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Sammanfattning 

Under lång tid har pressad metallplåt varit det dominerande strukturella materialet i bilkarosser, men i 

takt med att miljövänliga lösningar blir mer och mer viktiga så behövs nya material för att reducera vikt. 

Advanced Sheet Moulding Compounds (ASMC) är en kolfiber komposit med korta fibrer och har lagts fram 

som ett alternativ. Materialet är både lätt och har goda hållfasthetsegenskaper och kan formas i en 

gjutform i en process som liknar pressning av plåt. En stor fördel är att till skillnad från metallplåt så kan 

tjockleken i en ASMC komponent varieras och förstyvningar kan integreras. Detta skapar stora möjligheter 

för optimering, men då erfarenhet av dessa material i industrin är liten behövs metoder för detta. I detta 

examensarbete beskrivs en metod som utvecklats för optimering av ASMC komponenter via analys av en 

vridplåt monterad i en bil. 

För att undvika onödig komplexitet utvecklades optimeringsprocessen först i en förenklad modell som 

skulle härma en Body-In-White (BIW). Free-size optimering användes individuellt och tillsammans med att 

lägga in enkelriktade fibrer och förstyvningar. Processen verifierades sedan i en noggrann karossmodell, 

och den fungerade väl då gynnsamma resultat erhölls. Det visades att optimering av ryggplåten kan 

kraftigt reducera dess vikt och öka vridstyvheten i ett fordon. Optimering resulterade i mer än 50% 

minskning av komponents vikt och bilkroppens vridstyvhet kunde höjas med upp till 7%. 

En guide för processen som förklarar steg för steg hur optimering av ASMC ska utföras har presenterats. 

I framtiden bör metoden verifieras och utvecklas ytterligare för andra strukturer och last fall. Det 

förmodas att den beskrivna processen fungerar som den är, men förbättringar kan göras och behövs. 
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 Abstract 

Thin metal sheets have for long been the dominant structural components in automotive bodies, but as 

environmental concerns mount new materials are needed to reduce mass. Advanced Sheet Moulding 

Compounds (ASMC) is a carbon fibre composite with short fibres and has been put forward as an 

alternative. It is both light and has good durability and can be formed in a mould similarly to steel sheets. 

A distinct advantage is that unlike for steel sheets the thickness in an ASMC component can be varied and 

stiffeners integrated. This creates great opportunities for optimisation, but as know-how in the industry 

is scarce a methodology is necessary. This master’s thesis describes a method developed for optimising 

structural components manufactured in ASMC by analysing a backplate mounted in a Body-In-White 

(BIW). 

The optimisation design process was first developed in a simplified model made to mimic a BIW without 

all the complexities therein. In this thesis free-size optimisation was done individually and coupled with 

adding uni-directional (UD) fibres and ribs to the backplate. This process was then verified in an accurate 

car body model and the process translated rather well to a more realistic model as favourable results were 

obtained. Optimisation resulted in more than 50% decrease in the component’s mass and body torsional 

stiffness could be increased by up to 7%. 

A step-by-step guide for this process is presented. Moving forward the design methodology needs to be 

verified and developed further for different structures and load cases. It is believed that the process 

detailed works well for many different structures as is, but improvements can be made and are ultimately 

necessary. 
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1 Introduction 

1.1 Background 
As the effort to halt global warming intensifies the requirements on automotive manufacturers become 

increasingly strict. The European Union mandated a CO2 emission limit 130 g/km per passenger car for 

2015, and the limit will decrease further to 95 g/km in 2021 [1]. This forces vehicle manufacturers to find 

new ways to decrease energy consumption, and important gains can be made by reducing mass of 

vehicles. 

As it becomes more and more difficult to achieve substantial mass reduction with steel, car manufacturers 

need to look into new materials. Composite materials can provide mechanical properties with low mass, 

but have different design and manufacture constraints and opportunities compared to steel. This thesis 

project is part of an ongoing process at Volvo Cars to understand and develop design methods for 

structural composites. Cost-efficiency and robustness are key factors to ensure that the methodology 

developed is useful and reliable. 

A candidate for replacing steel in semi-structural parts is advanced sheet moulding compounds (ASMC). 

The short carbon fibres provide high stiffness yet ASMC is still easily formable by pressure moulding. The 

manufacturing process requires less heat and pressure than stamping of steel does, and the tools are 

cheaper as a result [2]. The thickness can be variable throughout the structure which adds another 

dimension to optimisation compared to steel sheets. ASMC thus allows for a higher degree of geometrical 

complexity which stamped steel sheets do not. Therefore developing design methodology for how 

optimisation of ASMC structures should be conducted is necessary. 

1.2 Objective 
The objective of this master thesis is to investigate how optimisation of ASMC structures can be carried 

out and interpreted in terms of possible designs. This requires good understanding of the material, 

manufacturing processes and optimisation behaviour. To this end robust and reliable design methodology 

must be developed. 

A backplate mounted in a vehicle body under a torsional load case is chosen and the study is limited to 

stiffness contribution. The backplate is joined to the body by adhesive which is an important part of the 

analysis. However, adhesives are outside the scope of the thesis project and will not be fully explored. 

Solvers MSC Nastran [3] and Altair Optistruct [4] have been used, Nastran for static analyses and 

Optistruct for optimisation. The results have thus been obtained within the routines and methodology 

dictated by these.  

There is a lack of published material regarding optimisation of ASMC and implementation in automotive 

application. This should however not pose any difficulties for the optimisation and the results should be 

conclusive for any resulting designs, if ample care has been taken when configuring the process. How well 

the optimisation results translate to real-life application is an issue, and correct assessment is necessary 

to achieve proper implementation.  
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2 Method 
The thesis seeks to develop methodology for optimising ASMC structures, with the backplate undergoing 

torsion as basis. The workflow of this thesis is detailed in Figure 1. 

To ensure that the analyses occur in a correct frame of reference, a model which includes the backplate 

and a substitute for the body is built and calibrated to a realistic torsional stiffness. The substitute model 

was used to give a good understanding of the problem without the complications of a complete car body 

model. The backplate is connected to the surrounding structure with spring elements to mimic the 

adhesive connection. Boundary conditions and loads are defined according to a body torsion load case 

[5]. 

This simplified model serves as the main focus of the work. The backplate is initially 3 mm thick which 

equates a mass of 7.2 kg, but is altered to see what effect it has on total stiffness. The whole model will 

be tuned to meet a set reference value for the body torsional stiffness. Part of this is a short investigation 

of the adhesive bonding which estimates a realistic spring coefficient. It is also imperative to identify stress 

concentrations and orientations. This information allows for better determining where and how the 

following optimisation would change the structure, and where improvements should be made. 

Once the problem is set up, optimisation follows. Several different methods available in Optistruct are 

used with different settings. Varying constraints, objectives and dimensional parameters will be tested to 

gauge how the model responds. Free-size optimisation is used most as it is a very effective way to increase 

stiffness or reduce mass, and especially so in this context. 

Once the backplate is well understood, two strategies to alter the structure are used in order to increase 

body torsional stiffness or reduce the mass of the component. The first one is to add Uni-Directional (UD) 

fibre patches in key areas and optimise their thickness and fibre orientation. The second strategy is to add 

ribs derived from optimisation of a design volume on the structure’s backside, and optimise their thickness 

and height. Using UD-fibre patches is a relatively novel idea, whereas ribs is common when stiffening 

plastic structures. Step-by-step instructions detailing how to conduct optimisation of ASMC are found at 

the end of this thesis. Hope is that the methodology will also be applicable to different problems with 

varying specifics. 

All models are built using ANSA [6], and Hypermesh Optistruct and MSC Nastran are used to analyse the 

models. For static analysis Nastran is more suitable due to licensing at VCC. Optistruct is the solver used 

for optimisation. Both post-processors MetaPost and Hyperview are used to read the output and visualise 

the results. 
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Figure 1 - Workflow chart of the proposed optimisation process for ASMC structures. 
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3 Advanced sheet moulding compound 
ASMC can be considered quasi-isotropic due to its randomly oriented short fibres. It has a similar specific 

modulus to steel, 25 MPam3/kg compared to 27 MPam3/kg, and a higher specific tensile strength, 167 

kPam3/kg compared to 34 kPam3/kg [7]. Note that the ASMC used in this thesis is the one available at VCC, 

and thus different from those available in the source. The ASMC is a high strength, high fibre volume 

fraction SMC. View Appendix B: Materials comparison for a more in-depth comparison between ASMC 

and steel. 

However, good mechanical properties is not the sole reason why ASMC is a candidate. Stamping of metal 

sheets is today the dominating method for manufacturing structural parts in the automotive industry. This 

is a reliable and efficient procedure which has been used for a long time. ASMC can similarly be placed in 

a mould and under temperature and pressure be formed to a finished component. This means that a 

potential transition to ASMC would not necessitate high retooling and relearning costs. Additionally less 

heat and pressure is required as the resin melts easily and can flow into place. Components can also be 

combined and thus a smaller number of moulds are required than previously, which would reduce tooling 

costs further [8]. 

The short cycle-times in the high-volume automotive industry means that a part often needs to be 

manufactured in 60 seconds [9]. This has posed a problem for implementing ASMCs in the past. However 

recent gains have been made in this area, bringing the cycle time closer to one minute. 

The thickness of an ASMC part can also be varied throughout the part and thus be thick or thin locally 

according to need. Comparatively, when stamping steel sheets the thickness variation can not be 

controlled. Therefore unpredicted thinning of sheet metals might be a problem [10]. ASMC can avoid this 

as it is formed in a mould, and if the mould is manufactured with high precision the component will be as 

well. This allows for completely different means of improvement compared to steel sheets. 

Different sources give different values regarding how thick or thin an ASMC part can be, but a minimum 

of 1 mm and up to about 10 mm seems plausible. The time required to cure increases as the structure 

becomes thicker, but thankfully this is easy to predict [11]. Curve radii and thickness change ratio are also 

important. Normally curve radii higher than 1 mm is allowed and thickness change ratios near 1:1 are 

possible [12]. 

An issue with ASMC, and fibre composites in general, is bonding. It is possible to “spot-weld” fibre 

composites to one another, especially thermoplastics [13], but not to a steel part. Fibre composites are 

sensitive to holes [14] and therefore special care has to be taken when bolting or screwing. Adhesive 

bonding is an alternative and will be used in this thesis project. 

The stiffness of an ASMC part can be improved in various ways. A largely untested idea is to place Uni-

Directional (UD) fibre patches in the mould that are oriented in the load directions [15]. This has the 

potential to stiffen the structure for a low additional mass without increasing the complexity of the 

component much. A well-known alternative is to insert ribs in the structure.  Both of these strategies will 

be explored here. 
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The fibre volume fraction, the percentage of a composite’s volume which is fibres, is very important for 

manufacturing and the resulting mechanical properties of the part. It affects the material’s ability to flow 

in the mould during manufacture, as more fibres increases viscosity. For the properties of the part the 

effect is best shown with the Rule of Mixtures [16]. The contribution from the resin can be neglected as it 

is small compared to that of the fibre. This leaves a linear relationship for the ASMC’s Young’s modulus 

between fibre modulus and fibre volume fraction. The ASMC in question has around 60% fibre volume 

fraction which is a high value for this kind of composite [7]. 
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4 Optimisation processes 
Little research has been published on how to optimise SMC structures, however a master’s thesis from 

2013 provides a good overview [17]. The thesis concerns a compartment floor which undergoes twisting 

motion and investigates possible gains from optimisation. The current master’s thesis moves further and 

attempts to formulate an optimisation methodology for ASMC structures which was not done previously. 

Optimisation is performed using Optistruct, an Altair solver. Optistruct handles six different optimisation 

methods: Topography, topology, size, free-size, shape and free-shape. These methods change the 

structure differently and how they pertain to the study and how they differ from one another is explained 

below. 

4.1 Topography 
Topographic optimisation varies the placement of nodes in a meshed thin-sheet structure by moving them 

along the normal of the surface. Topography optimisation is thus used to create bosses which can increase 

stiffness and redistribute loads. Therefore topographic optimisation is very suitable for stamped metal 

sheets that have a uniform thickness. This thesis’s main goal is to investigate varying thickness in an ASMC 

part as well as including UD-fibres or ribs in the design. Therefore this optimisation method is not utilised 

in the thesis. 

4.2 Topology 
Topology is an optimisation process which assigns a “density” to each element depending on how valuable 

it is for the load case and property tested. This allows the user to apply an iso-contour plot and view all 

elements above a given value. This is a good tool for extracting a functioning structure from a design 

volume, which makes it a very useful tool in for instance the conceptual phase of product development. 

It is also suitable when designing moulded components. This optimisation method is used when 

investigating the use and placement of ribs in the structure. 

4.3 Size and free-size 
The size method optimises a parameter which is defined by the user. This allows changing the thickness 

of a structure or the fibre orientation in a ply. The change is uniform in the component, and is used when 

for instance optimising the thickness of a thin-sheet part. Here size optimisation is used in several 

instances where the thickness or ply angle of a section is uniform. Therefore it is suitable for optimisation 

of ribs and UD-fibre patches. 

While size only changes the thickness uniformly in a part, free-size alters the thickness locally rather than 

uniformly. Free-size adds more material where it is necessary to meet the demands set by the user and 

reach the objective. As mentioned, ASMC is promising because the thickness can be varied as needed. 

This is why free-size is the method used most in the thesis project, and it is performed on the backplate 

shell independent of UD-fibre patches or rib structure. 
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4.4 Shape and free-shape 
As the name implies shape optimisation alters the shape of the structure. This is similar to topography but 

instead of moving nodes parallel to the normal of a surface, shape is more flexible and can move in the 

direction desired. There is a risk that element quality suffers as the part is deformed, but if configured 

well this can be avoided. In this thesis project shape optimisation is used to increase the height of the ribs 

derived from the topology optimisation. 

Free-shape works the same as shape, but instead moves all nodes in a designated area in a given direction 

rather than only those manually picked. 
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5 Modelling 
Due to difficulties in acquiring a relevant car body model at Volvo Cars and due to secrecy concerns, an 

alternative car body model was used in the project. The car body is provided by NCAC [18] and is open 

source. It has been altered to accommodate the backplate and reach the reference stiffness. Analyses on 

both a substitute model and a realistic car body model are conducted for verification of the methodology 

developed. 

5.1 Body model 
A car body is a complex structure with many constituent parts, see Figure 2a. To reduce complexity an 

simplified model was introduced, see Figure 2b. This way the problem would be easier to handle and 

would improve understanding of the problem. 

Although the substitute model is open in the front and rear there are many differences between the two 

models. For example the lack of door openings, windows and C-beams will affect the behaviour and effect 

of the backplate. However, the results and conclusions attained from the substitute model should 

translate rather well to the car body model as the load case is identical. 

Both models are adjusted to achieve a reference value for the body torsional stiffness with the backplate 

included and joined to the surrounding body with an adhesive. Most passenger cars’ body torsional 

stiffness can be found in the range of 15 to 25 kNm/deg. The reference is therein, but as this value does 

not really matter for the analysis it is normalised. The normalised reference body torsional stiffness is 

therefore 100%. 

 

Figure 2 – Full body model (a) and substitute model (b). 

5.2 Load case 
A body torsion configuration is used to represent the load case, see Figure 3 for a detailed sketch. Anti-

symmetric loads are applied in the front top mounts, representing the load transfer in the front 

suspension. A point in the front centre of the vehicle is constrained in the y- and z-directions, the right 

rear top mount is constrained in the x-, y- and z-directions while the left rear top mount is only constrained 

in the z-direction. In the figure the constrained directions are indicated by the red bars. 
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Figure 3 - Schematic of body torsion load case. 

5.3 Adhesive 
The backplate will be attached to the body by adhesive bonding and it is therefore important to identify 

the adhesive’s effect on torsional stiffness. The adhesive is modelled with RBE3-CBUSH-RBE3 spring-

elements which are placed equidistantly with a 𝑙 = 20 mm interval. The adhesive connection is assumed 

𝑏 = 3 mm wide and ℎ = 0.5 mm thick, while 𝐸 is the Young’s modulus of the adhesive. Using Hooke’s law 

the spring coefficient 𝑘 can be calculated according to Equation (1). 

 
𝑘 =

𝐸𝑏𝑙

ℎ
 

 

(1) 

In the model the spring elements are assigned a spring coefficient in the 1, 2 and 3 directions. In the 4, 5 

and 6 rotations spring coefficient is assumed 0. Using Hooke’s law the spring coefficient of an epoxy 

adhesive with Young’s modulus 3000 MPa is estimated [19]. The resulting spring coefficient is 𝑘 = 360 

kN/mm. A range of other Young’s moduli are also tested to gauge the adhesive’s effect on body torsional 

stiffness, see Figure 4 for a logarithmic plot of the results. 

Around 𝑘 = 100 kN/mm increased Young’s modulus has negligible effect, implying that a high-grade 

adhesive is unnecessary when torsional stiffness is considered. This equals a Young’s modulus of 830 MPa, 

much less than the 3000 MPa epoxy. A weak adhesive could prove insufficient in regards to strength and 

fatigue, however this is beyond the scope of thesis and will not be examined any further. 
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Figure 4 – Logarithmic plot of body torsional stiffness to spring coefficient. 

5.4 Backplate model 
The backplate is modelled with an 8 mm shell element mesh, and thus accurately represents the original 

structure. The shell mesh will be subject to static analysis and free-size optimisation for most of the study. 

It is meshed with mostly quadratic first order shell elements (four nodes) but triangular first order shell 

elements (three nodes) appear in complex regions of the part to maintain geometric integrity. 

The design volume is extruded 50 mm from the backside of the backplate. It will undergo topology 

optimisation to identify which areas are most important for the structure which is where ribs should be 

added to stiffen the backplate. The volume is meshed with tetrahedral elements as they are easier to fit 

to the geometry compared to hexahedral elements. It is standard that first-order tetrahedral elements 

should not be used, and therefore the design volume mesh is second-order. For a comparison see 

Appendix A: Solid element order comparison.  
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6 Optimisation 
The two optimisation strategies presented require that the backplate is examined from two different 

perspectives. It is not feasible to design ribs from free-size optimisation results, nor is it feasible to deduce 

correct UD-fibre patch placement from topology optimisation results. Therefore both topological and 

free-size optimisations are needed to fully comprehend the problem and pursue the two strategies. 

The reference backplate has a uniform thickness of 3 mm which equates 7.2 kg. The reference body 

torsional stiffness is achieved with the component mounted in the body model, and the reference value 

is normalised to 100%. It is these two reference values which the optimisation results will be compared 

to, to gauge their effectiveness and effect. When setting up the optimisations it is imperative that 

constraints and parameters are correctly tuned. These are detailed in Appendix F: Optimisation 

parameters and results summary. 

6.1 Backplate’s effect 
Before optimising the backplate one has to understand how the backplate affects the body torsional 

stiffness. The normalised reference stiffness is 100%, and without the backplate the body torsional 

stiffness falls to 72.5%. By increasing the Young’s modulus of the backplate’s material to such a high level 

that it can be considered rigid (105 GPa), a theoretical maximum stiffness contribution can be reached. 

This yields a normalised body torsional stiffness of 119.0%. This shows that the backplate has considerable 

effect on the body torsional stiffness in the substitute model, with a range of 46.5 percentage points. 

If the ASMC backplate was treated the same way as metal sheets to increase stiffness, the thickness would 

be increased uniformly. By increasing the thickness from 3 to 4 mm, a normalised stiffness of 101.3% is 

yielded. An increase to 5 mm equates 102.2% and a 6 mm thick backplate equates 102.9% normalised 

stiffness. Evidently improving the backplate this way is very inefficient. 

6.2 Initial optimisation 
It is valuable to understand how effective free-size optimisation of the backplate can be. Optimisations of 

the backplate’s mass and the body torsional stiffness are conducted, with identical parameters for the 

free-size design variable. 

The maximum mass of the backplate is 7.2 kg and the minimum normalised body torsional stiffness is 

100%. The free-size optimisation is allowed to alter the thickness within the range 1 to 8 mm, and there 

is a symmetry constraint which ensures that the right and left halves of the backplate remain symmetric. 

This is a one-plane symmetry constraint which cuts the backplate in a left and a right half, according to 

Figure 5. 
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Figure 5 - One-plane symmetry constraint. 

The maximum stiffness optimisation is configured according to Appendix F1: Optimisation of backplate 

shell: Maximising stiffness. See Figure 6 for the resulting contour plot portraying the results. The 

optimisation results in a mass of 7.2 kg with 102.5% body torsional stiffness. Considering that only one 

component has been altered this is a considerable increase. It would be necessary to almost double the 

mass to match this increase with a uniformly thick backplate, as a 6 mm thick component equated 2.9% 

increase in stiffness.  

 

Figure 6 – Free-size optimisation: Thickness distribution, maximum stiffness. 
Thickness range: 1-8 mm, maximum mass 7.2 kg. 

The minimum mass optimisation is configured according to Appendix F2: Optimisation of backplate shell: 

Minimising mass. See Figure 7 for the resulting contour plot portraying the results. The optimisation 

results in a mass of 4.13 kg with 100% body torsional stiffness. Optimising for mass can lead to a much 

lighter component, a reduction in mass by roughly 40%. As the main draw for using composite materials 

is to reduce mass, optimising for mass may be more attractive than optimising for stiffness. 
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Figure 7 - Free-size optimisation: Thickness distribution, minimum mass. 
Thickness range: 1-8 mm, minimum stiffness equal to reference. 

It seems that optimising for stiffness and mass are both valid routes to improve the backplate, as both 

yield good results. It warrants mentioning that while the increase in stiffness may seem low compared to 

the reduction in mass, the mass reduction is in relation to the backplate itself while the stiffness increase 

is for the complete car body. The mass reduction is still likely the most interesting result even if the 

stiffness increase is impressive. In both cases material is concentrated in the edges, notably where the C-

beam would be located near the rear corners (see Figure 7 A). Other important regions are the bottom 

corners (Figure 7 B) and the centre fold corners (Figure 7 C). 

A truss-like pattern appears in Figure 6 but is easier to discern in Figure 7. Twisting motion usually causes 

diagonal stress patterns and this is clearly the case here. However this may also be a reaction to the cross 

at the centre of the plate’s lower half. Regardless, this pattern indicates where and how improvements 

can be made. The results from these two optimisations indicate where more material is required to stiffen 

the structure. This will be the subject of analysis and discussion going forward. 

6.3 UD-fibre patches 
Adding UD-fibre patches in areas with uniform stress concentrations has been identified as a possible 

measure to stiffen the structure. In order to avoid floating in the mould these patches should be limited 

to plane or slightly curved surfaces. Their limited draping ability is also a concern, as more complex 

placement will impair the manufacturing technique. Neither is it preferable to place them at the edges of 

the component, as during manufacturing they might not be impregnated properly or slide in the mould. 

To identify where the UD-fibre patches should be placed, the major and minor principal stress field and 

directions have to be identified. However due to the anti-symmetric nature of the load case and the 

component’s symmetric halves the minor principal is ignored in the analyses. 

This stress field should be very similar to the thickness distribution resulting from the above free-size 

optimisations of the backplate. The thicker regions can be isolated in an iso-contour plot and exported, 

which allows for accurately placing UD-fibres. See Figure 8 for the iso-contour plot. 

A 

C

B
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Figure 8 – Topology optimisation: Element thickness iso-contour plot. Thickness from 4 to 8 mm shown. 

UD-fibre patches can not be translated directly from the iso-contour plot. But can serve as a guideline for 

manual placement. UD-fibres can be cut to various shapes but here rectangular ones are preferred as it is 

easier to handle. The fibres must be oriented in the principal stress directions, which are visualised in 

Figure 9a. An idealised view is found in Figure 9b. 

It is clear that the stress direction plot in Figure 9a is not symmetric but this is due to the anti-symmetric 

load case. As a result the UD-fibre patches should be placed symmetrically which leads to a simple design 

once the edges and complex areas have been ruled out. See Figure 9c for the resulting implementation, 

where four symmetric pairs of patches are numbered from 1 to 4. 

 

Figure 9 – Major principal stress directions (a), idealised stress directions (b) and UD patches numbered 1 to 4 (c). 

6.3.1 Optimisation of UD-fibre patches 

When modelling the UD-fibre patches in ANSA and preparing for optimisation in Hypermesh, several 

considerations must be taken into account. How the patches are attached to the underlying ASMC 

structure and how thickness effects are handled is explained in Appendix G: Building UD-fibre patches. 

The ply thickness and ply angle of each individual fibre patch is optimised. UD-fibre plies are stacked on 

top of one another to attain the desired thickness which is exemplified in Figure 10. This does however 

present a limitation in Optistruct. It would have been desirable to optimise the UD-fibre patches 

incrementally, with an interval of 0.25 or 0.125 mm which are normal values for ply thickness. However 

as the backplate shell is optimised simultaneously this is not possible, as the software can not handle 

incremental and free-size optimisation simultaneously.  
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Instead a size design variable is attached to ply thickness and the resulting thicknesses have to be rounded 

up or down to the nearest plausible value. Size optimisation also results in a uniform thickness for the UD-

fibre patches, which is what incremental optimisation would also have attained. 

 

Figure 10 - Example of four UD plies stacked in a composite. 

The ply thickness is allowed within the range 0 to 4 mm. The lower boundary is 0 mm as it is possible that 

the patch is not necessary, thus allowing Optistruct to discard it. The upper limit is set to 4 mm as the 

backplate shell is allowed to be up to 8 mm thick already. A thicker UD-fibre patch could cause the 

component to become thicker than 12 mm, which is already at the boundary of what low cycle times 

allow. Allowing the free-size optimisation between 1 and 12 mm is thus also a possibility. A similar case is 

explored further in Appendix C: Unrealistic constraints where the lower and upper boundary values are 

set to 0 mm and 20 mm respectively. 

The ply angle is allowed within the range of -90 to +90 degrees, which ensures that every possible angle 

is within reach. The ply angle is optimised in order to fix a bad initial angle, however it was discovered that 

the software may reach a faulty conclusion. The ply angle has a significant effect on the effectiveness of a 

UD-fibre patch. If it is poorly configured the thickness will matter very little. Therefore it is important that 

the initial ply angle is not too poorly guessed, as the optimisation might fail to tune the angle and hence 

thickness of the patch. This is explored with a robustness analysis which is found in Appendix D: Fibre 

angle robustness analysis. 

Free-size optimisation of the backplate is conducted with the same specification as previously. 

Simultaneously the UD-fibre patches are optimised. Symmetric pairs are assigned two size design 

variables that alter their ply thickness from 0 to 4 mm and ply angle from -90 to +90 degrees. This way the 

optimal configuration can be reached with a symmetric resulting design. 

6.3.2 Optimisation results 

The maximum stiffness optimisation is configured according to Appendix F5: Optimisation of UD-fibre 

patches: Minimising mass. See Figure 11 for the resulting contour plots portraying the results. The 

optimisation results in a mass of 7.20 kg with 103.0% body torsional stiffness. The difference between this 

stiffness optimisation and the one without UD-fibre patches is small but not inconsiderable. As shown in 

the ply angle plot the initial angle was flawed but Optistruct managed to correct it. The ply thickness plot 

shows that all the patches were useful, being several mm thick. The truss-like pattern remains in the ASMC 

thickness plot, often with material concentrated beneath the UD-fibres. 
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Figure 11 – Maximum stiffness optimisation of UD-fibre patches: a. Ply thickness [mm], b. Ply angle [°], 
c. ASMC thickness [mm]. ASMC thickness range: 1-8 mm, ply thickness range: 0-4 mm, maximum mass 7.2 kg. 

The minimum mass optimisation is configured according to Appendix F6: Optimisation of rib structure: 

Maximising stiffness. See Figure 12 for the resulting contour plots portraying the results. The optimisation 

results in a mass of 3.86 kg with reference body torsional stiffness 100.0%. This shows that UD-fibre 

patches have a positive effect on mass as it equates a 46% decrease, 3% lighter than just by free-size 

optimising the backplate. The ply angle plot is identical to the one in Figure 11b and the thickness of the 

backplate is greatly reduced as can be seen in the ASMC thickness plot. Some areas remain very thick and 

the detected truss-like pattern prevails. 
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Figure 12 – Minimum mass optimisation of UD-fibre patches: a. Ply thickness [mm], b. Ply angle [°], c. ASMC thickness [mm]. 
ASMC thickness range: 1-8 mm, ply thickness range: 0-4 mm, minimum stiffness equal to reference. 

6.4 Ribs 
Ribs are a proven way to stiffen a structure. By exposing a design volume to topology optimisation a beam-

like structure can be extracted, which in turn can be used to determine where ribs should be inserted. 

6.4.1 Design volume 

The design volume of the backplate is an additional 50 mm extruded from the backplate’s backside, 

normal to its surface. Due to the complex geometry some areas were modified. The final design volume 

with a tetrahedral element mesh is presented in Figure 13. 

 

Figure 13 – Meshed design volume. 
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The topology optimisation is conducted with a design objective to maximise stiffness, as this was would 

have the most prominent response. As the backplate shell is still attached to the design volume it 

undergoes free-size optimisation with the same specifications as previously. The one-plane symmetry 

constraint is active too, for both the shell and design volume. A new parameter which is unique to the 

design volume is the draw angle. This angle decides how and where material can be reduced and has to 

comply with manufacturing considerations. For a visual representation of the draw angle in relation to 

manufacturing, view Figure 14. 

 

Figure 14 - Manufacturing draw constraint. 

The topology optimisation is configured according to Appendix F4: Optimisation of UD-fibre patches: 

Maximising stiffness. See Figure 15 for the resulting iso-contour plot. The colour scale depicts the element 

density, varying from 0 to 100%. Only elements with a density higher than 55% are still present in the 

figure, which gives a good indication of where reinforcements are useful. Using these results as a 

guideline, ribs are inserted according to Figure 16. For comparison the topology optimisation results are 

included as an overlay. 

 

Figure 15 - Topology results, iso-contour > 0.55 active. 
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Figure 16 – Ribs placement. Ribs (red) superimposed on contour (blue) with backplate overlay (grey). 

The ribs have an initial thickness of 3 mm just like the backplate and a height of 20 mm. These two values 

could be higher but are left modest to give the optimisation room for manoeuvre. The rib structure is 

divided into numerous PSHELL-PIDs, one for each pair of symmetric sections. This means that the 

optimisation can handle each rib pair and tune them individually. 

Each symmetric pair is assigned a size design variable which alters the thickness between 0 and 4 mm. 

Nodes where two sections meet are assigned a morphing handle and a shape is generated thereof. The 

generated shape allows for using a shape design variable to change the shape of the ribs, and thus increase 

their height. In addition free-size optimisation of the backplate shell is conducted with the same 

specifications as previously. 

6.4.2 Optimisation results 

The maximum stiffness optimisation is configured according to Appendix F6: Optimisation of rib structure: 

Maximising stiffness. See Figure 17 for the resulting contour plots portraying the results. The optimisation 

results in a mass of 7.20 kg with 103.3% body torsional stiffness. The contour plot shows that the ribs in 

the top half contributed more than those in the bottom half, as they are thicker. Shape optimisation also 

affects the upper ribs much more than the lower ones. This is likely due to the displacement field’s 

appearance, see Appendix E: Backplate’s displacement field. The top half is displaced more than the 

bottom half, and thus ribs there will have a greater effect. 
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Figure 17 – Maximum stiffness optimization of ribs: a. Thickness, b. Shape change. 
ASMC thickness range: 1-8 mm, rib thickness range: 0-4 mm, maximum mass 7.2 kg. 

The minimum mass optimisation is configured according to Appendix F7: Optimisation of rib structure: 

Minimising mass. See Figure 18 for the resulting contour plots portraying the results. The optimisation 

results in a mass of 3.26 kg with reference body torsional stiffness 100.0%. This equates a 53% mass 

reduction. Besides an obvious reduction in material used the results are nearly identical to those from the 

stiffness optimisation. This supports that ribs on the lower part are less effective. 

 

Figure 18 – Minimum mass optimization of ribs: a. Thickness, b. Shape change. 
ASMC thickness range: 1-8 mm, rib thickness range: 0-4 mm, minimum mass equal to reference. 

6.5 Summary 
The results from the optimisations are consolidated in Table 1 where “TS” denotes torsional stiffness. 

Overall the results from each type of optimisation is similar to one another, all achieving around a 50% 

decrease in the backplate’s mass and roughly 3% increase in body torsional stiffness. What stands out is 

how much better minimising mass when using ribs performs, than the other two. Compared to sole use 

of free-size it provides another 10% decrease; compare with using UD-fibre patches which only provides 

an additional 3% decrease in mass. This might be due to the stress angles being more stochastic than 

perceived in the major principal stress plot, and as a result UD-fibres have little effect. 
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The procedure used and the results it achieves indicates that optimisation of ASMC can lead to promising 

designs. Considerable gains were made, and perhaps such numbers can be achieved for other semi-

structural components that are suitable to ASMC as well. 

However, the results do not indicate that using ribs is always a better solution than UD-fibre patches. The 

two should perform better than pure free-size unless the problem has a strict design volume and has a 

very complex stress field. It can be deduced that if the design volume is generous and ribs can be inserted 

between surfaces then they should be more efficient. Meanwhile if the component has more flat or 

otherwise straight surfaces and a simple stress field, then UD-fibre patches might perform well. But that 

is just conjecture at this point, as no such structure has been analysed. 

Table 1 – Substitute model optimisation results. 

Version Mass 
[kg] 

Normalised 
Mass [%] 

Normalised 
stiffness [%] 

Reference 7.2 100 100.0 

No backplate - - 72.5 

Rigid backplate - - 119.0 

4 mm backplate 9.6 133 101.3 

5 mm  backplate 12.0 166 102.2 

6 mm backplate 14.4 200 102.9 

Free-Size Max. TS 7.2 100 102.5 

Free-Size Min. mass 4.1 57 100.0 

UD + Free-size max. TS 7.2 100 103.0 

UD + Free-size min. mass 3.9 54 100.0 

Ribs + Free-size max. TS 7.2 100 103.3 

Ribs + Free-size min. mass 3.3 45 100.0 
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7 Verification 
The process detailed in chapter 6 will be applied to the backplate when mounted in a car body model. The 

optimisations in this chapter are done with the same parameters and considerations as previously, and 

both UD-fibre patches and ribs are evaluated. With no backplate the torsional stiffness falls to 53.0% and 

with a rigid backplate it reaches 121.4% in normalised stiffness. This implies that the body model is more 

reliant on the backplate for increasing or decreasing torsional stiffness. 

As the load case and backplate stay the same, and only the surrounding structure in the model changes, 

the optimisations in the car body model are conducted the same way as in the substitute model. The 

configurations used will not be reiterated here but can be viewed in their entirety in Appendix F: 

Optimisation parameters and results summary. 

7.1 Initial optimisation 
The maximum stiffness optimisation is configured according to Appendix F1: Optimisation of backplate 

shell: Maximising stiffness and the minimum mass optimisation is configured according to Appendix F2: 

Optimisation of backplate shell: Minimising mass. See Figure 19a and b for the resulting contour plots. 

Free-size optimisation aimed at maximising torsional stiffness yields a normalised stiffness of 106.9% 

while minimising mass reduces it by 3.74 kg which equates a 52% reduction. The contour plots are similar 

to those acquired with the substitute model, but more emphasis is put on the rear corners of the 

backplate. These areas are attached to the C-beams and are hence subject to considerable twisting 

motion. In the substitute model there are no C-beam, which is reflected in the resulting contour plot 

where these areas are much less dominant, see Figure 6. 

 

Figure 19 – Free-size optimisation: a. Maximum stiffness thickness [mm], b. Minimum mass thickness [mm]. 
ASMC thickness range: 1-8 mm, maximum mass 7.2 kg, minimum stiffness equal to reference. 

7.2 UD-fibre patches 
The backplate is analysed and the major principal stresses are extracted, see Figure 20a, and these are 

idealised in Figure 20b. In some of these areas it was deemed suitable to insert UD-fibre patches, and the 

anti-symmetry condition explained for the substitute model applies here too. See Figure 20c for the three 

resulting patches. This model is then optimised the same way as in the substitute model. 
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Figure 20 –Major principal stress directions (a), idealised stress directions (b) and UD-fibre patches numbered 1 to 3 (c). 

The maximum stiffness optimisation is configured according to Appendix F4: Optimisation of UD-fibre 

patches: Maximising stiffness. See Figure 21 for the resulting contour plots portraying the results. The 

optimisation results in a mass of 7.20 kg with 106.9% body torsional stiffness. The UD-fibre patches are 

between 0.4 and 1.6 mm thick. The initial ply angles again had poor initial values but this was mended by 

the optimisation. The UD-fibre patches were ineffectual as the resulting stiffness is equal to what was 

attained by free-size optimisation 

 

Figure 21 – Maximum stiffness optimisation of UD-fibre patches: a. Ply thickness [mm], b. Ply angle [°], 
c. ASMC thickness [mm]. ASMC thickness range: 1-8 mm, ply thickness range: 0-4 mm, maximum mass 7.2 kg. 
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The minimum mass optimisation is configured according to Appendix F5: Optimisation of UD-fibre 

patches: Minimising mass. See Figure 22 for the resulting contour plots portraying the results. The 

optimisation resulted in a mass of 3.41 kg with 100% body torsional stiffness. This equates a mass 

reduction of nearly 53% which is 1% more than only free-size optimisation of the backplate shell achieved. 

UD-fibre patches had some effect but question remains whether it is enough to warrant increasing the 

complexity of the design to such a degree. 

 

Figure 22 – Minimum mass optimisation of UD-fibre patches: a. Ply thickness [mm], b. Ply angle [°], 
c. ASMC thickness [mm]. ASMC thickness range: 1-8 mm, ply thickness range: 0-4 mm, maximum mass 7.2 kg. 

7.3 Ribs 
The same design volume which was used previously is used here. It is mounted in the car body model and 

undergoes topology optimisation according to Appendix F3: Optimisation of the design volume. See Figure 

23 for the resulting iso-contour plot where the colour scale depicts element density, varying from 0 to 

100%. The topology optimisation results are used to deduce a design for the rib structure, view Figure 24 

for the resulting rib structure. The iso-contour plot is included in the figure for easy comparison. Mainly 

the corners and the area near the C-beam were prioritised, but ribs are also attached along the edge. Ribs 

in the two extrusions at the centre of the top half were omitted due to a lack of opposing surfaces to 

attach them to. The same reasoning could be used for the two extrusions on the bottom half, but they 

can be bonded to the body with adhesive and thus be supported there. 
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Figure 23 – Typology optimisation: Iso-contour plot following topology optimisation. Element density >0.15 shown. 

 

Figure 24 - Ribs placement. Ribs (red) superimposed on iso-contour (blue) with backplate overlay (green). 

As in the substitute model, the ribs undergo thickness and shape optimisation with the same parameters 

and constraints as in the substitute model. The maximum stiffness optimisation is configured according 

to Appendix F6: Optimisation of rib structure: Maximising stiffness. See Figure 25 for the resulting contour 

plots portraying the results. The optimisation results in a mass of 7.20 kg with 107.5% body torsional 

stiffness. Nearly all ribs in the centre fold are discarded but most others are left at least a few millimetres 

thick. Shape change is less prominent however, focusing mainly in three highlighted locations; the centre 

side corner and two corners near the C-beam. The stiffness is increased by 7.5 % which is substantial, but 

not much larger than the 6.9% increase offered by just free-size optimisation or UD-fibre reinforcement. 
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Figure 25 – Maximum stiffness optimisation of ribs: a. Thickness [mm], b. Shape change [mm]. ASMC thickness range: 1-8 
mm, rib thickness range: 0-4 mm, maximum mass 7.2 kg. 

The minimum mass optimisation is configured according to Appendix F7: Optimisation of rib structure: 

Minimising mass. See Figure 26 for the resulting contour plots portraying the results. The optimisation 

results in a mass of 3.38 kg with 100.0% body torsional stiffness, which equates a 53% reduction in the 

backplate’s mass. Some ribs are kept in the back corner where the thickness has been increased and the 

shape altered. Elsewhere they become very thin and likely discarded in a final design. The resulting mass 

is low which shows that the backplate can achieve much with little means even in a realistic model. 

 

Figure 26 – Minimum mass optimisation of ribs: a. Thickness [mm], b. Shape change [mm]. ASMC thickness range: 1-8 mm, 
rib thickness range: 0-4 mm, minimum stiffness equal to reference. 

7.4 Summary 
The results from the analyses in the body model are consolidated in Table 2. They seem comparable to 

what was found in the substitute model, showing that the method holds up. It is shown that there are few 

if any benefits to including UD-fibre patches in the design. The mass reduction is nearly identical for all 

three optimisations while the stiffness increase only varies slightly, where the model with ribs has the 

greatest effect. This difference is only about half a percent however, and thus neither of the two strategies 

has obtained very impressive gains compared to plain free-size optimisation. 

As the car body model is a more accurate representation of a body-in-white than the substitute mode, it 

may be less sensitive to different kinds of optimisation, which would affect the results. With openings for 

doors and windows and C-beams at the rear corners the loads on the backplate will be more realistic. This 

likely has considerable effect on how optimisation handles the problem. 
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This might explain why the results attained when using a car body model show a smaller difference 

between the different optimisations. What it does not explain however is why the effect by optimisation 

in the car body model is greater than in the substitute.  It seems to indicate that car body model is more 

sensitive to the inclusion of the backplate but simultaneously less sensitive to changes therein, in terms 

of using ribs or UD-fibre reinforcement. Bottom line is that they simply do not work very well in this 

context and that free-size of the backplate shell is a suitable improvement. 

Table 2 – Car body model optimisation results. 

Version Mass 
[kg] 

Normalised 
Mass [%] 

Normalised 
stiffness [%] 

Reference 7.20 100 100.0 

No backplate - - 53.0 

Rigid backplate - - 121.4 

Max. TS 7.20 100 106.9 

Min. mass 3.46 48 100.0 

UD + Free-size max. TS 7.20 100 106.9 

UD + Free-size min. mass 3.41 47 100.0 

Ribs + Free-size max. TS 7.20 100 107.5 

Ribs + Free-size min. mass 3.38 47 100.0 
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8 Conclusions 

8.1 Design 
Results from the substitute model could not be wholly verified in the car body model. The same pattern 

is followed but in the substitute model the different strategies have more recognisable effect when 

compared to each other. In the car body model optimisation was more effective overall, but the different 

optimisation strategies were all very similar. Mass could be reduced by nearly 60% or body torsional 

stiffness increased by around 7%. Compare this to reducing mass by around 50% or increasing body 

torsional stiffness by 3% in the substitute model. 

Why this discrepancy occurs is difficult to determine, but the results imply that the car body model less 

sensitive to optimisation than the substitute model. Therefore changes should yield a lesser response than 

in the substitute model where the body is simply represented by a homogeneous box. 

As the study has indicated the thickness in the end part should be varied within the allowable range of 1 

to 8 mm to ensure that the component can be properly cured within a short time. Constraints on the 

thickness change ratio was however very generous, and is not an issue. Note that different resins and 

fibre volume fractions will change manufacturing considerations and curing times, but this has not been 

explored in the thesis as it only deals with ASMC. 

Free-size optimisation of the backplate shell seems to achieve results that are good enough on its own. 

Therefore inserting ribs or adding UD-fibre patches is not necessary here, but ribs performed best of the 

two options. Thus it is recommended that the mould is altered so that the thickness in the component 

varies according to the free-size optimisation results. 

8.2 Optimisation methodology 
The results show that the procedure works well both when minimising mass as well as maximising 

stiffness. Each step of the procedure is well explained in the chapters above, but a clear step-by-step 

method can be found in Appendix H: Methodology. This short guide details every step necessary on the 

way to optimising an ASMC component including the two strategies tested. Hope was that the strategies 

would have greater effect than attained here, but they may have use elsewhere.  

ASMC can in tandem with free-size optimisation be used to create leaner and better performing 

structures. As manufacturing and material constraints are defining factors it is important to have good 

understanding of these. They influence not only the mechanical properties of a component but also 

prospective designs. Therefore it is vital that all variables are set in feasible ranges that the manufacturing 

process can sustain. 

Adding UD-fibre patches to or inserting ribs in an ASMC structure seem suitable to different design 

problems. If the component has complex geometry and a generous design volume, ribs could perform 

well. Conversely one can deduce that a different problem with mostly plane surfaces that generate simple 

stress fields, UD-fibre reinforcement could perform well. This has however not been verified. 
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Considering the limited know-how in the industry, use of optimisation early in the design phase is 

recommended. This will raise understanding of the problem and reduce the iterative process before a 

design can be decided upon. By following this design process ASMC allows for pursuing leaner designs 

which can be greatly improved by optimisation at little cost and effort. 
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9 Recommendations for future work 
This method has been developed for a backplate mounted in a vehicle body, and only tested therein. 

Therefore it is difficult to say how well the method will translate to other components and load cases, 

although it seems safe to assume that the method is applicable in other cases. 

In the future it is recommended that this method is applied to other design problems and evaluated for 

these, tuned to improve performance and reliability as necessary. For instance, the use of UD-fibre 

patches did not perform so well. Applying the method to a structure were these might be more suitable 

would hopefully yield better results and understanding on how this should be done. Also investigating 

whether UD fibres can be placed in ribs and if this improves the structure further could be worthwhile.  

As more material which pertains to optimisation of composites in general and ASMC/SMC in particular 

becomes available, this method can undoubtedly be improved upon. Improving design parameters and 

constraints and how these should be selected is of utmost importance to build robust methodology. 

Technology, materials and manufacturing process will change and improve going forward, and therefore 

regularly updating and reviewing the methodology is necessary. 

It would also be desirable to be able to use incremental optimisation combined with free-size. This would 

remove the need for rounding ply thicknesses up or down to the nearest plausible ply thickness as the 

software manages that on its own, and thus improve the accuracy of the method.  In addition this could 

also reduce the number of iterations needed. Another feature which could warrant inclusion is to, in the 

free-size tool, be able to constrain the thickness change ratio. There were no problems in this case as it is 

a rather generous factor, but it could become an issue for different design problems. 
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Appendix A: Solid element order comparison 
1st order solid element meshes are not as accurate or reliable as 2nd order meshes, and should generally 

not be used. However sometimes computational effort is of interest and then a 1st order mesh can be 

faster. It is therefore worthwhile to investigate the effect of different ordered mesh when handling solid 

elements which this thesis does. As an overview Figure 27 shows a basic presentation of the different 

elements that are most common in FE-analysis today. 

 

Figure 27 - 2D elements (left), 1st order (above) and 2nd order (below). 
3D elements (right), 1st order elements (above) and 2nd order elements (below). 

Triangular shell elements (called trias, T3 or Constant Strain Triangle (CST) elements) have a constant 

strain throughout, which may lead to the solver yielding erroneous results. This is amplified with solid 

“triangular” elements, tetrahedrals, but can be improved by using 2nd order elements rather than the less 

accurate 1st order elements [20]. 

Results from topology optimisation of the design volume with 1st and 2nd order elements can be seen in 

Figure 28. The differences are small to such a degree that they should not impact how the topology 

optimisation results are deduced. This shows that in this case use of 1st order elements is not a risk factor. 

However, the 2nd order element mesh prioritises the centre fold in the backplate more than the 1st order 

mesh, which in turn prioritises other areas. 

 

Figure 28 – Topology results from 1st order mesh (left) and 2nd order mesh (right). 
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Appendix B: Materials comparison 
Here a comparison between steel, aluminium, ASMC and CFRP Fabric follows. Strength and stiffness have 

been studied analytically. A plate with area 𝐴 = 𝑎𝑏 = 4 ∙ 1 m2, thickness ℎ and mass 10 kg is subject to 

different loads and constraints, with varying formula for the critical stress [21]. The critical stresses are 

calculated according to Equations (2), (3) and (4). 𝐷 is the bending stiffness, 𝑃𝑐𝑟 is the critical line-load and 

𝑀𝑣,𝑐𝑟 is the critical twisting moment. In Table 3 the results from the strength analyses can be found. 

 
Critical tensile stress: 

 
All edges simply supported (SS) 

𝜎𝑐𝑟 =
𝑃𝑐𝑟
ℎ

 
 

(2) 
 

Critical bending stress: Clamped x=0, SS x=a 𝜎𝑐𝑟 = ±6𝑃𝑐𝑟𝑎 ℎ2⁄  (3) 
 

Critical shear stress: Clamped y=b, loads in (0,0), (a,0) 𝜏𝑐𝑟 = 𝑀𝑣,𝑐𝑟/𝑎𝑏ℎ (4) 

 

Table 3 - Strength analysis results. *These values are assumptions 

Material Density 
[kg/dm3] 

Young’s 
Modulus 
[GPa] 

ℎ 
[mm] 

Tensile 
Yield 
Strength 
[MPa] 

Shear 
Yield 
Strength 
[MPa] 

Max. 
Tensile 
Load 
[N/m] 

Max. 
Bending 
Load 
[N/m] 

Max. 
Twisting 
Moment  
[Nm] 

Steel 7.85 210 0.3 270 190 22 7 242 

Aluminium 2.7 70 0.9 120 70* 181 26 259 

ASMC 1.5 38 1.7 250 80* 572 174 533 

CFRP Fabric 1.5 70 1.7 570 90 1054 396 600 

 

A quadratic plate with side length 𝐿 = 2 m is simply supported in two opposing ends, x=0 and x=L. A 

distributed load 𝑝0 = 1 kPa is applied, which yields Equation (5) for maximum deflection: 

 
𝑤𝑚𝑎𝑥 = −

4𝑝0𝐿
4

𝜋5𝐷
sin (

𝜋𝑥

𝐿
) 

 

 
(5) 

See Table 4 for the results from the deflection comparison. The mass was set to 10 kg and the thickness 

is a result thereof. Conclusively the thickness in a part dominates its mechanical properties, and a lighter 

material will unless pliant perform better than heavier yet stiffer materials. 

Table 4 – Deflection calculation results. 

Material Density 
[kg/dm3] 

Thickness 
[mm] 

Young’s Modulus 
[GPa] 

Bending Stiffness 
[Nm] 

Deflection 
[mm] 

Steel 7.85 0.3 210 0.6 337 

Aluminium 2.70 0.9 70 5.1 41 

ASMC CFRP 1.50 1.7 38 16.1 13 

CFRP Fabric 1.50 1.7 70 29.7 7 
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Appendix C: Unrealistic constraints 
From an educational perspective pulling the design constraints to implausible levels has value even if it 

does lead to a feasible design. Here the car body model’s backplate undergoes free-size optimisation with 

thickness ranging from 0 to 20 mm set to maximise stiffness. Minimising mass is not of interest as the vast 

majority of the backplate would likely end up with a thickness very near 0 mm. See Figure 29 for the 

contour plot of the results. The optimisation results in a mass of 7.20 kg with 109.8% body torsional 

stiffness, which is only a few percentages higher than the stiffness achieved when optimising with realistic 

constraints. It seems that the 7% increase previously obtained is close to what is possible with solely free-

size optimisation. 

This shows that with more lenient constraints, which would demand a higher cycle time, the stiffness can 

be increased further. However, if the minimum thickness was still at 1 mm, which is a requirement for 

manufacture, the stiffness increase would not be as major. Perhaps the backplate could be turned into a 

beam-like structure rather than a shell to improve it further, but that is a topic for another time. 

In short this is a good way to verify that the suspected truss-pattern theorised upon in the main body of 

the report. It is very clear now to see which parts of the backplate are most important, and the truss-like 

pattern is now very distinct. Just as previously certain areas along the backplate’s edge are where most 

material is added. Most of the structure is nearly ignored, seeing thickness go as low as 0.2 mm. 

 

Figure 29 - Resulting plot from free-size optimisation, thickness 0-20 mm. 
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Appendix D: Fibre angle robustness analysis 
By gradually changing the fibre angle and reading the resulting torsional stiffness and comparing these to 

how the size optimisation reacts, the optimisation process can hopefully be better understood. The fibres 

are be rotated between 0 and 180 degrees from their initial position and the UD patches are 3 mm thick. 

Each of the four plies in Figure 9c are tested in isolation and with varying fibre angle. See Figure 30 for a 

plot of the results. 

Patch 2 is the most influential, but the most interesting patch in regards to robustness is patch 1 due to 

its sinusoidal behaviour. Patch 4 has the same sinus but patch 1 has a greater amplitude. Four local 

maxima are present at 0°, 90°, 180° and 270°. Here the stiffness gradient is zero, but only two maxima are 

global. There is a risk that the optimisation process could find the inferior local maxima rather than the 

global ones, if the guessed angle is between 50° and 130°. To see if this is true, optimisations with initial 

values in the range 0° to 110° are run for patch 1 in isolation. 

  

Figure 30 - Fibre orientation and corresponding stiffness for individual use of plies 1, 2, 3 and 4. 

The results in Table 5 show that the process can climb to the right maxima even if the guess is very poor, 

up to about a 50 degree error, but a little more than that will cause it to find the wrong maxima. The 

difference between the two results is incremental here, which may be why the optimisation does not 

always converge as hoped. It does however show that there are some risks if the optimisation parameters 

are not properly configured as the convergence ratio was set to a very small value. The convergence ratio 

is by default 0.5% which caused runs with an initial guess above 50 degrees to iterate twice and then 

revert to the initial value and not converge. The problem’s low sensitivity is the likely cause, and was 

solved with a stricter convergence ratio. This does however highlight the importance of a good initial 

angle, and is especially important if the problem is more complex as several maxima could appear. 
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Table 5 - Robustness analysis of optimisation. 

𝜃0 [°] 𝜃1 [°] Number of 
iterations 

Normalised 
Stiffness 

0 0.0 1 1.002 

20 0.0 2 1.002 

40 0.0 2 1.002 

50 0.0 2 1.002 

52.5 91.0 12 1.001 

55 87.4 10 1.001 

60 88.4 9 1.001 

90 92.5 11 1.001 

110 88.9 11 1.001 
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Appendix E: Backplate’s displacement field 
As can be seen in Figure 31 the displacement field is asymmetric. The left side of the vehicle is displaced 

more than the right side (in the figure left is right, and right is left). This is likely due to the boundary 

conditions, where the right rear top mount is constrained in x, y and z while the left rear top mount is only 

constrained in z. Therefore the registered response is logical, as one side can move and the other can not. 

 

Figure 31 - Backplate's displacement field [mm]. Car body model used. 

The displacement field is also indicative of why the ribs on the lower half have such a little effect. The 

displacement here is rather small, and hence there is less bending moment applied to ribs in this area. 

Comparatively the displacement at the edges and top half is much greater, which is why ribs in this region 

work so well. 
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Appendix F: Optimisation parameters and results summary 
The optimisations are done the same way in both the substitute model and the car body model. 

Appendix F1: Optimisation of backplate shell: Maximising stiffness 
Free-size optimisation is applied to the backplate shell, and the thickness can vary in a range from 1 to 8 mm. 

An additional constraint is used on the maximum stress in the structure which is set to 75 MPa. The backplate 

is also assigned a symmetry constraint in the free-size optimisation which ensures that the left and right halves 

of the backplate remain symmetric. 

The objective is to maximise the body torsional stiffness with a maximum mass of 7.2 kg, which is equal to the 

initial mass of the component.  

Appendix F2: Optimisation of backplate shell: Minimising mass 
Free-size optimisation is applied to the backplate shell, and the thickness can vary in a range from 1 to 8 mm. 

An additional constraint is used on the maximum stress in the structure which is set to 75 MPa. The backplate 

is also assigned a symmetry constraint in the free-size optimisation, which ensures that the design stays 

symmetric. See above. 

The objective is to minimise the mass while maintaining the torsional stiffness at 100% which is equal to the 

reference value. 

Appendix F3: Optimisation of the design volume 
Topology optimisation is applied to the design volume which is 50 mm thick. A draw constraint is introduced 

which ensures that the optimisation leaves material at a 45 degree angle which is the pressing angle. 

The objective is to maximise body torsional stiffness with a maximum mass of 20 kg. This constraint applies to 

the sum of the backplate shell’s and the design volume’s mass. It is higher than the original 7.2 kg to give the 

topology optimisation some material to work with. 

Appendix F4: Optimisation of UD-fibre patches: Maximising stiffness 
Free-size optimisation is applied to the backplate shell, and the thickness can vary in a range from 1 to 8 mm. 

An additional constraint is used on the maximum stress in the structure which is set to 75 MPa. The backplate 

is also assigned a symmetry constraint in the free-size optimisation, which ensures that the design stays 

symmetric. 

Each UD-fibre patch is assigned a PID and two size design variables optimising ply thickness and ply angle. The 

ply thickness is allowed to vary in a range from 0 to 4 mm and the ply angle is allowed to vary in a range from 

-90 to +90 degrees. Symmetric pairs of UD-fibre patches are however linked which ensures that the two have 

equal thickness and opposite fibre angle. This makes sure that the resulting design is symmetric. 

The objective is to maximise the body torsional stiffness with a maximum mass of 7.2 kg, which is equal to the 

initial mass of the component. This constraint applies to the sum of the backplate shell’s and the UD-fibre 

patches’ mass. 
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Appendix F5: Optimisation of UD-fibre patches: Minimising mass 
Free-size optimisation is applied to the backplate shell, and the thickness can vary in a range from 1 to 8 mm. 

An additional constraint is used on the maximum stress in the structure which is set to 75 MPa. The backplate 

is also assigned a symmetry constraint in the free-size optimisation, which ensures that the design stays 

symmetric. 

Each UD-fibre patch is assigned a PID and two size design variables optimising ply thickness and ply angle. The 

ply thickness is allowed to vary in a range from 0 to 4 mm and the ply angle is allowed to vary in a range from 

-90 to +90 degrees. Symmetric pairs of UD-fibre patches are however linked which ensures that the two have 

equal thickness and opposite fibre angle. 

The objective is to maximise the body torsional stiffness with a maximum mass of 7.2 kg, which is equal to the 

initial mass of the component. This constraint applies to the sum of the backplate shell’s and the UD-fibre 

patches’ mass. 

Appendix F6: Optimisation of rib structure: Maximising stiffness 
Free-size optimisation is applied to the backplate shell, and the thickness can vary in a range from 1 to 8 mm. 

An additional constraint is used on the maximum stress in the structure which is set to 75 MPa. The backplate 

is also assigned a symmetry constraint in the free-size optimisation, which ensures that the design stays 

symmetric. 

Pairs of symmetric sections of the rib structure are assigned the same PID. Thus the applied size variable can 

vary the thickness symmetrically, and the allowed range is from 0 to 4 mm. Simultaneously a shape 

optimisation is applied, with morphing handles placed in nodes were two rib sections meet. By generating 

shapes for symmetric pairs of nodes the optimisation will yield a symmetric shape change. The height of the 

ribs can then be increased by up to 20 mm.  

The objective is to maximise the body torsional stiffness with a maximum mass of 7.2 kg, which is equal to the 

initial mass of the component. This constraint applies to the sum of the backplate shell’s and rib structure’s 

mass. 

Appendix F7: Optimisation of rib structure: Minimising mass 
Free-size optimisation is applied to the backplate shell, and the thickness can vary in a range from 1 to 8 mm. 

An additional constraint is used on the maximum stress in the structure which is set to 75 MPa. The backplate 

is also assigned a symmetry constraint in the free-size optimisation, which ensures that the design stays 

symmetric. 

Pairs of symmetric sections of the rib structure are assigned the same PID. Thus the applied size variable can 

vary the thickness symmetrically, and the allowed range is from 0 to 4 mm. Simultaneously a shape 

optimisation is applied, with morphing handles placed in nodes were two rib sections meet. By generating 

shapes for symmetric pairs of nodes the optimisation will yield a symmetric shape change. The height of the 

ribs can then be increased by up to 20 mm.  

The objective is to maximise the body torsional stiffness with a maximum mass of 7.2 kg, which is equal to the 

initial mass of the component. This constraint applies to the sum of the backplate shell’s and rib structure’s 

mass.  
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Appendix F8: Results table 
Here follows a table detailing the configuration and results for each optimisation case and variant. 

Optimisation Model Mass [kg] Normalised stiffness [%] 

11.6.1 Substitute 7.20 102.5 

Car body 7.20 106.9 

11.6.2 Substitute 4.13 100 

Car body 3.46 100 

11.6.3 Not applicable - - 

11.6.4 Substitute 7.20 103 

Car body 7.20 106.9 

11.6.5 Substitute 3.86 100 

Car body 3.41 100 

11.6.6 Substitute 7.20 103.3 

Car body 7.20 107.5 

11.6.7 Substitute 3.26 100 

Car body 3.38 100 
Table 6 - All results in a table, listed by optimisation configuration. 
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Appendix G: Building UD-fibre patches 
The UD-fibre patches are placed according to where the highest major principal stresses are located and 

in their directions. The minor principal stress need not be considered as they are anti-symmetric to the 

major principal. The UD-fibre patch design will be built symmetrically, and therefore this will not pose a 

problem. 

There are two conceivable routes when creating a UD-fibre patch. Route A is to turn the affected area 

into a PCOMP and within it create two plies. One ply for the ASMC shell and one for the UD-fibre patch. 

However, if a PCOMP ply is made to represent the backplate beneath the UD-fibres, that part could not 

undergo free-size optimisation. As the backplate shell is optimised this way in every optimisation case, it 

would be a considerable detriment, therefore another route, called B, is used here instead. The elements 

are duplicated and the double is turned into a PCOMP which is defined with the same nodes as the original 

PSHELL. See Figure 32 for a simple comparison between the two. 

 

Figure 32 - UD-fibre patch configuration comparison. Black = ASMC, Blue = UD-fibres. 

To do this, the mesh should be released from the shell geometry so that they are no longer attached to 

one another. Next the elements in the area where a UD-fibre patch should be added are assigned their 

own PCOMP-PID. This PID is then duplicated and the double is assigned the same PID as the rest of the 

shell structure, which is a PSHELL-PID. Change the material direction of the PCOMP-PID to be angled 

according to the major principal stress plot. The reason why PCOMP is used is because in PSHELL there is 

no ply angle to vary in an optimisation. 

Next select the area where the UD-fibre patch is added, both PCOMP and PSHELL, and paste the two 

together by nodes. This is done so that the UD-fibre patches and the backplate shell are attached to each 

other for the coming analyses. There is however a problem with pasting layers of elements to each other, 

as their thicknesses will be within rather than on top of one another by default. 

The next step is to offset the PSHELL and PCOMP so that they are not in the same location. There are three 

different settings for this offset; default, bottom and top. Default has its base at the centre line but 

thickness grows symmetrically up and down on either side of the centre line. Thus a 10 mm thick element 

has 5 mm thickness on either side of the centre line. Bottom offset is only allowed to grow downwards 

from the base at the centre line. Top offset is the opposite of bottom, and only grows upwards from the 

centre line. See Figure 33 for a representation of the three different kinds of offset. 
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Figure 33 - View of elements with bottom and top offset, and unchanged element. Note the centre line in the middle 
element. 

Here the ASMC is assigned a bottom-offset and the UD-fibre patches are assigned a top-offset, stacking 

them on top of one another. This way the thickness effects can be accounted for without splitting a 

PCOMP in two plies or manually moving the elements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

44 
 

Appendix H: Methodology 
This thesis can serve as a template for how similar optimisation and improvement can be carried out. Due 

to the simplicity of the procedure it is not difficult to draw reasonable conclusions from the results. This 

is vital when developing methodology as it should be as simple and intuitive as possible. 

When optimising a thin-sheet ASMC structure these steps can be followed, much according to Figure 1: 

I. Identify the design problem and load case. Put this in relation to the surrounding structure and 

build a model which reflects these considerations. Also settle on maximum and minimum 

thicknesses for the component and identify other manufacturing constraints such as draw angle 

and maximum stress. It is important that the parameters are feasible already from the beginning. 

II. If necessary, simplify the model and/or turn part of the surrounding structure into a super-

element. This will reduce the need for computational resources as the analyses and optimisations 

become heavier. 

III. Once the design model is done, let it undergo structural analysis to set a reference for the initial 

design. The component will then undergo free-size optimisation to gauge the effect of future 

optimisations. It will also assist in understanding the problem and raise understanding regarding 

the component’s behaviour. 

IV. UD-fibre patches: 

a) Extract the iso-contour plot of the principal stress field. In Optistruct this is done by 

exporting the contour plot. Also note major principal stress directions in the component 

as these are vital to fibre placement. 

b) Using the contour plots and stress directions, build UD-fibre patches in suitable areas. 

Such areas are typically flat or slightly curved surfaces with distinct stress directions. The 

fibre patches should also be rectangular or similarly shaped at an angle equivalent to the 

stress. Avoid placing patches on complex geometries or in corners. Set the material 

orientation equal to the stress directions, or near enough. Assign each patch its own 

PCOMP-PID and adhere to symmetry where possible. Remember that the PCOMPs should 

be based on the same nodes as the PSHELL below so that there are two elements on top 

of one another. Use the Paste-tool in ANSA or similar to do this. 

c) Import your UD-fibre fitted model into Optistruct. Assign each UD-patch’s PID two size 

design variables; one for its thickness and another for its angle. Allow the thickness 

variable within a range from 0 to a few mm, and the angle to move in -90° to +90°. Also 

apply free-size to the main structure as before. 

d) Read and evaluate the results. Discard UD-fibre patches with thickness lower than a single 

UD-ply’s thickness, which is typically around 0.25 mm unless they are very fine. Loop steps 

c) and d) until the design is satisfactory. 

V. Ribs structure: 

a) Build a design volume which adheres to the constraints on the component and 

surrounding structure. Remember to keep the thin-sheet structure intact and attached to 

the volume. 
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b) Apply topology optimisation on the design volume and free-size on the main structure. 

Constraints for the topology optimisation are not so strict, but allow a generous mass so 

that the resulting contour-plot will be easier to read. 

c) Apply an iso-contour plot to the results from the topology optimisation so that only the 

most useful areas are visible. Use this to decide where and how ribs should be inserted, 

and build them in for example ANSA or a CAD software. This can be done easily by 

exporting the contour. Remember to adhere to the draw angle specified by the 

manufacturing process, and height allowed by the design volume. Once the ribs are built 

assign each area its own PSHELL-PID. 

d) Optimise the new model which includes ribs. In addition to free-size optimisation of the 

main structure also add a size design variable for the thickness of each rib’s PID. The 

thickness of the ribs should be allowed within the range of 0 to a few mm. Also add 

morphing handles to nodes at the joints between nodes. Use these handles to generate 

shapes by moving them in the draw direction. In order to maintain element quality shape 

change can not be too drastic. 

e) Discard the ribs that have their thickness reduced to near zero. Loop this steps d) and e) 

until the design is satisfactory. 

VI. Evaluate and compare the results from the two optimisation tracks and the initial free-size 

optimisation. Decide which is the most suitable for the component. 

VII. If a substitute model was used in the previous steps, apply the process of choice to a realistic or 

full model. This is to verify the results from the process. 

VIII. Evaluate the resulting design options and settle on a design proposal.  

If these steps are followed a feasible and potent design should be attained, and the method should apply 

to large span of different problems where ASMC or other SMC are used. 

 


