to the specimen started earlier
on inserts 3 and 4 than on insert 1, that can keep
their linear trend until almost a load of 14000N. In

(a) Inserts (b) Chamfers

Figure 7: Numerical and experimental results.
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(a) Inserts (b) Chamfers

Figure 8: Test plates cut sections.

general, all the specimens held up their designing
load of 8025N and the damages only started to be
observed after the 10000N.

If we consider just the linear part and analyse
the slopes of the different curves, apart from the
insert 2, experimental results are similar to the
numerical linear trend. This shows exact but not
precise results since they are approximate from the
numerical one but sufficiently far away from each
other. This imprecision on results could result from
the manufacture process since it’s difficult to put
the carbon reinforcements all in the same place.
Also, the honeycomb core hole for the insert is hand
made so it could be tighter for ones than for others,
leading to some differences between specimens.

Looking into figure 8a, with the cut section of
the insert tested plate, the failure modes could be
analysed. First, honeycomb core crush is observed,
resulting from the plate bending, that induces core
shear and leads into cells collapse. Second, in
the upper face of the insert the adhesive broke
down, this rupture happens because the laminate
bends in the middle of the holes inducing shear in
the adhesive. Third, delamination and ply failure
are observable in the upper ply, especially in the
top corner of the insert. The insert forced the
upper laminate to break matching the place where,
according to numerical analysis, the composite
stresses and composite failure are higher.

4.2. Chamfers Results

In this configuration the initial offset between the
numerical and experimental curves are even more
noticeable in figure 7b. However, the results of the
four specimens are closer than the ones on inserts
which is quite unexpected due to the complex shape
of the chamfer and the difficulty associated with its
production.

The graphs general trend of fig 7b shows that
damages start to express in higher loads, the
linear area of the chamfers is larger, but the

failure happens immediately after, reflecting a small
”plastic zone”. Considering the linear part, the
results are concise once all the specimens have
relatively similar slopes. A little difference is
observable between the first and the last two
results that could result from small differences on
the distance between the bolts and the chamfer
edges. In terms of numerical model, slope values
reflect that experimental results are far away from
numerical ones. This is expected due to the
adaptations needed for chamfers manufacture that
are mentioned above and different to what was
modelled. Also, despite the tremendous effort, the
geometry produced cannot be completely equal to
the modelled one. This distant results between
numerical and experimental analysis shows that the
model needs improvements.

In figure 8b chamfer failure modes are presented.
The overlap of the carbon fibre plies is observable,
creating a thickness increase, as well as a small
compression of the honeycomb core across the inner
edge. Moving into the interior of the chamfer we
can see a bunch of failure modes. First, adhesive
rupture happened between the outer laminate and
the honeycomb and in the area where the two
laminates join, due to bending. This bending
opened fissures in the external laminate that went
into ply de-lamination. Ply failure happened in
the inner edge of the chamfer, almost separating
it from the rest of the plate. Some manufacturing
errors, including vacuum bag issues and incorrect
hole distance could create stress concentration and
lead to this because, according to the numerical
analysis, this area has not higher composite failure.
And finally, is observable a collapse of the plies
below the backing plate.

5. Case Study: FST09e Monocoque

A small case study with the FST09e monocoque
chassis was also performed in order to seek which
one of the two studied configurations is better to
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(a) FST09e front and rear sections (b) FE model of FST09e front section

Figure 9: FST09e sections and front section FE model

use with a real monocoque geometry.

5.1. Model Construction

The model was built in the same way as the ones
explored in section 3, the major difference was with
the monocoque surface. First of all, it was tried to
model all the monocoque but the complexity of the
shape and the simulation time were too high. This
type of model would be an advantage if a study
and laminate optimization is going to be done to
the structure but this is out of thesis scope. So,
the monocoque was separated in front and rear
suspension area as showed in the figure 9.

The failure of last prototype’s monocoque
happened in the front section and in these area
the suspension brackets are in different planes,

oppositely to the back where the brackets are all in
the same plane. Then, it is expected that the results
in the front are more complex than the ones in the
back. Due to this, it was only produced a model
for the front. To produce this model, monocoque
front section, suspension brackets, backing plates
and wishbones were imported into the FE software.
In this model all the suspension load cases achieved
by FST Lisboa team were applied, with the forces
oriented along the wishbones angle, in order to
get results closer to the reality. The laminate
used in the model was the one resultant from
the monocoque optimization performed by FST
Lisboa’s chassis team, but were only considered the
whole plies and none of the reinforcements.

Table 4: Results for load cases applied in monocoque front section (B-Brake; T-Turn; A-Acceleration)

(a) Chamfer results (b) Inserts results
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5.2. Results and Discussion

The results from the analysis are presented in table
4. Focusing on table 4a, where chamfers results are
presented we can see that the load cases producing
higher values are pure brake (B) and acceleration
and turn 4 (AT4). The results show that when
the car is braking hard a big stress concentration
happens in the rear brackets of the front suspension
due to car pitch, especially in the bottom one,
coinciding with the major displacement zone. If
a bit of turning is introduced some stresses start
to spread into the front brackets, mainly into the
bottom one again. Acceleration loads develop
bigger stresses in the front brackets while the
top rear is always with very low stresses. It is
important to see that the results for acceleration
are a little bit oversized because there are some
stress concentration in the edge where the section
was cut that will not develop if the whole structure
is analysed. Looking into the composite failure
and discarding the oversized results, it is observed
that the front bottom is the critical bracket,
corroborating the failure of the last prototype that
happened exactly in this place.

Moving now to the table 4b we can see that the
results from the

nite element analysis are lower despite the critical
load cases being the same. The major difference
is in the composite stresses and composite failure
that are lower, since the chamfer geometry is more
suitable to stress concentrations.

Looking into the results of all the load cases
we can see that the structure withstands all of
them with small displacements, revealing that both
configurations are possible to be implemented. An
advantage would result from the use of inserts in
the bottom brackets because they are better on
withstanding moments and use chamfers in the
upper ones since this brackets are less requested.
This approach could lead into a more compact
solution in the upper zone that will allow the
internal cross section template to pass easier and
a narrower monocoque.

The conclusion of this study was applied in the
construction of the FST09e monocoque.

6. Conclusions

Different solutions to reinforce the load
transmission zone of a monocoque chassis were
studied, a finite element model was performed
and used to improve several geometry parameters
of each studied configuration. This geometry
study developed a good understanding on how
these parameters influence the final behaviour
of the sandwich structure, not only when used
independently but also when included in a
suspension quarter-car. The application of a

failure criteria helped to compare their composite
failure [15].

The improved geometry configurations were
selected, and a laminate optimization was
performed in order to get the best structure
for each approach. Specimens of these structures
were built, and pull-out tests were made. The
apparatus for these tests was improved to achieve
consistent results.

The experimental results were compared with
the ones achieved by the numerical analysis
and a correlation was obtained for both the
configurations. The inserts presented exact results
but had small variations between themselves,
resulting in an average error of 7% which reflects
a good agreement between the numerical and
experimental results. Otherwise, chamfers showed
precise results but different from the ones predicted
by the finite element model. In this case an
average error of 39% was achieved showing that the
model needs some improvements. This discrepancy
is justified by some manufacturing adaptations
needed to produce the plates which are, in some
order, different from the modelled ones. In general,
despite some results deviations, all the specimens
withstand the design load without failure which
means that both the configurations are valid to be
used.

In the end, a small case study with the
monocoque of the last FST Lisboa prototype was
performed and the front suspension was analysed
with both the solutions. This analysis was made
in order to apply the knowledge and the model
developed during this work in a real monocoque
geometry. This last study gave good results for
the team to understand which solution is better to
include in the next prototypes and also a good way
to simulate their stacking in those critical areas in
order to prevent from some failures occurring in the
future.
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zur Armierung von Krafteinleitungen für
Sandwich-Strukturen aus Faser-Kunststoff-
Verbund. PhD thesis, Technische Universität
Kaiserslautern ZBT – Abteilung Foto-Repro-
Druck, 2005.

[10] R. Thompson, F. Matthews, and B. O’Rourke.
Load attachment for honeycomb panels in
racing cars. Materials and Design, 16(3):131–
150, 1995.

[11] ECSS. Space engineering Insert design
handbook. ESA Requirements and Standards
Division, 2011.

[12] S. Heimbs and M. Pein. Failure behaviour of
honeycomb sandwich corner joints and inserts.
Composite Structures, 89(4):575–588, 2009.

[13] P. Bunyawanichakul, B. Castanie, and J. J.
Barrau. Experimental and numerical analysis
of inserts in sandwich structures. Applied
Composite Materials, 12(3-4):177–191, 2005.

[14] J. Wolff, M. Brysch, and C. Hühne.
Validity check of an analytical dimensioning

approach for potted insert load introductions
in honeycomb sandwich panels. Composite
Structures, 202:1195–1215, 2018.

[15] A. Groenwold and R. Haftka. Optimization
with non-homogeneous failure criteria
like Tsai-Wu for composite laminates.
Structural and Multidisciplinary Optimization,
32(3):183–190, 2006.

10


