
 

 

 

 

  

 

 

 

 

 

Chassis component made of 
composite material 

- An investigation of composites in the automotive 
industry and the redesign of a chassis component 

Master Thesis in lightweight constructions by Martin Mohlin and Mikael Hanneberg.  

  



 

Abstract 

The demands on fuel efficiency and environmental friendliness of cars have driven the 

automotive industry towards composite materials which reduce the weight compared 

to the traditional aluminum and steel solutions. The purpose of this master thesis is to 

evaluate the possibility and feasibility of redesigning a high volume metal chassis part 

in composite materials.  To accomplish this the thesis work was divided into two parts. 

The first part consists of a composite study which explores the available composite 

technologies in the industry such as implemented chassis components and available 

manufacturing methods. The composite study shows that almost no high volume 

chassis component in the market are made out of composites, with exception to leaf 

springs. In the industry there are many different composite manufacturing methods 

but in general the most ready for high volume production are Injection molding, 

compression molding and RTM. A method was also explored to efficiently evaluate 

different material and manufacturing methods against each other. By knowing the 

critical requirement both materials and manufacturing methods can be evaluated 

separately against each other. The second part consists of a design phase where the 

knowledge from the composite study was used to choose and redesign a chassis 

component in composite. A motor mount was chosen and redesigned using injection 

molding. The new design shows that a weight decrease of at least 38% is possible 

without significant cost differences.  
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Wordlist and nomenclature 

Word Explanation 

A-SMC Advanced sheet molding compound  
BMC Bulk molding compound 
CAE Computer aided engineering 
CAD Computer aided design 
CF Carbon fibers 
CFRP Carbon fiber reinforced plastic 
CM Compression molding 
CMTP Compression molding thermoplastic 
Cycle time The manufacturing time between two components 
D-LFT Direct long fiber thermoplastic 
EP Epoxy 
FEA Finite element analysis 
GF Glass fiber 
GFRP Glass fiber reinforced plastic 
GMT Glass mat thermoplastic 
HP RTM High pressure resin transfer molding 
IM Injection Molding 
Lamina One composite ply with a single fiber direction 
Laminate Several plies or laminas together, multiple fiber directions 
LFT Long fiber thermoplastic 
NVH Noise vibration harshness 
Organo sheet A mat of fibers pre-impregnated with a thermoplastic 
PA6 Polyamide 6 
PP Polypropylene 
RTM Resin transfer molding 
SFT Short fiber thermoplastic 
SMC Sheet molding compound 
TP Thermoplastic 
TS Thermoset 
UD Unidirectional 
UP Unsaturated polyester 
VARTM Vacuum assisted resin transfer molding 
X-tech A skeleton of continuous fibers 
  

  



 

1. Introduction 

In the automotive industry most of the structural materials used today are metals, especially aluminum 

and steel. Composites have recently received more attention as a possible substitute to these because 

of their lightweight potential and design possibilities. The demands on fuel efficiency and 

environmental friendliness of cars are constantly getting stricter. Reducing the weight is one efficient 

way to increase the fuel efficiency of a car, and composite materials seems to offer a way of 

accomplishing this. However as the automotive industry is very cost sensitive the weight decrease 

needs to be done in a cost efficient manner. Implementing composites in the high volume production 

automotive industry has been prevented by the higher material costs compared to metals and 

limitations of the manufacturing such as cycle times. Although non-structural composite components 

are used, structural composite components are primarily limited to low volume applications such as 

sports cars, the naval and the aerospace industry.  

Experience is another factor which is important in regards to the development process of new 

composite structures. In new studies the concept phase provides and often decides upon the first 

important choices and limitations. Choices such as material and manufacturing method are common 

and in order to take these decisions all obstacles and possibilities needs to be considered to 

successfully design something weight, performance and cost optimized. These obstacles includes what 

materials, manufacturing processes, attachment methods and trade-offs between cost and 

performance and or weight. In order to make all of these important choices knowledge and experience 

in high volume composite manufacturing is required.   

However as composite materials and technologies continue to develop they receive more attention 

and interest from the automotive industry as a possible alternative to metals. In light of this, the first 

part this thesis consists of a composite study. This part addresses the lack of knowledge through an 

investigation of technologies capable of high-volume production and already existing composite parts 

in the industry. The composite study also contains a cost model and material ranking system for 

determining the most cost- and weight efficient material and manufacturing method. In the second 

part, the design phase, a metal chassis component is redesigned with a composite solution. This 

solution is based on and utilizes the findings of the composite study. 

1.1. Problem Definition and Limitations 

The purpose of this work is to evaluate the possibility and feasibility of redesigning a metal chassis part 

in composite materials. The part is to be chosen from a variety of existing parts, and the choice is to 

be motivated and based on the findings of the composite study. The manufacturing volume is 

estimated to be around 100 000 annually.  

Since the choice of component is limited to chassis parts, engine mounts and brake pedal the report is 

limited to structural components produced in high volume. The industry review is limited to 

implementations of composites in existing chassis on the market or in development.  

1.2. Method 

The composite study was largely made through a literature review. Selection criterion for how to 

choose which materials and manufacturing processes are best suited both mechanically and 

economically were defined. A review of composite chassis in the industry has been performed which 

looks at the evolution and trends of composites in the last 10 years and its current state. A cost 

estimation template has also been made for the different manufacturing methods considered. This 

served as a guide to estimating the relative prices of different methods. 



 

In the design part the following methodology was used. Firstly the loads, requirements and limitations 

of the different parts were defined. The components were then evaluated based on the results from 

the composite study and the component requirements. Lastly one part was chosen from the list of 

available candidates and redesigned in composite materials with computer aided engineering tools. 

The chosen design was also evaluated using the cost model after which a suitable material and 

manufacturing method was chosen. The final results were also compared to the existing metal 

solution.  

2. Composite Study 

In the composite study the composite market and industry will be evaluated. First available composite 

chassis parts from the industry will be reviewed. Secondly some manufacturing methods suitable for 

high volume manufacturing will be described. Thirdly a method is suggested and described which can 

be used when comparing material and manufacturing methods against each other. 

2.1. Industry Overview 

The plastic industry produced around 270 million tons of plastic in 2012. In terms of weight the share 

of composites is relatively low - around 4-5%. In terms of value however composite has around 10-

12% of the market. The growth rate of composites is around 4-7% per year which is higher than that 

of the plastic industry as a whole. Table 2.1 shows the market shares of main plastic matrices used in 

composites. [1]  

Table 2.1. Market shares for plastics used in composites. [1] 

 

 

 

 

 

 

The automotive and transport industry accounts for around 13% of the market shares for all plastics 

and 25% of the market shares for all composites [1]. For structural components carbon fiber is a 

common material and can be used as a guide when considering the complete composite market. The 

general trend of composite materials is that they are becoming cheaper. The price of Carbon fiber have 

since 1985 been halved around every six years [2]. This is one contributing factor to why the demand 

and supply of composite is steadily increasing. For carbon fiber the supply and demand have increased 

with a factor between 3 and 4 in the last 10 years. [3] 
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share, % 

UP  65 
EP  8 
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Others  <1 
 PP 24 
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Total 100 



 

2.1.1. Composite in High Volume Cars 

The BMW i3 was launched in 2013 and is the first 

mass produced car in which carbon fibers have 

been used on a large scale [4]. Planning to sell at 

least 30 000 cars annually [5]. The architecture of 

the BMW i3 car is comprised of two major parts; 

the passenger cell which is made from carbon fiber 

reinforced plastics (CFRP) and the drive module 

which is made from aluminum. The carbon fiber 

body components in the car are larger in 

comparison to a metal design and are 

manufactured with HP RTM. The larger parts allows 

for a decrease of the total number of parts which 

makes the manufacturing cheaper and reduces the 

weight. The BMW group has been developing this method for over 10 years and is now able to mass 

produce cost-efficient parts with high quality and high process stability. Over this period the 

manufacturing cost of CRFP components have been cut by around 50% [6]. The drive module of the 

BMW i3 is made of 100% aluminum which is fitted with the batteries and the suspension system for 

the motor/transmission unit [4]. The chassis itself uses a weight-minimizing construction to save 

additional weight. An example is the forged aluminum suspension links which saves around 15% weight 

compared to conventional suspension links [7].  

The Volvo XC90 is another high volume car and it 

uses a composite leaf spring as suspension for its rear 

axle. The leaf spring is produced with HP RTM using 

polyurethane matrix resin Loctite MAX 2 from 

Henkel. Benteler-SGL, a leading composite 

manufacturer in the automotive industry, is aiming 

to produce several hundred thousand of these leaf 

springs annually. Because of the matrix’s low 

viscosity the fibers can be gently impregnated while 

keeping a short injection time. The matrix also has a 

shorter curing time than traditional epoxy resin. The 

leaf spring has a compact design which saves around 

4.5 kilograms compared to conventional coil springs. 

Aside from the reduced weight, the leaf spring 

reduces the noise, vibration and harshness behavior 

(NVH) of the vehicle. Because of these advantages the Volvo XC90 is only the first of many Volvo 

vehicles which will utilize this leaf spring system. [8] 

Many of the Chevrolet Corvette models uses a glass-reinforced epoxy leaf spring similar to the one 

used in the Volvo XC90. Models include the older C4 as well as the C5-C7 [9]. These cars are produced 

in high volume, with 37 000 Corvette C7 produced in 2014 [10].  

ZF is a global leader in driveline and chassis technology and one of the top three automotive suppliers 

worldwide. ZF have developed three different chassis components which uses composites to save 

weight. ZF also claims that the components can be manufactured in high volume. The first component 

is a wheel-guiding transverse spring which combines the traditional control arm and spring concepts 

into a single component. This component is easier to install and reduces the complexity of the axle. 

Figure 2.1. An inside look of the BMW i3 [7]. 

Figure 2.2. The rear suspension of the Volvo 

XC90. The leaf spring is the transverse beam-

like structure in the foreground between the 

wheels [55]. 



 

Fewer components also means less weight. The component is made from glass fiber reinforced plastic 

(GFRP).  The second component is the McPherson suspension strut with integrated wheel carrier. It 

combines the traditional suspension strut and wheel carrier into a single component. It uses a GFRP 

coil spring combined with a wheel carrier made out of CFRP and is about half the weight of a 

conventional steel suspension strut. Currently the design is based upon small cars weighing less than 

a ton but ZF is working on transferring this lightweight technology to larger vehicles. The company has 

also developed a lightweight and low cost brake pedal which they are currently developing further for 

vehicles heavier than one ton. The brake pedal has so far only been implemented in the low volume 

Porsche 918 Spyder [11]. 

2.1.2. Composite in Low Volume Cars 

The Audi R8 e-tron is an electric car that uses CFRP in multiple parts such as its multi-material space 

frame. In total around 23% of the Audi R8 e-trons body shell is in CFRP. Other structural components 

such as the luggage compartment is also made with wave shaped CFRP to save weight and increase 

crash safety. This results in the e-tron being able to absorb about five times more energy in a crash 

than a car with an aluminum construction. The e-tron springs are made from fiberglass reinforced 

polymers which saves 40% weight and the anti-roll bar is made from a hybrid of aluminum and CFRP 

that saves around 35% weight. [12] 

The Porsche Carrera GT from 2004 has a carbon composite subframe. The manufacturing process have 

developed and changed slightly over time but in general carbon fiber epoxy prepregs were used. The 

prepregs were produced by hand layup and then cured in an autoclave. [13] 

The 918 Porsche Spyder has a lightweight and low cost brake pedal made out of fiber reinforced 

thermoplastic composite manufactured with organo sheet injection molding. Its design simplifies the 

manufacturing process which ensures a low cost while still managing to use continuous fibers. The 

brake pedal weighs only 500 grams which is around 50% less than conventional steel brake pedals. The 

component is also fully recyclable. Its base body is made out of continuous strand glass fiber organo 

sheets. The thermoplastic is polyamide reinforced with short glass fibers which the component ribs, 

connecting and mount features are made out of [14]. On top of the brake pedal the Porsche also has 

subframes made out of carbon fiber [15] and an alternative to use an anti-roll bar made of carbon fiber 

[16]. 

The Lamborghini Murcielago has approximately 31% of its structural weight constructed in carbon fiber 

epoxy prepregs. A larger utilization of carbon fiber was limited to the price of the prepregs as well as 

the lengthy autoclave process which was used. The production rate of the Murcielago was 

approximately 400 units per year. To increase the production rate of the Murcielago successor 

Aventador, other techniques were used instead such as VARTM and RTM. The Aventador is in 

production with approximately 800 cars annually. To further increase production other techniques 

were required. This lead to the development of forged composites which was used in the Lamborghini 

Sesto Elemento shown in September 2010 at the Paris Autoshow. The forged composites technology 

is an advanced compression molding technique that utilizes carbon fiber sheet molding compounds. 

This enabled dramatic reduction in production cycles and offered the possibility to make complex 3d 

geometries. Forged composites were used for the Sesto Elementos one-piece monocoque as well as 

its suspension control arms fully in composite [17]. Forged composites uses discontinuous fibers in a 

random arrangement which mixes with the resin and is then heated at high pressure. The result is a 

fast and easily automated process that allows complex shapes and produces components strong in all 

dimensions [18]. 



 

2.1.3. Future Trends and Speculations 

The general trend is that the interest in composites is increasing due to the increased demand for 

reducing the weight of cars in the automotive market. By reducing the amount of components in a car 

or by using a lighter material the weight can be reduced efficiently. To be able to take advantage of 

composites many automotive companies are considering different types and try to develop their own 

cost efficient methods. The cycle times of different manufacturing process are steadily becoming 

shorter as new solutions are being developed. This will lead to more composite solutions being 

implemented in the automotive industry such as the concepts from ZF. The implementation and 

development of new components is gradual and will not happen overnight. But as new smart weight 

efficient solutions are developed, more of them will be implemented. It has been predicted that the 

general supply and demand for carbon fiber will approximately double from 2013 to 2020. [3] 

2.2. Available Manufacturing Methods for High Volume 

In this part different manufacturing technologies for composites will be studied. The methods 

presented will be restricted to the ones that are suitable for high volume production. A manufacturing 

method is deemed high volume if it has a cycle time of less than 10 minutes. This translates to around 

30 000 units per year or more.  

2.2.1. High Pressure Resin Transfer Molding  

HP-RTM is the process of choice for BMWs i3 series. This is because it is capable of producing large 

complex structural parts with very good surface finish and consistency in mere minutes. The RTM 

process is based around thermoset matrices and involves placing a dry fiber preform in a mold and 

injecting resin under pressure. In HP-RTM the injection pressure can range from 3-12 MPa, depending 

on the part size and geometry. In regular RTM it is in the order of 1 MPa. The cycle time is also 

significantly shorter for HP-RTM compared to normal RTM. HP-RTM typically have cycle times of 3-7 

minutes depending on the part size and complexity. [19]  

The cycle time is however not only dependent on the injection step. The whole process chain has to 

be studied in order to find the overall cycle time. Since continuous fibers are used, the materials are 

not as easily formed as when short discontinuous fibers are used. Therefore the part first undergoes 

preforming which involves cutting, binding and shaping dry fabric into the shape of the part. This dry 

fiber stack is called the preform. The process is highly automated, the cutting and placing of the dry 

fiber mats is done by robots and the forming is done by a draping press [20]. As a consequence of the 

preforming a lot of scrap material can be produced, especially if the part has a complex shape. The 

preforming process can also in some cases be more time consuming than the molding [19].  

When the preform is done it is put inside the mold and impregnated with resin through an injection 

system. The mold is kept closed until the resin has cured, and when it is opened the part is removed 

from the mold and the mold is cleaned. The final step is post processing, which can involve painting, 

drilling, or trimming of flash [20]. Flash is the leftover resin that has flown in to small cavities, for 

example around the edges of the mold, where no fibers are present. A detailed overview of the all the 

RTM process steps can be seen in Figure 2.3 below. 



 

 

Figure 2.3. The steps in a HP-RTM process [20].  

The reason why RTM is one of the most common liquid molding processes is because high fiber volume 

fractions - around 60% - can be achieved. It is possible to incorporate inserts and sandwich parts can 

be made by placing a foam core between two preforms [21]. Also it is very flexible in terms of possible 

material systems since any thermoset resin and type of fiber can be used.  

A variation of the HP-RTM process is called compression resin transfer molding (CRTM). When the 

mold is closed and resin is injected in HP-RTM the gap between the two mold halves is the same as the 

final part thickness. In CRTM the resin is injected while the gap is larger than the final part thickness, 

meaning that the permeability of the preform is increased. In a subsequent step the two mold halves 

are pressed together in order to complete the impregnation and then the part is cured as in HP-RTM. 

The main advantage of this method is that it offers a reduction in cycle times, credited to both 

decreased injection time and the possibility for high compression pressures, which reduces 

impregnation time. The increased pressure does however often mean increased mold costs. [22]  

2.2.2. Sheet Molding Compound 

In 2014 sheet molding compound (SMC) accounted for 70% of the total demand for composites in the 

automotive industry [3]. It is mostly used in non-structural and semi-structural components such as 

fenders, bumpers, doors, body panels and dashboards [2]. The most common form of SMC consists of 

a thermoset matrix, commonly unsaturated polyester or vinyl ester and chopped glass fibers. SMC 

typically contains 30-50% fibers that are commonly around 25 mm, but can be as long as 50 mm. Resin 

makes up about 25% of the weight and filler 25-45%. The filler is usually calcium carbonate, alumina 

or clay [23].  

SMC is also available with chopped carbon fibers, often called advanced SMC or A-SMC. Besides having 

carbon fibers instead of glass fibers, the fiber content is also higher than in regular SMC – around 60% 

volume fraction [24]. This is of interest in applications where greater stiffness and strength than glass 

fibers can achieve is desired [3]. However, since the fibers are chopped and randomly oriented ASMC 

is not a very effective material in terms of utilizing the full mechanical potential of carbon fibers. The 

forged composite technology used by Lamborghini is one type of ASMC. 



 

One of the main reasons why SMC is widely used is the similarity of its processing compared with sheet 

stamping of metals, which is already something that the automotive industry is familiar with. It is also 

very cheap compared to other composite materials. This makes it cost competitive with steel parts. 

One example is an automotive hood that at 10 000 parts per year would cost 200 €/part made from 

SMC and 300 €/part made of steel [1]. One study done by Åkermo and Åström found that SMC can be 

cost competitive for around 80 000 parts per year for a medium sized component [25]. A further 

advantage of SMC is that its shrinkage is low, around 0.2% in a general SMC formulation meaning that 

the part will be dimensionally stable [2]. 

SMC is made by distributing a mixture of resin, additives and filler onto a plastic carrier film that travels 

on conveyor belt. After this mixture has been applied fibers are randomly distributed onto the film 

from a rotary cutter located above the conveyor belt. In the end the mixture is enclosed by adding 

another plastic film on top and thereafter it is cut and rolled up in rolls weighing 350 to 1500 kg [23]. 

Afterwards the SMC has to mature in order to obtain a viscosity suitable for molding. This is usually 

done by keeping it at a controlled temperature of 30 degrees Celsius for two to five days, and then it 

can be stored, often at below room temperature, for several weeks or even months before it is used 

[2].  

SMC is formed into the desired shape by compression molding. A pre-charge, which is pieces of SMC 

that typically covers around 50% of the mold surface, is strategically placed in the heated mold. The 

mold then closes rapidly until the upper mold half touches the pre-charge and then it continues to 

move down slowly. The mold temperature and closing speed are essential parameters that affect the 

quality of the end product. The pressure forces the material charge to flow and fill out the mold cavity. 

The mold stays closed with maintained pressure until the curing process is complete [23]. The process 

is illustrated in Figure 2.4. 

 

In the final stage, when the part is solidified, the mold is opened and ejector pins are used to detach 

the part from the mold. The mold is then prepared for the next cycle by the addition of a release agent 

to the mold surfaces. The cycle time depends on the part complexity, size and thickness and also which 

type of resin and mixture is used. Typically the cycle time is around 1 to 3 minutes, where the major 

part is the curing phase [23]. Typical molding pressures range from around 3 to 20 MPa, and mold 

temperatures are around 100-200 oC [2].  

There are some restrictions when using the SMC process, such as minimum draft angles and radiuses. 

There is also a number of recommendations and guidelines regarding ribs and various inserts. For 

instance ribs that are not properly designed in terms of draft angles, radii and thickness can cause the 

surface opposite to the rib to sink in [2]. The molds for high volume production SMC are commonly 

made of steel, since they have to be durable and often withstand high pressures. The duration of the 

molds are in the order of 100 000 cycles [26].  

Figure 2.4. Compression molding. 



 

2.2.3. Bulk Molding Compound 

The molding process with BMC is identical to the one with SMC. The difference is that BMC is not made 

in the form of sheets, but rather by mixing the resin, fibers, fillers and additives into a dough-like form. 

It is delivered in the form of extruded logs. The fiber content in BMC is generally 5-10% lower than 

SMC, and the fibers are shorter, the most common length being 6.23 mm [23]. A typical formulation 

of BMC used in the automotive industry can be as follows [27]: 

Resin 20% 

Glass fibers 15% 

Low profile agent 9% 

Others (peroxide, mold release agent) 2% 

Calcium carbonate (filler) 54% 

Since BMC has a higher level of filler, lower fiber content and shorter fibers than SMC. It can be used 

for injection as well as compression molding. The high level of filler also means that the temperature 

resistance is high and the surface finish is very good, which is why BMC is often used for headlamp 

reflectors [2]. The shorter fibers and the lower fiber content also means that BMC is not as structurally 

capable as SMC. However it is easy to ad inserts and ribs to a BMC part in order to enhance its 

performance.  

2.2.4. Glass Mat Thermoplastic 

GMT (glass mat thermoplastic) is the thermoplastic equivalent to SMC. The most common 

configuration uses polypropylene, PP, as matrix and randomly distributed chopped E-glass fibers as 

reinforcement. There is also GMT available that uses random continuous fibers, unidirectional 

continuous fibers or bidirectional fiber mat [21]. The difference when using GMT compared to SMC is 

that since it is a thermoplastic composite, it needs to be heated before it is pressed. Thus it is first 

passed through a large oven which can be an IR-oven mounted over a conveyor belt. It is then placed 

in the press, which is colder than the heated material, usually around room temperature, or slightly 

above. When the press is closed the material flows out in the mold cavity and as it is cooled down it 

becomes solid again. 

Since thermoplastic materials does not require a chemical reaction to take place in order for the part 

to become solid, the cycle time for a given part is lower than when thermosets are used. The cycle 

time is usually less than one minute and the pressure is in the range of 10-14 MPa. The problem with 

thermoplastics is that they generally have a much higher viscosity in liquid form than thermosets. This 

means they are not as frequently used in structural applications, where continuous fibers are required 

[21]. The use of thermoplastics and thermosets in the plastics industry as a whole was in 2011 about 

80% vs 20% respectively. In composite material it was the other way around, the main reason being 

the high viscosity of thermoplastics [28]. However the advantages of thermoplastics, such as 

recyclability and better impact performance than thermosets, has contributed to a more extensive use. 

As of 2014, the portion of the composite plastic materials was estimated to be 60-65% for thermosets 

and 35-40% for thermoplastics [1]. 

It is also possible to compression mold pre-impregnated thermoplastic sheets with continuous fibers. 

This process is studied by Karlsson [24] and Mårtensson et al [29] and is hereafter referred to as CMTP. 

The process is similar to GMT in terms of cycle time but the prepregs will need to be cut before they 

are put in the press. This is because continuous fibers cannot be shaped as easily as discontinuous 

fibers, so the material is only formed by the press and does not flow to fill the mold. This also means 

that lower pressures than the ones in SMC are required.  



 

2.2.5. Wet Compression Molding 

A relatively new technology, wet compression molding essentially combines RTM and compression 

molding. Unlike RTM however, no pressure is present when the resin is applied, and it is sprayed on to 

the fiber reinforcement when the mold is still open. The mold is then closed and pressure is applied. 

Since this process does not require the resin to be injected in a closed mold, multiple molds can be 

used in parallel. Resin can be applied to one part while another one is being formed in the press. This 

means that the cycle times can be reduced. Furthermore a more reactive type of resin can be used 

here than what is possible with RTM. This is because in RTM one must be certain that the resin can fill 

the mold before it has started to cure. This saves time as well, and the time from spraying the resin 

onto the fibers until the part has cured is only 3 minutes. The method has been used in both the BMW 

7-series and the BMW i3. The main drawback is that it is only suitable for relatively flat and non-

complex parts. [30] 

2.2.6.  Injection Molding 

Injection molding is a process in which liquid plastic reinforced with short fibers is injected into a mold 

under high pressure. There are many different types of injection molding, and it is possible to injection 

mold both thermosets and thermoplastics. For thermosets the most common methods are reinforced 

reaction injection molding (RRIM) where a thermoset matrix reinforced with short fibers (<1 mm) is 

used. In structural reaction injection molding (SRIM), thermoset material is injected into a mold where 

a dry fiber preform is placed, similar to RTM. The downside of using thermoset resins is that they 

require a very thorough process control, so that the curing does not start too early. [28] 

Injection molding is the most widely used process for manufacturing high volume thermoplastic 

composites. There are a few variations depending on which type of material is used, but the principle 

is the same. The injection machine is made up of two parts, the injection unit and the clamping unit. 

The injection unit is basically a heated barrel with a large rotating screw inside it. The screw acts as a 

piston pushing the pelletized raw material further into the barrel where it melts. The mold is held 

together by a clamping unit to keep the mold shut during injection. An overview of the injection 

machine can be seen in Figure 2.5 below. [31] 

Complex shapes can be achieved and ribs and inserts are easy to integrate when injection molding is 

used. It is possible to make hollow parts by injecting gas into the liquid plastic in the mold. There are 

numerous different thermoplastic materials which can be used in injection molding. The most common 

ones are polypropylene (PP) and nylon plastics, also called polyamides, (PA6, PA6,6), all reinforced with 

E-glass fibers. The reasons being PP is very cheap and has decent mechanical properties, the main 

downside is that it cannot be used in high temperatures [21]. PA6 and PA6,6 has better mechanical 

properties and is being increasingly used due to a good balance between price and mechanical 

properties [3]. One disadvantage of PA is its water absorption. The required pressure for injection 

molding depends on the part size, complexity and what type of material is used. A rule of thumb is that 

0.5-0.8 tons per square centimeter is required for reinforced PA6 [32].  

 



 

 

Figure 2.5. The injection molding process. [31] 

There are a few different fiber configurations used in injection molding. Short fiber thermoplastics 

(SFT) is placed in the machine in the form of pellets, with fiber lengths usually around 1mm. This length 

decreases when the injection is started because the high shear forces resulting from the injection 

causes the fibers to break. Since the viscosity of the injection material increases with increasing fiber 

content the maximum weight fraction of fibers is limited to approximately 60 percent. In the ideal case 

the fiber orientation in SFTs is random, giving the material an isotropic nature. However fibers tend to 

align in the direction of flow. Thus in practice the fiber orientations depend on mold design, part 

thickness and process conditions. Another aspect that can decrease the mechanical performance are 

called weld lines. Where two or more flow fronts meet, the fibers will often align in a preferred 

direction, meaning that the part will be locally weakened. [21]  

Long fiber thermoplastics (LFT) have fibers ranging in lengths from 5 to 25mm, which results in 

enhanced mechanical properties compared to SFTs. LFTs can be processed as pre-compounded pellets 

like SFTs. They are made by pulling continuous fiber roving’s through liquid thermoplastic in a heated 

die. The impregnated roving’s are then cooled and chopped into pellets. LFTs can be processed in 

various ways. If they are to be injection molded a few alterations have to be made on the injection 

machine screw design and process parameters in order to decrease fiber breakage [21]. LFT can also 

be processed by compression molding which has significantly lower fiber breakage, 40-50mm can be 

achieved, but it cannot achieve as complex shapes [33].  

Another way to make LFT is by directly compounding them, and not allowing the plastic to cool down 

between the impregnation and the molding step. In this process liquid matrix and continuous fiber 

roving’s are fed into either a long coating die or a twin screw extruder where the impregnation takes 

place. Directly after this an in-line chopper cuts the hot material to desired lengths. The material is 

then fed into the molding machine, which can either be a press or an injection machine. This type of 

LFT is called direct LFT, or D-LFT. [21] 



 

Another aspect of injection molding is the ability to over mold semi-finished parts with for example 

reinforcing rib structures. The organo sheet process integrates the forming of a semi-finished product 

and the subsequent over molding into one single process step. This saves time and makes the process 

cost competitive. Since it uses continuous fibers it can be used to make parts that are structurally more 

capable than LFT parts. The organo sheet consists of continuous fibers intertwined with continuous 

thermoplastic fibers. When the sheet is heated the plastic melts and it is then put into the mold for 

forming. Injection is performed immediately while the plastic is still hot and the part is then finished 

[34]. The cycle times are comparable with injection molding. However in some cases the cycle time is 

determined by the heating of the sheet and not the over molding [35]. 

A relatively new technology is to reinforce the injection molded material with an X-tech reinforcement. 

A technology developed by Inxide, the concept is based on implementing continuous fibers in the form 

of a skeleton through the material to reinforce the material locally in specific directions. This string is 

inserted in the mold during the injection process and then covered in normal injection molding 

material. The X-tech technology can reduce weight by up to 50% while retaining equal or better 

structural performances compared to some steel designs. This can be done while still achieving cost 

competitiveness. The skeleton is manufactured by a fully automated robotic cell. The direction and 

shape of the skeleton is derived from the structural loads on the component. To build the skeleton 

multiple layers of continuous fibers are added until the desired thickness is attained. The technology 

is possible to use in both low and high volume production and is manufactured in Inxide’s current 

infrastructure. [36] 

2.2.7. Process and Material Properties 

In order to obtain an overview of the manufacturing processes possibilities and limitations a few key 

parameters are summarized in Table 2.2. The values for the top four rows are the same as presented 

by Ashby [37]. The shape row describes the geometries that can be achieved with the different 

methods. These are explained in Figure 2.6. 

Table 2.2. Parameters for the different manufacturing methods. 

 RTM Compression molding 
Injection 
molding 

Tolerance [mm] 0.1-1 0.3-1 0.2-1 

Surface Roughness [µm] 0.2-1.3 0.2-1.3 0.2-1.6 

Mass [kg] 0.8-80 0.07-25 0.01-50 

Section thickness [mm] 3-12 2-14 0.4-6.3 

Possible shapes 1-6 4-6 1-4 

Fiber form and length [mm] Continuous 6-50 or continuous 
<1-25 or 

continuous 
𝒗𝒇 [%] 0-60 0-60 0-60 

Pressure [MPa] 6 3-20 10-60 

 

 

Figure 2.6. Possible shapes for the manufacturing methods. [37] 



 

Table 2.3. Properties of different materials. Asterisk means assumed values. 

Properties 
UD 

carbon/epoxy 
[38]  

UD E-
glass/epoxy 

[38] 

E-glass 
Fabric/epoxy 

[38] 

SMC 
[2] 

A-
SMC 
[39] 

PP-GF 
[21], 
[31] 

Wet 
PA6-GF 

[40] 

𝑬𝟏 [𝑮𝑷𝒂] 135 40 25 13 38 5.3 6 

𝑬𝟐 [𝑮𝑷𝒂] 10 8 25 13 38 5.3 6 

𝑬𝒇𝒍𝒆𝒙 [𝑮𝑷𝒂] - - - 12 30 0.9 5 

𝑮𝟏𝟐 [𝑮𝑷𝒂] 5 4 4 5 15 2 1.9 

𝝂𝟏𝟐 0.3 0.25 0.20 0.3 0.3 - 0.3* 

�̂�𝟏𝒕 [𝑴𝑷𝒂] 1500 1000 440 160 300 48 120 

�̂�𝟏𝒄 [𝑴𝑷𝒂] 1200 600 425 250 290 48* 120 

�̂�𝟐𝒕 [𝑴𝑷𝒂] 50 30 440 160 300 48 120 

�̂�𝟐𝒄 [𝑴𝑷𝒂] 250 110 425 250 290 48 120 

�̂�𝟏𝟐 [𝑴𝑷𝒂]   70 40 40 - 250 - 60 

�̂�𝒇𝒍𝒆𝒙 [𝑴𝑷𝒂] - - - 280 500 49 240 

𝝆 [𝒌𝒈 𝒎𝟑⁄ ] 1600 1900 1900 1900 1550 1120 1360 

𝒗𝒇 [%]  60 60 50 38 45 22 16 

Used in RTM RTM Organo CM CM IM IM 

 

2.2.8. Process Costs 

Regarding the fixed costs for tools and initial investments the numbers were calculated a bit differently 

for the different methods. The basis for these estimations are that each method is to produce an 

identical component with the same complexity and geometry. The component in question was 

assumed to have an area of around 0.5 square meters and a low complexity. 

For the HP-RTM process the investment costs were estimated through applying a production line 

layout described by Karlsson [24]. The prices for the machines are also found there and are 

summarized in Table 2.4 below.  

Table 2.4. Prices and components for a single RTM line [24]. 

Machine/Tool Description Quantity 
Price/piece 

[k€] 

Material handling robot Used for moving material 7 60 

CNC cutter 
Used in preforming for cutting 

fiber mats. 
1 150 

Binder dispersal robot 
Applies binding agent to the 
fibers that holds the preform 

together. 
1 60 

Post milling machine 
Used in post processing, for 

example in trimming of flash. 
1 300 

Injection equipment Used for injection of the resin. 1 300 

Main press 
Used to hold the main mold 

together during injection. 
1 375 

Drape press Used for preforming. 1 63 

Main mold Used for achieving final shape. 1 66 

Drape mold Used to make the preform. 1 48 

  Sum: 1.78 M€ 

 



 

The press cost was estimated from the tonnage required according to [24] [29]: 

 Press cost [€] = 1250 tonnage   (2.1) 

The required tonnage was calculated assuming a press force of 300 ton (1 𝑡𝑜𝑛 ≈ 10 𝑘𝑁) is required. 

This originates from Chaudhari et al. [41] where a component of similar size was manufactured. This 

corresponds to a pressure of 6 MPa for a component with an area of 0.5m2. The drape process is 

assumed to not require particularly high pressures, since it is only about forming dry carbon fiber. Thus 

a 50 ton press was assumed to be sufficient.  

The mold costs are based on component size only and not complexity, which is a limitation. However 

they are stated to be for simple components originally [25]. The drape mold and the main mold are 

identical in dimension but the drape mold is assumed to be made of aluminium and the main mold 

steel. This is because the pressure is lower in the drape press and thus an aluminium mold is deemed 

sufficient [24].   

For the A-SMC process the same methodology as for RTM was used. If the required pressure assumed 

to be 10 MPa [24] [39] the required press force becomes: 

 71 10 0.5 500 T PA ton       (2.2) 

The costs for the different machines required can be seen in Table 2.5 below.  

Table 2.5. Prices and components for a single A-SMC line [24]. 

Machine/Tool Description Quantity 
Price/piece 

[k€] 

Material handling robot Used for moving material 4 60 

CNC cutter 
Used in preforming for cutting 

the prepregs. 
1 150 

Post milling machine 
Used in post processing, for 

example in trimming of flash. 
1 300 

Press Used to form the part. 1 625 

Mold Used for achieving final shape. 1 66 

Freezer storage 
Used to keep the store the 

prepregs to keep them from 
hardening. 

5 10 

  Sum: 1.43 M€ 

 

For the freezer storage cost it is assumed that about 10x10 meters of space is sufficient. The price is 

taken from Bureca [42].  

For the CMTP process the machines needed can be seen in Table 2.6. 



 

Table 2.6. Prices and components for a single CMTP line [24]. 

Machine/Tool Description Quantity 
Price/piece 

[k€] 

Material handling robot Used for moving material. 4 60 

CNC cutter 
Used in preforming for cutting 

the prepregs. 
1 150 

Post milling machine 
Used in post processing, for 

example in trimming of flash. 
1 300 

Press Used to form the part. 1 313 

Mold Used for achieving final shape. 1 66 

Conveyor oven 
Used to heat the prepregs so 

that they can be formed. 
1 100 

  Sum: 1.17 M€ 

As mentioned earlier this process does not require as high pressures as for A-SMC for example, since 

the material is pre-impregnated. The pressure is set to half of that required in ASMC.  

Regarding injection molding the tool cost was estimated using a model developed by Fagade and 

Kazmer in which the tool cost can be estimated according to [43]:  

 22500 0.82 30 2940 7630 5470moldC S D A HF HT        (2.3) 

Here the cost depends on the size of the part envelope S in cubic centimeters, the number of 

dimensional features such as rounded corners etc. is D and the number of actuators is A . The last two 

variables are set to 1 or 0 depending on the required surface finish and tolerances. If the part envelope 

is assumed to be 100x50x25 cm and all other parameters are set to 0 the tool cost becomes around 

93 000 €. This is rounded up to 100 000 € to be conservative and account for the missing information 

about the other parameters.  

Regarding the cost of the injection machine it was assumed that a 3000 ton machine was needed. This 

was based on the rule of thumb mentioned earlier, assuming that 0.6 ton force per square centimeter 

is needed. Engel, a manufacturer of injection molding machines was contacted and stated that the 

price of a 3000 ton machine is 1.2-1.3 M€ [44]. This is excluding the automation needed to reach the 

annual volumes required. It was assumed that a post milling machine is needed for the trimming of 

flash and that at least one material robot is required.  

Table 2.7 Prices and components for a single injection molding line [24]. 

Machine/Tool Description Quantity 
Price/piece 

[k€] 

Injection machine 
Injects the resin into the mold 

and holds it together. 
1 1300 

Mold Used to make the part. 1 100 

Post milling machine 
Used in post processing, for 

example in trimming of flash. 
1 300 

Material handling robot 
Used to unload the injection 

machine and move parts. 
2 60 

  Sum: 1.82 M€ 

2.3. Designing with Composites 

The cost model explored in this chapter can be used for all different kinds of manufacturing methods 

and materials. In this study six different manufacturing methods and material combinations are 



 

presented. Many minor changes can be made to a manufacturing method or a material which will only 

change the modeled cost slightly. This makes it overwhelming to model all different variations of all 

manufacturing methods combined with all different materials. To represent the variety of high volume 

manufacturing the combinations presented are shown in Table 2.8.  

Table 2.8. The Manufacturing methods and materials presented in the cost study. 

Technology Thermoset or Thermoplastic Carbon or Glass fiber 
Fiber 

length 

RTM CF Thermoset Carbon Continuous 

A-SMC CF Thermoset Carbon Continuous 

CMTP CF Thermoplastic Carbon Continuous 

Organo Sheets GF PA6 Thermoplastic Glass Mixed 

Injection Molding GF PA6 Thermoplastic Glass Short 

Injection X-tech 20% GF PA6 Thermoplastic Glass Mixed 

 

2.3.1. Cost Model 

To make an accurate analytical cost model connected to composite manufacturing is demanding 

especially within high volumes due to the difficulties of obtaining accurate and necessary data. The 

composite industry is also in constant development which will quickly outdate data once it is obtained. 

However a cost comparison is still useful even if it is approximate or gives a relative cost. This is 

especially useful in early stages of design when used as a guide for selection and estimates. Several 

other cost estimations of composite manufacturing processes have already been explored such as in 

[45] made by Ashby and Esawi in 2003, where cost models are reviewed from the perspective of 

material and process selection. Others have also further developed cost models such as in [24] by 

Mathilda Karlsson where the cost for three commonly used manufacturing methods are investigated 

and evaluated against different manufacturing volumes. There is also [29] by P.Mårtensson, D.Zenkert 

and M.Åkermo, where a method is proposed to visualize the cost and weight advantages of either 

pursuing an integral design or a differential design. By using these three reports and interpreting their 

methods a new simplified relative cost model was developed specific for this report. In this cost model 

only the costs which are considered to have the largest impact in cost difference are considered. The 

cost model will not cover the physical properties or what complexity the method can produce, these 

will be evaluated separately.  

The cost is obtained as cost per kg of final part, partC . This cost consists of several parts: 

 part direct indirect reinvestC C C C     (2.4) 

Where directC  is the material and scrap cost for each component, indirectC  is the indirect costs which 

are fixed costs such as original investment cost. The final part, reinvestC  are reoccurring costs such as 

tooling.  

  1direct feedstock scrap eightC C m W      (2.5) 

The direct costs are modeled as the feedstock cost in  € / kg  multiplied with the scrap factor scrapm  

in percent times the components weight.  
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The annual indirect costs are added together and divided with the annual production rate n . This way 

the indirect costs are averaged as indirect cost per component. If multiple lines are required to meet 

the annual production the indirect costs will scale linearly with the number of lines inesL . investC is the 

initial one time investment cost such as machines required. This investment is divided with capital 

write-of time
capitalt . OverheadC  is the overhead costs and includes rent of factory space, electricity or 

work cost per year, however in this model this term will be neglected.  

The number of lines required is calculated from the annual production rate n  divided with the possible 

annual production rate: 
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  (2.7) 

The ceil function rounds upwards to the nearest integer. 

The reinvestment cost includes the cost of the tooling required in the process. The amount of tools 

required per line oolsT is multiplied with the tool cost toolC , the amount of lines and then divided with 

the capital write of time: 

 tool ines
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  (2.8) 

The amount of tooling required is calculated the following way: 
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volumeM is the amount of products the tool can produce before needing a replacement. This gives oolsT

as the amount of tools required per line for the capital write of time period.  

2.3.2. Cost Parameters 

The cost model is requiring certain parameters. These parameters will be listed here. The values of 

said parameters should be treated as rough approximations. 

Table 2.9. Generic input data for the cost model that is not dependent on the manufacturing process 

or the material used. 

Generic input data 

Workdays per year 200 Days 
Shifts per day 3 - 

Working hours per day 24 Hours 

Capital write-off time 5 Years 

Weight 1 Kg 

 



 

For the working time per year it was assumed that the lines are operating in 3 shifts, 24hours a day. To 

account for holidays and maintenance stops it was also assumed that the line is running 200 days each 

year. 

For manufacturing method or material specific parameters the values are mostly summarized from 
chapter 2.2. Available Manufacturing Methods for High Volume. How other values were calculated are 
described below. The values found in the table should not be interpreted as actual costs but rather as 
relative costs against the other manufacturing methods. The same principle applies to the non-cost 
values such as scrap levels or cycle times.  

Table 2.10. Estimated relative values of the parameters used in the cost model for technologies 

considered. The values are a collection of data from chapter 2.2 and 2.2.8. 

Technology 
Thermoset or 
Thermoplastic 

Cycle 
time 
[min] 

Feed-
stock 
cost 

[€/kg] 

Scrap 
level 
[%] 

Tool 
Cost [€] 

Units 
per tool 

Investment 
cost [€] 

RTM CF Thermoset 5 15.4 20% 114 000 100 000 1 668 000 

A-SMC CF Thermoset 3 36.5 5% 66 000 100 000 1 365 000 

CMTP CF Thermoplastic 1 34.0 20% 66 000 100 000 1 103 000 

Organo Sheets 
GF PA6 

Thermoplastic 0.75 4.8 2% 100 000 250 000 1 720 000 

Injection 
Molding GF PA6 

Thermoplastic 0.5 3.0 2% 100 000 250 000 1 720 000 

Injection X-tech 
20% GF PA6 

Thermoplastic 0.75 4.3 2% 100 000 250 000 1 720 000 

 

For the RTM feedstock it is assumed that the resin and carbon fiber is bought in separately and 

combined. Their new combined price can be calculated by knowing the individual priced, densities and 

the volume fraction of the laminate. This is represented in Table 2.11.  

Table 2.11. Feedstock cost estimation for a laminate manufactured with RTM. 

Material Cost [€/kg] Density 

Carbon fiber 20 1800 

Epoxy 5 1200 

Laminate 60% 15.4 1560 

 

For the Organo sheet’s feedstock cost it was assumed that organo sheets are bought in pre-

manufactured and then combined with chopped GF and PA6 in an injection molding process. The 

volume fraction between organo sheets and GF/PA6 mixture was assumed to be 50%. It was assumed 

that the Organo sheets are bought in for 6€/kg and the cost for the chopped GF/PA6 is the same as 

the feedstock cost for injection molding in Table 2.10. Their new combined price can be calculated by 

knowing the individual priced, densities and the volume fraction of the laminate. This is represented 

in Table 2.12. 



 

Table 2.12. Feedstock cost estimation for an organo sheet laminate manufactured with injection 

molding. 

Material Cost [€/kg] Density 

Organo sheet 6 1900 

GF/PA6 3 1360 

Organo sheet laminate 50% 4.8 1630 

 

For the X-tech technology it was assumed that the part is bought from Inxide and manufactured in 

their machines. This way no extra investment cost is necessary and the cost is instead modelled as the 

material cost and an hourly rent cost for the manufacturing. The hourly manufacturing cost was 

estimated to 100€/h. The time it takes to manufacture one component varies a lot for different parts 

but for the cost model an estimate of 20 seconds was used. The estimate reflects a medium size 

component with low complexity. The component was modeled to be manufactured with UD E-glass 

and PA6with the same price as of organo sheets of 6€/kg. To get the complete component 

manufactured with injection molding and X-tech the same principle as for organo sheets were used. 

80% of the weight was assumed to be of chopped GF/PA6 and 20% volume fraction of X-tech material. 

Their new combined price can be calculated by knowing the individual prices, densities and the volume 

fraction of the laminate. This is represented in Table 2.13. Adding the manufacturing cost of the X-tech 

part of 100€/h for 20seconds the new total cost becomes 4.3€/kg. 

Table 2.13. Material cost estimation for an x-tech technology manufactured with injection molding, 

manufacturing cost not included. 

Material Cost [€/kg] Density 

X-tech material 6 1900 

GF/PA6 3 1360 

X-tech laminate 20% 3.8 1630 

2.3.3. Cost Estimations 

The cost model yields Figure 2.7 when plotting the cost per part as a function of the annual production 

volume.  



 

 

Figure 2.7. The relative cost of different manufacturing processes with different materials. The figure 

is supposed to give an overview of the relative price of different methods and materials. 

To compare the methods the costs for an annual production rate of 100 000 were extracted and 

represented in Table 2.14. These costs are not true costs as some costs that are constant for all 

methods were neglected, such as labor. Therefore they mainly represent the cost differences between 

methods.  

Table 2.14. The technologies considered together with their respective materials and their costs 

normalized against injection molding for an annual production volume of 100 000. 

Technology 
Thermoset or 
Thermoplastic 

Carbon or Glass 
fiber 

Cost per kilo 
[€/kg] 

RTM CF Thermoset Carbon 26.5 

A-SMC CF Thermoset Carbon 44.6 

CMTP CF Thermoplastic Carbon 43.7 

Organo Sheets GF PA6 Thermoplastic Glass 8.7 

Injection Molding GF PA6 Thermoplastic Glass 6.9 

Injection X-tech 20% GF PA6 Thermoplastic Glass 8.3 

 

2.3.4. Material Properties Evaluation 

The total cost of a part will not only depend on the parameters presented in the cost model. The 

mechanical properties also has to be accounted for when the evaluation of the process and material 

is made. A performance index can be used to address this. This index relates the cost, the mechanical 

properties and the geometry of the part to the requirements for a given material and process. Suppose 

that the cross sectional area of a rod loaded in tension is to be determined so that the rod does not 

break, i.e. the stress is not allowed to be larger than the yield stress. The solution is then: 
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However, if the ultimate objective is to minimize the cost, the solution is incomplete. The mass of the 

rod can be expressed as: 

 m AL   (2.11) 

If the cost of one kilogram of the rod is   € / kgC , then the cost of the rod will be: 
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  (2.12) 

Thus the important parameter for minimizing the cost, i.e. the performance index will be the term in 

brackets on the right hand side of the equation above. The performance index is only dependent on 

the material properties. Thus, changing the cross sectional geometry, load type or boundary conditions 

will not affect it. Such changes will merely result in a different term in front it. The performance indices 

for different types of requirements and geometries can be found in Table 2.15 below [46] [47] [48].  

Table 2.15. Performance indices depending on the critical requirement of the structure. 

Critical 
Requirement 

Type of loading 
Performance index 

weight 
Performance index 

cost 

Stiffness Tension/Compression E  C E  

Strength Tension/Compression y   yC    

Beam stiffness Bending 1/2
E  

1/2
C E  

Beam strength Bending 
2/3

y   2/3

yC    

Panel stiffness Bending 1/3
E  

1/3
C E  

Panel strength Bending 
1/2

y   1/2

yC    

Eigenfrequency Vibration 2 E  2C E  

 

It is easy to find the solution that minimizes either cost or weight. That solution corresponds to the 

material with the lowest performance index for weight or cost. However it is often of interest to 

minimize both weight and cost are to be. In order to do this weight saved can be said to have a value. 

For instance one might benefit the range of an electric car by saving weight, and thus the sales price 

could perhaps be higher in light of the longer range. In the aerospace industry, which currently uses 

carbon fibers to a large extent, this value is somewhere in the range of 350-500€/kg. In the automotive 

industry however, the value is significantly lower at 0.3-6€/kg. [48] 

In order to perform this multi-objective optimization a performance function is introduced. 

 c wP P P    (2.13) 

This function depends on the performance indices cP  for cost and wP  for weight. The value of weight

 is in €/kg and defines the balance between weight and cost reduction. The preferred solution is the 

one minimizing this function.  



 

It is worth noting that the units and criteria for the eigenfrequency is different from the rest. For a 

beam the eigenfrequency can be expressed as: 

 2
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    (2.14) 

By using assuming that the shape of the cross section is the same regardless of cross sectional area the 

area moment of inertia can be written: 

 2I k A    (2.15) 

Here k is a constant which depends on the geometrical shape of the cross-section. By using this 

equation and equation (2.11) the area can be written as a function of the material parameters: 
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By then reinserting the equation into (2.11) the mass can be expressed as: 
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By assuming that the eigenfrequency is a constant (the required) the only material parameters that 

are left are  and E: 
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This is useful if one is designing a component with only one material. However it would be much more 

efficient to change the geometry or use multiple materials to increase the area moment of inertia I . 

2.3.5. Material Parameters 

In order to calculate the performance indices for composite materials classical laminate theory was 

used [49]. Since the materials have different properties in different directions, as seen in Table 2.3, 

when adding several layers with different fiber angles together the material will have an effective 

stiffness that is a combination of the stiffness’s of the individual layers. This effective stiffness can of 

course also be different in the different directions, and it is shown in Table 2.16.  

As seen in Table 2.16 there are two different layups are used for RTM and CMTP. The reason for this is 

that the advantages and disadvantages of a more oriented layup can be shown. The RTM UD 50% has 

the layup: 

  0 0 0 45 90 45
s

    

The s denotes symmetry. The RTM QI layup is: 

  0 45 90 45
s

    

For the organo sheets and x-tech materials it was assumed that the PA6-GF30 that they are over 

molded with acts as a matrix and the organo sheet/x-tech reinforcement as the fibers. The layups that 

were used here resembles a reinforcement in the middle and matrix covering it. The organo sheet was 



 

assumed to be a glass fiber fabric, with properties according to Table 2.3. The x-tech reinforcement 

was assumed to have the properties of the UD glass fiber/epoxy. Thus the layups are: 

  6 30 / 6 30X tech PA GF UDGF Epoxy PA GF  

  6 30 6 30Organo PA GF GF Fabric PA GF  

To calculate the strength of the materials the Tsai-Hill criterion was used, according to which a lamina 

will fail when: 
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      (2.19) 

Here the subscripts corresponds to the directions, 1 is the fiber direction and 2 is the transverse 

direction. The denominators are the ultimate strengths found in Table 2.3 in the different directions. 

The sign of the stresses is very important as it determines what is to be in the denominators, either 

ultimate tensile or compressive strength.  

However if one lamina fails that does not necessarily mean that the entire laminate has failed. Thus 

the laminate might still be able to carry the applied load, but with one or more layers broken. Also the 

Tsai-Hill criterion does not account for the fact that composites can fail in many different ways, such 

as fibers or matrix failing individually. Both of these aspects can be accounted for in various ways but 

since this is only for the purpose of a first estimation of the material performance this is not considered. 

The criterion is thus once Tsai-Hill has indicated failure in one layer this gives a value of the largest load 

that can be applied. From this an equivalent maximum stress can be derived for the entire laminate. 

The values of these stresses can be seen in Table 2.16. 

Table 2.16. Laminate properties calculated from the material properties in Table 2.3. 
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RTM UD 50% 1600 80 40 430 208 710 356 710 

RTM QI 1600 52 52 282 282 466 466 466 

A-SMC 1550 38 38 300 300 290 290 500 

CMTP UD 50% 1600 80 40 430 208 710 356 710 

CMTP QI 1600 52 52 282 282 466 466 282 

Organo Sheets 
50% 

1630 15.6 15.6 272 272 262 262 262 

Injection Molding 1360 9.5 9.5 120 120 120 120 240 

Injection X-tech 
20% 

1468 13 6.6 257 25 190 93 251 

 

  



 

2.3.6. Material and Technology Evaluation - Results 

When combining the cost parameters from Table 2.14 with the performance indexes from Table 2.15 

and the material properties from Table 2.16 one figure is obtained for each material property. In the 

figures a value of weight was assumed at 2€/kg as the dashed line. The closer the material is to that 

line the more optimal it is. Figure 2.8 shows the material performance for stiffness in the fiber direction 

and for tensional strength in the fiber direction see Figure 2.9. For the complete set of figures see 

Appendix A. The complete results are summarized in Table 2.17. 

 

Figure 2.8. Material performance w.r.t. stiffness when loaded in the 1-direction. 



 

 

Figure 2.9. Material performance w.r.t. strength when loaded in tension in the fiber direction. 

Table 2.17. A summarized table of best and worst technologies from Appendix - A. 

Critical Requirement 
Type of 
loading 

Best 
technology 

Second best 
technology 

Worst 
technology 

Stiffness 
In fiber direction 

Tension/ 
Compression 

RTM 50% UD 
(CF) 

RTM QI (CF) A-SMC (CF) 

Stiffness in transverse 
direction 

Tension/ 
Compression 

RTM QI (CF) 
RTM 50% UD 

(CF) 
Injection X-tech 

20% (GF) 
Strength in fiber 

direction, tension 
Tension 

Injection X-tech 
20% (GF) 

Organo Sheets 
50% (GF) 

CMTP QI (CF) 

Strength in fiber 
transverse direction, 

tension 
Tension 

Organo Sheets 
50% (GF) 

Injection 
Molding (GF) 

Injection X-tech 
20% (GF) 

Strength in fiber 
direction, compression 

Compression 
RTM 50% UD 

(CF) 
Organo Sheets 

50% (GF) 
A-SMC (CF) 

Strength in fiber 
transverse, compression 

Compression 
Organo Sheets 

50% (GF) 
Injection 

Molding (GF) 
A-SMC (CF) 

Beam stiffness Bending 
Injection X-tech 

20% (GF) 
Injection 

Molding (GF) 
A-SMC (CF) 

Beam strength Bending 
Injection 

Molding (GF) 
Injection X-tech 

20% (GF) 
CMTP QI (CF) 

Eigenfrequency Vibration  
RTM 50% UD 

(CF) 
RTM QI (CF) A-SMC (CF) 

 



 

2.4. Composite Study – Conclusions 

The Industry overview shows that composites in chassis components are not as common as one could 

have thought. Some chassis components have been implemented on a larger scale such as the leaf 

spring and others are promising and may be implemented in the future such as brake pedals or possibly 

wheel carriers. The general trends show that the new composite components needs to integrate 

multiple old components for the change to be worthwhile. In other parts of the car it can be seen that 

the amount of composites is increasing. As the automotive companies acquire more knowledge and 

experience in composites the possibility new innovative composite solutions also increases.  

Regarding the results of the technologies evaluation it is important to keep in mind that the method 

of comparison assumes that the considered component can be manufactured using any of the 

manufacturing methods. This is not necessarily true and the limitations of the different methods 

should be considered when choosing method and material. In reality all technologies cannot make all 

shapes, see Table 2.2 and Figure 2.6. Furthermore design space limitations are not considered. In most 

cases some materials will not be able to fulfill the requirements regardless of their shape simply 

because they are too weak. For example some materials may require thicker walls or cross sectional 

area than what is allowed etc.  

The study shows that when regarding stiffness the methods which use carbon fiber are dominant. The 

most cost effective manufacturing method in this case is the RTM process with both QI layup and a 

layup with 50% of its fibers in the 0-direction fibers. When regarding tensional strength GF is the better 

choice. Especially the technologies which have continuous GF in the loaded direction such as X-tech or 

organo sheets. It can also be seen that this is the case for transverse compression strength, GF is 

dominant, especially organo sheets which have fibers in that direction.  

When looking at compression slightly surprising results emerge as RTM UD is optimal, see Table 2.17. 

This is because the first lamina that breaks is the one with fibres in the transverse direction, opposite 

of the load direction. That is because the individual carbon fiber UD layers have much higher 

compressive strength than tensional strength in the transverse direction, see Table 2.16. However this 

might not be the case if one were to study the ultimate failure of the entire laminate. In that case the 

tensile strength of the 50% UD laminate will increase and most likely be higher than the ultimate 

compressive strength.  

For bending, with regard to both strength and stiffness it is seen that GF is completely dominant over 

CF. While the E-modulus or strength is square and third rooted, the cost is linearly related to the 

performance function. This means that the difference in mechanical performance between GF and CF 

is decreased while the cost relationship remains the same.  

  



 

3. Choice of Component 

3.1. Available Components - Overview 

One component should be selected to be reevaluated and redesigned with composite materials. The 

choice is limited to chassis parts, engine mounts and the brake pedal, see Table 3.1 for a complete list 

of all components considered. The table contains what material the components are made of, how it 

is manufactured and what weight the component has. All are structural components and should be 

selected for redesign with high volume manufacturing in mind. 

Table 3.1. Component overview with the initial reference weight of the components for comparison 

with an equivalent composite component. 

Part: Material 
Density 
[kg/m3] Quantity 

Reference 
Weight 

Current way of 
manufacturing 

Front:      

Front subframe Aluminum 2710 1 19.80 Casted/extruded 

Front engine mount front Aluminum 2710 2 1.19+1.24 Casted 

Front engine mount rear Aluminum 2710 2 0.76+1.61 Casted 

Front knuckle Aluminum 2710 2 11.50 Casted 

Brake pedal Steel 7850 1 - - 

Pedal bracket PPGF - 1 - - 

Front lower control arm front Aluminum 2710 2 1.54 Forged 

Front lower control arm rear Aluminum 2710 2 1.29 Forged 

Front upper control arm Aluminum 2710 2 1.07 Forged 

Front suspension fork Aluminum 2710 2 1.27 Casted 

Front anti roll bar Steel 7850 1 5.25 Hot rolled 

Rear:      

Rear subframe Aluminum 2710 1 31.00 Casted 

Rear engine mount front Aluminum 2710 1 0.98 Casted 

Rear engine mount rear Aluminum 2710 2 0.56+0.68 Casted 

Rear knuckle (Wheel carrier) Aluminum 2710 2 4.73 Casted 

Upper link arm (camber) Aluminum 2710 2 0.87 Forged 

H-arm (lower control arm) Aluminum 2710 2 4.17 Casted 

Toe link Aluminum 2710 2 0.66 Forged 

Rear anti roll bar Steel 7850 1 3.85 Hot rolled 

3.2. Load Cases 

The loads acting on the vehicle can be sorted into three categories. Max load cases are considered as 

maximum static loads which can occur during normal use. The fatigue case handles non-static fatigue 

loads varying between a high and low value. Lastly there are misuse load cases which stem from the 

car experiencing misuse such as hitting the edge of a pavement or braking over a bump. From these 

load cases an equivalent force and moment can be extracted for each of the component attachment 

points. These forces can then be used to study the component independently of the rest of the vehicle.  

In this study only the max load cases will be considered. The max load cases describes the maximum 

forces the vehicle experiences during normal use. The stresses arising from these loads should not be 

greater than 75% of the yield strength to ensure no permanent deformation or damage.  For a list of 

some of the different considered load cases see Table 3.2.  



 

Table 3.2.  Examples of some the worst max load cases. 

Load Case Description 

1 Maximum Axle Load, Z                                           
2 Braking Forward, X                                  
3 Cornering Right, Y                      
4 Rough Road Bump, X                                       
5 Regen Braking Forward, X                    
6 Vertical diagonal, FR+RL                                    
7 Combined, lateral & brake, driving forward, X,Y    
… … 

The letter denotes the direction in which the force acts. The coordinates are the global coordinates of 

the car where positive x points from the front to the back, Y from left to right and Z points upwards. In 

the vertical diagonal case the load is applied to the front right and rear left wheels (FR+RL) respectively. 

In the last case the load acts in the xy-plane with a 45 degree angle in that plane.  

3.3. Component Evaluation 

Several things are important when evaluating the components’ potential for being redesigned in 

composite. Judgment and knowledge about what can be manufactured and what materials are 

available is necessary to know what methods can be used when. It is important to know what 

geometrical limitations the manufacturing methods have. Components with complex geometry are 

harder to manufacture and is much more limited in their choice of method. Secondly the load 

complexity and size is important as composites have anisotropic properties. The simpler the load case 

the easier it is to align the composite’s properties with the forces. For very complex load cases isotropic 

materials such as metals are generally preferred. Thirdly the design space of the component needs to 

be considered. If there are a lot of free room to use around the component more material and different 

shapes can be used to optimize the component. This will be evaluated in a 1-5 scale where 5 is not 

restricted at all and 1 is completely restricted. If the component is very limited with regards to design 

space, very few changes can be made. Lastly the requirements on the component needs to be 

considered; required strength, stiffness and eigenfrequencies needs to be determined and fulfilled. To 

determine which of the constraints are critical is important when choosing material.  

3.3.1. Subframes 

The subframes in the front and rear are two very complex parts which are the main parts of the chassis. 

Their purpose is to carry all other non-damped components such as the other chassis components as 

well as the engine. One could say that the subframe is the core of the chassis holding it together. 

The front subframe can be seen Figure 3.1. It is subjected to high loads from many attachment points 

and different directions. The highest load type acting on the subframe is torsion although it could also 

be considered to be a case of mixed load type, see Table 3.3. The front subframe has an advanced 

shape with many flanges and lots of curvatures not really suitable for composites, although not 

impossible. The front subframe is mainly a combination of 4 parts with two halves attached by two 

extruded straight beams, which can be seen in Figure 3.1. Due to the complexity and large load the 

front subframe as a whole has low potential to be successfully redesigned in composite. However the 

extruded straight metal beams connecting the two halves of the subframe shows more potential and 

a metal-composite construction can be considered as a possible solution. This however will not be 

considered for further study in this report. 



 

Table 3.3. Part data for the front subframe. 

Front Subframe 

Worst load case (Max) 7 
Primary deformation type Torsion 
Highest load size 23400N 
Load size direction (global) Y 
Design space (1-5) 2 

The rear subframe can be seen in Figure 3.2. It is similarly to the front subframe subjected to high loads 

from many different attachment points. In the case of the rear subframe the load case is more mixed 

and no clear dominant load type could be identified, see Table 3.4. The rear subframe has a complex 

shape with two arches for additional attachment points, see Figure 3.2. The rear subframe also has 

two extruded metal parts however the subframe itself is not split into two completely separate parts. 

Therefore the rear subframe shows less potential than the front subframe. It would still be a possibility 

to redo the extruded beams to composite for a weight beneficial solution. This will however not be 

considered as a possible alternative for future study in this report. 

Table 3.4. Part Data for the rear subframe. 

Rear Subframe 

Worst load case (Max) 1 
Primary deformation type Mixed 
Highest load size 26000N 
Load size direction (global) Y 
Design space (1-5) 2 

3.3.2. Engine Mounts 

The engine mounts hold the engine in place and works as attachments between the engine and the 

subframes and the car’s body. The car has two engines, one in the front and one in the rear. The front 

motor is attached with 4 mounts and the rear with 3. For the engine mounts the eigenfrequencies are 

important due to them being attached directly to the engine, which generates a variety of frequencies. 

Because of the eigenfrequencies the attachments must be stiff but during a high speed collision the 

mounts should also break to give room for more efficient energy absorption. It is therefore important 

when designing engine mounts to find the right balance of strength and stiffness.  

One of the front mounts of the front engine can be seen in Figure 3.3. It is subjected to low loads in 

both compression and tension, see Table 3.5. The shape of the engine mount is quite simple with three 

attachment points. In the current design ribs are used as aluminum is more than enough strength wise. 

This engine mount shows high potential to be redesigned due to the simple shape which allows the 

use of continuous fibers if necessary as well as the simple load case.  

Table 3.5. Part data for the front engine mount front. 

Front engine mount front 

Worst load case (Max) 5 
Primary deformation type Tension, Compression 
Highest load size 5300N 
Load size direction (global) Z 
Design space (1-5) 4 

 

Figure 3.1. The front subframe. 

Figure 3.2. The rear subframe. 

Figure 3.3. The front engine mount, front left 

side. 



 

The rear mounts of the front engine are a bit more complex in shape and can be seen in Figure 3.4 and 

in Figure 3.5. See Table 3.6 for part data. The complex shapes of the attachments are due to the 

available design space and non-movable attachment points of the engine. As a result both shapes 

become rather complex and are therefore not considered as suitable components for redesign.  

Table 3.6. Part data for the front engine mount rear. 

Front engine mount rear 

Worst load case (Max) 5 
Primary deformation type Tension, Compression 
Highest load size 6000N 
Load size direction (global) Z 
Design space (1-5) 3 

 

The front mount to the rear engine is short with a quite simple shape, see Figure 3.6. The load on this 

mount is larger than the others due to the fact that there is only one front mount while the front motor 

has two. The design space of the component is very limited and the component is exposed primarily 

to out of plane shear, see Table 3.7. Out of plane forces are generally bad for composites especially in 

combination with limited design space. Therefore this component will not be considered as a suitable 

component for redesign.  

Table 3.7. Part data for the rear engine mount front. 

Rear engine mount front 

Worst load case (Max) 5 
Primary deformation type Shear 
Highest load size 9500N 
Load size direction (global) Z 
Design space (1-5) 2 

 

The rear mounts to the rear engine are similar so only one of them is presented, see Figure 3.7. The 

rear mounts have very limited design space and are just as the front mount exposed to shear, see Table 

3.8. However in this case the load is smaller due to having two mounts instead of one. The rear mounts 

have a relatively complex shape due to the locations of the attachment points to the engine. This in 

combination with the limited design space create a small, compact and complex component with little 

room for being redesigned. Therefore this component will not be considered.  

Table 3.8. Part data for the rear engine mount rear. 

Rear engine mount rear 

Worst load case (Max) 5 
Primary deformation type Shear 
Highest load size 4400N 
Load size direction (global) Z 
Design space (1-5) 1 

 

3.3.3. Brake Pedal and Pedal Bracket 

The brake pedal is attached to a pedal bracket that holds it in place. It is very important that these 

components are structurally strong, as a faulty brake pedal or pedal bracket can result in the driver 

not being able to brake.  

Figure 3.4. The front engine 

mount, rear right side. 

Figure 3.5. The front 

engine mount, rear left 

side. 

Figure 3.7. The rear engine mount, rear right side. 

Figure 3.6. The rear engine mount, front. 



 

The brake pedal and pedal bracket can be seen in Figure 3.8. They are only subjected to forces from 

the driver. The load is therefore quite simple and will primarily cause bending, see Table 3.9. The shape 

of the brake pedal is quite simple but some kind of attachment to the pedal bracket is also required. 

The shape of the pedal bracket is a little more complex as it is required to hold the brake pedal and be 

attached to the car. The brake pedal is considered as a possible candidate due to its simple shape and 

load type. The pedal bracket is not considered a possible candidate due to the fact that it is already 

manufactured in PP-GF plastic and thus it has limited possibilities for weight reduction. 

 

Table 3.9. Part data for the brake pedal  

and the pedal bracket. 

Brake Pedal and Pedal bracket 

Worst load case (Max) 1 
Primary deformation type Bending 
Highest load size (Pedal) 500N 
Pedal design space (1-5) 3 
Bracket design space (1-5) 2 

 

3.3.4. Control Arms 

The control arms connect the knuckles with the subframes. They keep the knuckle in place while 

allowing some rotations so the wheels can move smoothly. All the control arms serve a similar role in 

the chassis but the load cases vary from part to part. There are 6 different ones in total, 3 in the front 

and 3 in the rear of the vehicle.  

The front lower control arm in the front of the car has the simple structure of a classic control arm. It 

is simply two attachment points and material in between, see Figure 3.9. The load is also very simple 

as it is mostly loaded in tension, see Table 3.10. Due to the simplicity of the component it has high 

potential for a cheap and weight improved solution. This component is therefore considered as a 

candidate.  

Table 3.10. Part data for the front lower control arm front. 

Front lower control arm front 

Worst load case (Max) 2 
Primary deformation type Tension 
Highest load size 17500N 
Load size direction (global) Y 
Design space (1-5) 2 

 

The rear lower control arm in the front of the car has three attachment points, see Figure 3.10. This 

component is exposed to three point bending due to the force direction in the three attachment 

points, see Table 3.11. The force size is also quite high which means the component has to be quite 

robust. The component has potential to be redesigned in composite but will not be considered due to 

the high load and its limited design space. The load case is also not as favorable for composites as the 

ones for some of the other control arms. 

Figure 3.8. The brake pedal (yellow and light 

blue) and the pedal bracket (dark blue). 

Figure 3.9. The front lower control arm front. 



 

Table 3.11. Part data for the front lower control arm rear. 

Front lower control arm rear 

Worst load case (Max) 1 
Primary deformation type Bending 
Highest load size 36600N 
Load size direction (global) Z 
Design space (1-5) 2 

 

The upper control arm in the front of the car also has three attachment points but is of a rather 

different shape than the other two, see Figure 3.11. This component is exposed to a lot of tension and 

compression depending on the load case. However the magnitude of the force is quite small, see Table 

3.12. This component has high redesign potential due to the low load which enables the use of weaker 

and lighter materials than metal. It also has a lot of available space for redesigning. Due to this and the 

simple load case with only tension and compression, the component will be considered.  

Table 3.12. Part data for the front upper control arm. 

Front upper control arm 

Worst load case (Max) 2 
Primary deformation type Tension, compression 
Highest load size 5000N 
Load size direction (global) Y 
Design space (1-5) 5 

 

The rear upper link arm, also known as the camber link is another standard control arm with two 

attachment points, see Figure 3.12. The load type is a simple one consisting of mostly compression and 

the load size is quite large, see Table 3.13. This component has potential due to the simple load type 

but will not be considered because some of the other control arms have higher potential.  

Table 3.13. Part data for the rear upper link arm. 

Rear upper link arm (camber) 

Worst load case (Max) 1 
Primary deformation type Compression 
Highest load size 30000N 
Load size direction (global) Y 
Design space (1-5) 3 

 

The H-arm is a control arm with multiple attachment points and a complex shape, see Figure 3.13. The 

primary load type is torsion but could also be considered a mixed case. The force size is high but with 

many attachment points and different forces acting on the component it still generates large stresses, 

see Table 3.14. The H-arm has low potential due to its complex shape combined with its complex loads 

and will therefore not be considered for redesign.  

Figure 3.10. The front lower control arm 

rear. 

Figure 3.11. The front upper control arm. 

Figure 3.12. The rear upper link arm 

(camber). 



 

Table 3.14. Part data for the H-arm. 

H-arm (Rear lower control arm) 

Worst load case (Max) 4 
Primary deformation type Mixed, Torsion 
Highest load size 22000N 
Load size direction (global) Z 
Design space (1-5) 2 

 

The tow link is another standard control arm with two attachment points, see Figure 3.14. The load 

type is tension or compression depending on the load case and the load size is medium, see Table 3.15. 

This component has potential due to its simple shape as all of the standard control arms. The 

component will however not be considered due to it being very similar to the front lower control arm 

front, but with the addition of compressive load type.   

Table 3.15. Part data for the toe link. 

Toe Link 

Worst load case (Max) 3 
Primary deformation type Tension, compression 
Highest load size 15900N 
Load size direction (global) Y 
Design space (1-5) 3 

 

3.3.5. Suspension Fork 

The suspension fork is attached between the front suspension and a control arm. Its purpose is to 

transfer the movement of the chassis up into the suspension. The suspension fork is subjected to high 

compressive loads, see Table 3.16. The suspension fork is made up of two halves which are clamped 

together using screws on the sides, see Figure 3.15. The suspension fork seems an appropriate 

candidate for redesigning as it’s similar to the front fork of a bicycle. However a few problems arises 

upon closer inspection. The clamping forces are designed to hold the suspension fork to the damper 

when subjected to tensional forces. But tensional forces are quite low in comparison to the 

compressive forces. Therefore a layer of material in the bottom of the damper attachment is necessary 

to assist with the compressive loads. This layer of material would be exposed to out of plane forces 

which can be troublesome for composites. This would need to be considered and solved for a 

composite design. Due to these issues the suspension fork will not be considered for future 

development in this report.  

Table 3.16. Part data for the suspension fork. 

Suspension Fork 

Worst load case (Max) 1 
Primary deformation type Compression 
Highest load size 38000N 
Load size direction (global) Z 
Design space (1-5) 3 

 

3.3.6. Knuckles 

The knuckles, also known as wheel carriers, carries the wheel and allow the wheels to turn turning. 

The knuckle also carries the brake caliper and has to handle all loads arising from these attachments.  

Figure 3.13. The H-arm. 

Figure 3.14. The toe link. 

Figure 3.15. The suspension fork. 



 

The front knuckle can be seen in Figure 3.16. It is subjected to high loads from different directions 

causing the main load type to be hard to identify, therefore the load case can be considered as mixed. 

See Table 3.17 for part data. The majority of the loads are acting on the knuckles’ lower part where 

the knuckle has a complex shape. This decreases the knuckles’ potential to be successfully redesigned 

into a composite component. Due to the complexity of this component together with the high loads it 

will not be considered for future study in this report. 

Table 3.17. Part data for the front knuckle. 

Front knuckle 

Worst load case (Max) 1 
Primary deformation type Mixed 
Highest load size 29600N 
Load size direction (global) Z 
Design space (1-5) 1 

 

The complexity of the rear knuckle is similar to that of the front knuckle even though they have very 

different designs, see Figure 3.17. The rear knuckle is subjected to high loads of mixed load type. See 

Table 3.18 for part data. The many attachment points of the knuckle creates both a complex shape 

and a complex load case.  This gives the component a low potential to be redesigned successfully. As 

a result the rear knuckle will not be considered for future study in this report.   

Table 3.18. Part data for the rear knuckle. 

Rear knuckle (Wheel carrier) 

Worst load case (Max) 1 
Primary deformation type Mixed 
Highest load size 25000N 
Load size direction (global) Z 
Design space (1-5) 1 

 

3.3.7. Anti-Roll Bars 

The anti-roll bars, one in the front and one in the rear, are stabilizing the vehicle when the wheels 

experience different loads by transferring forces from one wheel to the other. This helps reducing the 

body-roll motion during cornering or when driving on uneven ground.   

The anti-roll bars are quite similar and can be seen in Figure 3.18 and Figure 3.19. For part data see 

Table 3.19 and Table 3.20. They are both subjected mostly but not exclusively to a torsional load. Due 

to the anti-roll bars curved shapes some bending will also occur. The anti-roll bars are possible to 

redesign into composites but it is deemed to require too much of change in design space for the 

solution to be considered. The anti-roll bars will therefore not be considered as possible candidates in 

this study.  

Figure 3.16. The Front knuckle 

(red) with the brake caliper (green). 

Figure 3.17. The rear knuckle (wheel carrier). 



 

Table 3.19. Part data for the front anti roll bar. 

Front anti roll bar 

Worst load case (Max) 6 
Primary deformation type Torsion 
Highest load size 5000N 
Load size direction (global) Z 
Design space (1-5) 2 

Table 3.20. Part data for the rear anti roll bar. 

Rear anti roll bar 

Worst load case (Max) 6 
Primary deformation type Torsion 
Highest load size 8000N 
Load size direction (global) Z 
Design space (1-5) 2 

3.4. Component of Choice 

From the initial evaluation the following components show the highest potential for being redesigned:  

 The brake pedal  

 Front mount to the front engine 

 The front lower control arm in the front of the car 

 The upper control arm in the front 

Any of these components would be a suitable component for redesign. However to get the most out 

of this work the components metal versions at the time of this work were evaluated against their 

performance requirements. This showed that all the component fulfill all of their requirements except 

the front mount to the front engine. Different metal solutions have been tested by ÅF and it has been 

found to be difficult to balance the strength and the stiffness. Therefore it was decided that the 

component to proceed with and redesign is the front mount to the front engine.  

  

Figure 3.18. The front anti roll bar. 

Figure 3.19. The rear anti roll bar. 



 

4. Design Phase 

In the design phase, a metal chassis component is redesigned with a composite solution. The chosen 

component is a motor mount. Knowledge from the composite study will be used in the decision making 

process.  

4.1. Reference Component 

The current design of the aluminium mount can be seen in Figure 4.1 and its material properties are 

shown in Table 4.1. The component fulfills the strength criteria with margin, it also fulfills the fatigue 

requirement. The critical requirement for the aluminium component is the eigenfrequency. If a free-

free boundary condition is used the requirements are fulfilled. However if the attachment points are 

constrained it fails. The component also fails to break during the load specified for a high speed crash. 

The component requires a significantly larger force to break.  

Table 4.1. Component Properties for the front engine mount to the front engine. 

Material Aluminium 
Production method Die casting 
Yield strength (MPa) 140 

Tensile Strength  (MPa) 240 
Break elongation (%) 1 

Youngs modulus (GPa) 75 
Density (tonne/mm3) 2.75 

Poissons ratio 0.33 
Weight (kg) 1.19 

 

 

Figure 4.1. The current design of the front right engine mount to the front engine. 

4.2. Component Requirements 

The general requirements the component needs to fulfill will be listed here. The requirements listed 

will also be considered during the design phase. Other requirements such as chemical resistance or 

corrosion will not be listed nor tested. The component should also fulfill EU-directive or other 

government directives from where it will be used, these requirements will however not be explored 

here.  



 

4.2.1. Loads 

The load cases for the front right motor mount to the front engine have been identified to containing 

the following maximum and minimum forces listed in Table 4.2. These loads are applied in the bushing. 

All combinations of positive and negative loads should be considered, 8 in total.  

Table 4.2. The maximum and minimum loads for the X-, Y- and Z-direction for the left front motor 

mount for the front engine. 

Design Loads (kN) 
Max Test 

Max Min 

Front Engine, Front 
Right Mount 

X 1.8 -2.2 
Y 0.4 -0.4 
Z 4.1 -3.8 

 

The attachment points on the component should also be clamped with a clamping force of 31.4 kN 

evenly distributed over the contact area from a M10 bolt.  

4.2.2. Mechanical requirements 

Stiffness requirement 

The stiffness requirements are yet to be determined and will therefore not be considered in this study.  

Strength requirement 

The stress should not be above 75% of the materials yield strength. For composites with no yield 

strength the strength for permanent damage will instead be used.  

Eigenfrequency 

The lowest free-free eigenfrequency mode of the component should not be lower than 800 Hz. 

Crash 

Instead of considering the dynamic load from a crash a static load is used for simplicity. The static load 

have been estimated as a sort of equivalent load which will be used in this study. For low speed crash 

the component should withstand a load of 12kN in the X-direction without failing. Permanent damage 

is allowed so the ultimate fail strength should be considered.  

For high speed crash the component should fail to allow for more efficient energy absorption from 

other components. The High speed load is 18kN in the X-direction. This load is supposed to be a 

dynamic load. Unfortunately in this project this requirement was not evaluated to limitations to time 

constraints.  

Fatigue 

The component should be able to withstand at least 200 000 cycles without any major decreases of 

function. This requirement was also unfortunately not evaluated due to time constraints.  

4.2.3. Other 

Design space 

The design space for the component is relatively open which allows for geometrical changes. However 

the mount points on the component should still have the same relative positions. See Figure 4.2 for an 

illustration of the available design space. 



 

 

Figure 4.2. The available design space for the component. 

Temperatures 

The component should be able to withstand temperature between -30°C to +60°C without any loss of 

function.  

Manufacturing requirement 

The component should have an annual production rate of at least 100 000 units. 

4.3. Concept Study 

When redesigning a component from metal to composite it is very seldom efficient to just change 

material as the metal concept is optimized just for metal. Therefore a concept phase was started where 

different composite solutions which had the potential to meet the requirements efficiently, were 

noted down. One can combine materials, layups and manufacturing methods to allow for efficient 

concepts. 

 Concept 1: A compromising concept was suggested which utilized an X-tech reinforcement 

around the outer side of the component. This X-tech reinforcement can be made with varying 

thickness and with either glass or carbon fiber. The component itself would then be injection 

molded with a thermoplastic and chopped fibers of choice. A rib structure can also be 

implemented in the plastic parts of the component in between the X-tech reinforcement. This 

concept allows for a high degree of design freedom as the fiber choices, thickness of X-tech 

and the rib structures can be changed as necessary.  

 

 Concept 2: The second concept is similar to concept 1 but with the continuous fibers on the 

outside instead of the inside. It is an organo sheet solution with a continuous fiber mat 

wrapping on the edges and the backside. The component would then be open on one side 

which will allow for a rib structure. This concept can be manufactured with both compression 

molding and injection molding. The fibers in the organo sheets as well as the fibers in the 

plastic material can be chosen as necessary. The problem with this concept is how to cut and 

place the fibers to efficiently be able to manufacture the component.  

 

 Concept 3: The last concept was developed to further increase the eigenfrequency compared 

to weight of the resulting component. The concept utilizes a sandwich to maximize the area 

moment of inertia per mass and thus also increasing the eigenfrequency. The sandwich would 



 

be in the same plane as the bushing with continuous fiber mats on the wider sides. To deal 

with the attachment points inserts of aluminum or stiffer cores would probably be necessary. 

This would make this the concept with most parts pre-manufacturing. Another issue with this 

concept is how the sandwich would deal with in plane loads which the core would partly have 

to handle. Using a sandwich would increase the amount of possible failure criteria’s, making it 

harder to accurately predict when it breaks.  

The concept chosen to proceed with was concept 1. This was decided after an evaluation with ÅF and 

Inxide of what would be most time efficient to spend our resources on. To truly optimize and find the 

best solution these concepts would need to be evaluated further but due to time constraints it was 

decided to discard concept 2 and 3 without further evaluation. 

4.4. Material Choice 

In the initial study of the chosen concept it was decided that the X-tech reinforcement will initially be 

made of glass fibers and PA6 plastic. However the mechanical properties of epoxy and glass fibers 

according to Table 2.3 were used. The properties of these laminates are assumed to be similar since 

the fiber content is high. 

The over molding material will be PA6 with thirty percent weight short glass fibers. These are however 

free to change. Table 4.3 contains the material properties of all plastics used. In general plastics can 

withstand higher compressive loads than tensile loads which can be seen in Table 2.3. This however 

was neglected in the modeling process due to difficulties finding reliable data. Instead the conservative 

value was used as in tensile strength as well as weakened by water absorption.  

Table 4.3. A table of all plastics used in the modeling process. 

Properties 

Wet 
PA6-

GF30% 
[40] 

Dry 
PA6-

GF30% 
[40] 

Wet 
PA6-

GF40% 
[50] 

Dry 
PA6-

GF40% 
[50] 

𝑬 [𝑮𝑷𝒂] 6 10 8 13 

�̂� [𝑴𝑷𝒂] 120 190 140 205 

𝝆 [𝒌𝒈 𝒎𝟑⁄ ] 1360 1360 1450 1450 

𝒘𝒇 [%]  30 30 40 40 

Here 𝑤𝑓 is the weight fraction fibers compares to the total weight. Since the failure of plastic materials 

is different from metal the yield and ultimate strength coincide and both are called �̂�. PA6 was chosen 

as a plastic due to it being a good compromise between properties and price. GF was chosen due to it 

being more price efficient in strength and bending stiffness than compared to CF. This can be seen in 

Appendix A. 

4.5. CAD Modeling  

The CAD modeling is done entirely in Catia. The CAD model is considered the current design of the 

structure and will be updated after each design iteration. The model also serves as the basis for all CAE 

modeling of the same iteration.  

The design space of the component is given from a pre-optimized CAD model. The design utilizes the 

maximum allowed space for the component and is a solid model of that space. However the 

attachment points of the design have been since changed. By combining the old pre-optimized CAD 



 

version for the design space and the latest version for the attachment points a new updated model 

was made and used, seen in Figure 4.2.  

When designing injection molded components there are several limitations one needs to be aware of. 

Such as if the sections of the component are too thick there is a risk of warping and at intersections 

sink marks can appear. To avoid this effective modeling methods will be needed. 

4.5.1. Draft 

Draft is necessary to have on the inside of all vertical walls due to shrinkage. This makes it possible to 

remove the part from the mold. How much draft that is necessary depends on the shrinkage of the 

plastic and the texture finish of the part. A general rule of thumb is to have at least 1.5˚ draft per 

0,0254mm (0,001 inch) surface roughness [51]. However this rule of thumb does not consider the 

shrinkage of the material which can also affect the draft needed. From Table 2.2 it can be seen that 

the surface roughness of injection molded parts is in the range of 0.2-1.6µm. By using only this rule of 

thumb 1˚ draft should be sufficient.  

4.5.2. Wall Thickness 

When designing injection molded parts it is a good idea to keep the wall thicknesses consistent. By 

having uniform wall thicknesses warping can be avoided and the walls will fill properly. Shrinkage will 

also be minimized if the wall thickness is consistent and in high shrinkage plastic, variations in wall 

thickness should not exceed 10%. If a part has high variations in wall thickness it runs a high risk of 

having processing and quality problems [52] [53]. From Table 2.2 the maximum thickness of an 

injection molded part is found to be around 6.3mm. This value stems from the time needed for the 

cooling of the part. In general, thinner thicknesses means shorter cooling times and reduced costs. This 

is also one reason to why it is important to keep the wall thickness consistent, to get an even and fast 

cooling of the component. The component will be designed with the intent to have no wall thicker 

than 5mm before drafting.  

4.5.3. Corners 

It is also important to have generously rounded corners to ease the flow of plastic and reduce stress 

concentrations. A good rule is using at least half of the nominal wall thickness as radius for the inside 

and using 1.5 times the wall thickness for the outside. This will make the thickness of the corner 

constant. This is illustrated in Figure 4.3. [53] 

 

 

 

Figure 4.3. Radius recommendation for injected molded parts. [53] 



 

4.5.4. Ribs 

When designing ribs of a structure the ribs should have a thickness of maximum 40-60% of the wall 
thickness. If the rib is thicker sink marks can appear. It is also important to have a radius of at least 
25% of the rib thickness to avoid stress concentrations in the junction. Greater radius reduces the 
stress concentration more and one can be generous when deciding on radius size. This is illustrated 
in Figure 4.4. [53] 

 

 

Figure 4.4. Rib design recommendations for injected molded parts. [53] 

4.6. CAE Modeling  

The modeling process consists of modifying the given CAD-geometry, creating a mesh, applying the 

boundary conditions and then solving the problem. The problem is set up using Altair Hypermesh. Here 

all the forces are applied, the mesh created and the material assigned. The problem is then solved in 

Altair Optistruct. Finally the results are graphically visualized in Altair Hyperview.  

The first major aspect is how to model the injection molded material. As mentioned the directions of 

the short fibers will not be entirely random but rather depend on the mold design, the location of the 

injection port, the injection pressure etc. There are a number of ways to account for this, using flow 

modelling software and process parameters to make a detailed model of the actual fiber orientations 

is definitely possible. However at this early stage in the design process, where little is known about the 

details of the manufacturing, it is considered sufficient to model the injection material as isotropic.  

The second concern is the modeling of the continuous fibers in the X-tech reinforcement. The most 

common models of composites that are implemented in Hypermesh are 2D-models. This means that 

the component is modelled with shell elements with a uniform thickness. In this case the problem 

arises that the elements on the surface of the reinforcement and the surrounding bracket has to have 

matching nodes. This has to be performed through a manual mapping of the solid bracket. Since this 

would be a very time consuming process compared to the automated meshing algorithms it was 

decided that this would not be used.  

The alternative is to use solid elements with orthotropic properties. The drawback is that in Hypermesh 

it is easy to orient different types of shell elements. However it is only possible to orient solid elements 

that are hexahedrons. The procedure used was therefore to mesh the x-tech reinforcement using hexa-

elements and then meshing the inner surface of the bracket to get a matching mesh. The outer surfaces 

were then meshed using triangular elements. Finally a tetra mesh was created that matched the 

already meshed surfaces. The steps in the procedure are illustrated in Appendix B. Furthermore the 

connection between the reinforcement and the surrounding material was modelled by equivalencing 



 

the coinciding nodes of the bracket and the reinforcement. That is the connection was assumed to be 

perfect. 

When using solid elements it is common practice to use second order elements since they are more 

accurate than first order elements. In terms of computational time however, second order elements 

are slower [54]. Therefore they are not used in all models presented.  

4.6.1. Attachment Points 

The metal bracket is attached to the engine with 3 M10 bolts. According to the CAE engineers at ÅF 

these have a tensional force of 31.4 kN each. Given the dimensions of the bolt the resulting pressure 

on the bracket can be expressed as: 

 
 2 2

bolt

head hole

F
p

r r



  (4.1) 

The dimensions of the bolt holes were measured from the CAD model, 10.2 mmholer  , and the outer 

radius of the bolt head is 9.8 mmheadr  . The resulting pressure is then around 140 MPa, which is 

quite high since the strength of the PA6 is 120-140 MPa. A more appropriate value would be the force 

which results in stresses of 75% of the yield strength in the plastic. This clamping force is around 23kN 

for a yield strength of 140 MPa. However if this force is enough would need to be investigated. 

There are a number of ways to model bolted connections. One of the more common ways is to connect 

the nodes that lie underneath the bolt head to a node in the center of the bolt hole. The nodes are 

connected using RBE2 elements. This is a rigid body element, meaning it cannot deform or experience 

stresses. The element has one independent node, in this case the center node, and the movement of 

the connected nodes depends on this node. At an early stage in the modeling process this was only 

done on one side of the attachment, with the center node constrained in all DOFs. This is illustrated in 

Figure 4.5. 

 

Figure 4.5. The initial model of the attachment points. 

As the model evolved a few improvements were implemented. In the improved model the nodes on 

the top side were connected to the corresponding center node. The two opposite sides were then 



 

connected using a CBEAM which is a 1-dimensional beam element. This element can carry stress and 

deform. The beam element is given the material properties of steel and the cross section of the M10 

bolt. A pretension force of 5 kN was also applied to the beam element. The model is illustrated in Figure 

4.6.  

 

Figure 4.6. The bolt is modelled with a CBEAM element connected to RBE2 elements on top and 

bottom. 

One problem with having the bottom node and its surroundings restrained is that this can result in 

high local stress concentrations. To account for this a common practice in the industry is to remove 

the elements closest to the attachment when evaluating the stresses.  

4.6.2. Stress Analysis 

The loads experienced by the motor mount are transferred through the bushing attachment in the 

front. The load transfer mechanism is here modeled by applying the force to the center node and 

connecting this node to the surrounding nodes with RBE3 elements. These are also rigid body 

elements, but unlike RBE2 the motion of the center node is dependent on the movements of the nodes 

connected to it. This is essentially a way of distributing the load to the nodes that are connected to the 

bushing.  

The analysis assumes all materials are linear elastic and that the loads are static. The two components 

were evaluated for failure separately. Since the reinforcement is quite thin compared to its length and 

width only the in-plane stresses are of interest. The stress in the fiber-and transverse direction and the 

in-plane shear stress were evaluated according to the maximum stress criterion. For the PA6 material 

the principal stresses were acquired in the three principal directions. There were also evaluated 

according to the maximum stress criterion.  

4.6.3. Topology Optimization 

Given the design space available it is of interest to find out how ribs and reinforcements should be 

placed in order to minimize the mass of the component. Topology optimization is one way to acquire 

a preliminary design and layout of these reinforcements. The methodology is to assign each element 

in the design space a density between zero and one. This density can be interpreted as the importance 

of the element in question. This creates a pattern of areas with different densities that can be 



 

visualized using contour plots. A plot can also be created in which only the elements that have a density 

above a specified value are displayed.  

The way this works in HyperMesh and OptiStruct is that a design variable is defined that tells the 

program which parts of the design space that it is allowed to alter. In this case this area will be 

everything excluding the x-tech reinforcement and the attachment points. Manufacturing constraints 

can also be implemented, for example a symmetry constraint or minimum and maximum thicknesses 

of individual sections. In this case a draw constraint was applied which is typically used when 

optimizing casted parts. It tells the program that the part cannot have any regions that would prevent 

the removal of the part from a mold. This prevents the program from presenting hollow structures for 

example.  

In addition to this a lower boundary was set on the first free-free eigenfrequency. Furthermore a stress 

constraint was used to make sure the mount can withstand the loads. A problem with the way topology 

optimization is carried out in OptiStruct is that stress constraints can only be applied in the form of a 

single global von Mises stress. This is not entirely correct, since the von Mises criterion is best suited 

for ductile materials such as metals. However it will still provide a guideline and a general design, but 

it has to be reviewed in a later stage. This also means that no stress constraints can be applied to the 

reinforcement during the optimization, so those have to be reviewed in a later stage as well. Yet 

another problem with this is that the optimization is run for both the normal load cases and the crash 

load and the stress requirements are different in the crash case. Since the crash load is much larger 

than the other loads the ultimate stress was chosen. However if the design this yields is not sufficient 

in the other cases a new setup will have to be implemented. The optimization setup can be seen in 

Table 4.4. 

Table 4.4. The optimization setup. 

𝑶𝒃𝒋𝒆𝒄𝒕𝒊𝒗𝒆 Minimize mass fraction 

𝑺𝒕𝒓𝒆𝒔𝒔 𝒄𝒐𝒏𝒔𝒕𝒓𝒂𝒊𝒏𝒕 Maximum von Mises stress < 120 MPa 

𝑭𝒓𝒆𝒒𝒖𝒆𝒏𝒄𝒚 𝒄𝒐𝒏𝒔𝒕𝒓𝒂𝒊𝒏𝒕 First free-free eigenfrequency > 800 Hz 

𝑫𝒓𝒂𝒘 𝒄𝒐𝒏𝒔𝒕𝒓𝒂𝒊𝒏𝒕 Material can only be removed from one side. 

 

When the optimization is done the results can be visualized in Hyperview.  There it is possible to display 

only the elements which have a density over a certain threshold value. This will filter out the most 

important elements, which can then be exported back into Hypermesh, and then to Catia. 

4.7. Modeling Process 

The design process starts with a feasibility study which aims to determine whether it is possible to 

fulfill all requirements with the chosen material. Then a topology optimization is done to give ground 

to the first CAD design. This CAD design is then iterated in multiple modeling iterations to improve it. 

This is done with respect to some or all constrains in a FEA-program, in this case Hyperworks. In the 

next iteration the optimized solution is remade in a similar way in CAD utilizing the results from the 

previous iteration. These iterations are continued until a satisfying result is reached with respect to 

the available resources. An illustration of the modeling process is seen in Figure 4.7 below. 



 

 

Figure 4.7. A visualization of the modeling process.  

To compress the modeling process part only the stress which is the highest percent of the 

yield/ultimate strength will be listed for the X-tech reinforcement. The direction and load case will also 

be stated. This was because the X-tech has 5 failure criteria’s and a total of 8 load cases needed to be 

considered. The number of load cases can be reduced to 4 if one only studies the positive or negative 

y-load as the load does not influence the result significantly due to its low value.   

4.7.1. Feasibility Study CAD Design 

The design goal of the feasibility study is first to see if the chosen concept and material is feasible for 

the given design volume. Therefore the maximum possible volume as well as a thick x-tech 

reinforcement is used. This will allow a material to be chosen. If the material is feasible the goal is also 

to identify roughly the required thickness of the X-tech reinforcement and how to structure the ribs of 

the component. 

The first CAD model which was used was made using the same attachment positions as the metal 

version but with the entire available design space utilized, see Figure 4.8.   



 

 

Figure 4.8. Initial CAD design used in the feasibility study without any improvements. 

The model has X-tech continuous fiber reinforcement inside in a closed loop, see Figure 4.9. This X-

tech reinforcement is 5mm thick which is the maximum possible thickness due to space limitations. 

 

Figure 4.9. Initial CAD design used in the feasibility study of 

 the X-tech reinforcement with a thickness of 5mm. 

4.7.2. Feasibility Study CAE Result 

From running the first model with Hyperworks the data listed in Table 4.5 was acquired. This model 

was run with first order elements. No bolt elements were implemented in this model as the initial 

attachment model was used, see 4.6.1 Attachment Points. 



 

Table 4.5. Result summary for the analysis of the first iteration. 

Front Engine, Front Mount,  
Left side, PA6-GF30 X-tech-GF 

Target Load 
Case 

Dir. Status 

Modal Frequency Analysis – Mode 1 >800 Hz - - 960 Hz 
Stresses max – Bracket <75% of yield  Max Z 

Max X 
- 15 MPa, 13% of yield 

Stresses max - X-tech <75% of yield Max Z 
Max X 

Shear  3.6 MPa, 9% of yield 

Stresses low speed crash - Bracket < Yield stress - - 36 MPa, 30% of yield  
Stresses low speed crash - X-tech < Yield stress - Shear  12 MPa, 30% of yield 

 

The eigenfrequency analysis showed an eigenmode where the ring (the bushing) deformed. This area 

is severely restricted in terms of design space. Thus achieving a higher eigenfrequency is not possible 

unless a different material is used. However since the requirement is 800 Hz this material was deemed 

sufficient. The stress was no problem for the design in any area for both the max case and the low 

speed crash. This shows that the material is also strong enough. The design can now be optimized with 

the material as it shows that all criteria’s can be fulfilled.  

A topology optimization was done to ease the design process of the next iteration. The optimization 

was set up to minimize the mass using the entire bracket as its design variable, excluding the X-tech 

reinforcement and the area around the attachment points. The result of this optimization can be seen 

in Figure 4.10. Since this model did not give a clear rib structure a different method of optimizing was 

explored.  

 

Figure 4.10. The topology optimization for the first simulation. 

4.7.3. X-tech Evaluation 

To make the topology optimization more useful the material and size of the x-tech reinforcement 

should be evaluated properly. First of all a model was run with no X-tech at all to see if the X-tech is 

truly necessary. This can be seen in Table 4.6. In this model the listed modal frequency was modeled 

with the extra weight from the attachment bolts. This model was also run with first order elements. 



 

Table 4.6. Evaluation of the component with no X-tech. 

Front Engine, Front Mount, 
 Left side, PA6-GF30 

Target Load 
Case 

Status 

Modal Frequency Analysis – Mode 1 >800 Hz - 1003 Hz 
Stresses max - Bracket <75% of yield stress Max Z 

Max X 
16 MPa, 13% of yield 

Stresses low speed crash - Bracket < Yield stress -  45 MPa, 35% of yield 

The study in Table 4.6 shows that no X-tech reinforcement is actually necessary. This means that any 

X-tech size of 5mm or smaller is feasible. The eigenfrequency is actually higher here but that is likely 

due to the difference in the mesh between the two models. Therefore the conclusion should be that 

they are similar and the reinforcement does not contribute to improving the eigenmode in question 

significantly. This is most likely due to the fact that the thickness of the cross section is the largest 

contributor to its stiffness. Furthermore the reinforcement is located in the middle of the cross section 

which is not optimal in terms of stiffness contribution. It is basically a reversed sandwich. However the 

stresses are reduced by using the reinforcement. Because of this it was decided to proceed with a 

thickness of 2mm in hope of achieving a light weight. This was not the final decision it and will be 

reviewed again in a later iteration.  

4.7.4. Topology Optimization CAD Design 

In order to simplify the optimization the component was split into two different solids. One solid which 

would always be there, unchanged, and one solid which the FEA program is allowed to optimize.  

In the new topology optimization the X-tech thickness was updated to 2mm and the attachment points 

were remade to allow the tool used to screw the mount in place to reach the bolt holes and cut outs 

were added to save weight. The entire middle part of the component was separated from the main 

body leaving behind only a 5mm thick wall on the other side. This middle part is what will later be 

optimized. This is illustrated in Figure 4.11. An illustration of the fix body can be seen in Figure 4.12. 

 

Figure 4.11. The CAD model of the topology optimization. The grey area will be optimized. 



 

 

Figure 4.12. The CAD model of the second iteration, only the fixed body. 

4.7.5. Topology Optimization CAE Result 

The program was first run with only the fix material seen in Figure 4.12. The resulting values can be 

seen in in Table 4.7. This model was run with first order elements.  

Table 4.7. Result summary for the analysis of the fixed material only. 

Front Engine, Front Mount,  
Left side, PA6-GF30 X-tech-GF 

Target Load 
Case 

Dir. Status 

Modal Frequency Analysis – Mode 1 >800 Hz - - 326 Hz 
Stresses max - Bracket <75% of yield  Max Z 

Min X 
- 30 MPa, 25% of yield 

Stresses max - X-tech <75% of yield Max Z 
Min X 

Shear 3.9 MPa, 0.10% of yield 

Stresses low speed crash - Bracket < Yield stress - - 101 MPa, 84% of yield  
Stresses low speed crash - X-tech < Yield stress - 2t 9 MPa, 30% of yield 

As seen in Table 4.7 the model had no problem with stresses but did not fulfill the frequency 

requirement. The complete model seen in Figure 4.11 was then topology optimized with the setup 

shown in Table 4.4. After the optimization the elements with a density lower than 0.3 were filtered 

out, see Figure 4.13. A clear rib structure emerges.  

 

Figure 4.13. The result of the optimization. Elements with a density smaller than 0.3 are removed. 



 

The optimized geometry was then exported to CAD, where it appears as shown in Figure 4.14. 

 

Figure 4.14. The optimized body of the topology optimization 

with its back removed to demonstrate the rib structure. 

4.7.6. First Iteration CAD Design 

In the first iteration ribs were added to the design as seen in Figure 4.15. The ribs were designed to be 

as similar as possible to the optimized design from the topology optimization while keeping in mind 

the manufacturing constraints.  

 

Figure 4.15. The first iteration design with added rib structure. 

4.7.7. First Iteration CAE Result 

The model used to analyze the first iteration CAD design had the properties shown in Table 4.8. In this 

model the listed modal frequency was modeled with the extra weight from the attachment bolts. This 

model was run with second order elements. 



 

Table 4.8. Result summary for the analysis of the third iteration. 

Front Engine, Front Mount, 
 Left side, PA6-GF30 X-tech-GF 

Target  Load 
Case 

Dir. Status 

Modal Frequency Analysis – Mode 1 >800 Hz  - - 766 Hz 
Stresses max - Bracket <75% of yield  Max Z 

Min X 
- 36 MPa, 30% of yield 

Stresses max - X-tech <75% of yield  Max Z 
Min X 

2t 3 MPa, 10% of yield 

Stresses low speed crash - Bracket < Yield stress  - - 81 MPa, 68% of yield 
Stresses low speed crash - X-tech < Yield stress  - Shear 6.8 MPa, 17% of yield 

 

4.7.8. Second Iteration CAD Design 

In the second design many minor changes were made to try to reach the targeted modal frequency 

and to further reduce the mass by removing unloaded material. The design can be seen in Figure 4.16. 

The walls were thinned both around the X-tech and at the attachment points. The attachment heights 

of the attachment points were also reduced. A cutout was also added to further reduce unnecessary 

material, this can be seen in Figure 4.16. This cutout will require a 3-parted mold which is possible to 

use with this design. Two of the design ribs were also thickened to help increase the modal frequency 

in that direction.   

 

Figure 4.16. The second iteration design with reduced material. 



 

 

Figure 4.17. The second iteration design, side view to show side-cutout. 

4.7.9. Second Iteration CAE Result 

The model of the second CAD design had the properties shown in Table 4.9. In this model the listed 

modal frequency was modeled with the extra weight from the attachment bolts. This model was run 

with first order elements. 

Table 4.9. Result summary for the analysis of the second iteration. 

Front Engine, Front Mount, 
 Left side, PA6-GF30, X-tech-GF 

Target  Load 
Case 

Dir. Status 

Modal Frequency Analysis – Mode 1 >800 Hz  - -  770 Hz  
Stresses max - Bracket <75% of yield  Max Z 

Min X 
-  46 MPa, 38% of yield 

Stresses max - X-tech <75% of yield  Max Z 
Min X 

2t 3 MPa, 10% of yield 

Stresses low speed crash - Bracket < Yield stress  - -  98 MPa, 82% of yield 
Stresses low speed crash - X-tech < Yield stress  - 2t  7 MPa, 23% of yield 

 

4.7.10. Third Iteration CAD Design 

In the third iteration it was evaluated if the X-tech was still necessary. The X-tech was therefore 

removed and the attachment points were adjusted to ease the manufacturing process. The new design 

is very similar to the one of the second iteration with various other minor changes implemented.  The 

new design can be seen in Figure 4.18. 



 

 

Figure 4.18. The third iteration design, adjusted attachment points and without X-tech. 

4.7.11. Third Iteration CAE Result 

The CAE model of the third iteration had the properties shown in Table 4.10. In this model the listed 

modal frequency was modeled with the extra weight from the attachment bolts. This model was run 

with first order elements. 

Table 4.10. Result summary for the analysis of the third iteration. 

Front Engine, Front Mount, 
 Left side, PA6-GF30 

Target Load 
Case 

Status 

Modal Frequency Analysis – Mode 1 >800 Hz - 775 Hz 
Stresses max - Bracket <75% of yield stress Max Z 

Min X 
64 MPa, 53% of yield 

Stresses low speed crash - Bracket < Yield stress - 158 MPa, 132% of yield 
 

As seen from the results in Table 4.10  and Table 4.9 the stress increased significantly when the 

reinforcement was removed. Also worth noting is that the eigenfrequency is practically the same, 

considering the difference in the meshes. The reasons for this were discussed under 4.7.3 X-tech 

Evaluation and they apply here as well. 

4.7.12. Fourth Iteration CAD Design 

The fourth and final iteration was adjusted to both improve the eigenfrequency and to improve 

manufacturability. All thicknesses in the design were changed to a consistent wall thickness of 5mm 

thick except the back plate and the side cutout which are 3mm thick. A lower right rib was added from 

where the X-tech previously was present. This can all be seen in Figure 4.19. In this iteration the 

material was also changed from PA6-GF30 to PA6-GF40, the fiber content was changed from 30 to 40 

weight percent. The differences between the two materials can be seen in Table 4.3. This gives higher 

yield/ultimate strength as well as a stiffer material at the cost of a slightly higher density. 



 

 

Figure 4.19. The fourth and final design. 

4.7.13. Fourth Iteration CAE Design 

In the CAE iteration of the fourth design no optimization was done. The model had the properties 

shown in Table 4.11. In this iteration the modal frequency was modeled without the extra weight from 

the attachment bolts. This model was run with second order elements. 

Table 4.11. Result summary for the analysis of the fourth iteration. 

Front Engine, Front Mount, 
 Left side, PA6-GF40 

Target  Load 
Case 

Status 

Modal Frequency Analysis – Mode 1 >800 Hz  -  840 Hz 
Stresses max - Bracket <75% of yield stress  Max Z 

Min X 
 64 MPa, 46% of yield 

Stresses low speed crash - Bracket < Yield stress  -  137MPa, 98% of yield 
 

4.8. Cost comparison 

No prices were yet available at ÅF for the reference component. Thus an estimation was made to be 

able to compare prices. To get the same assumptions and conditions for the estimates of both the 

composite part and the aluminium part an external source was used: http://www.custompartnet.com. 

The site provides cost estimations for different parts; both injection molded and die casted parts. By 

using the inserting all relevant values for the two components the prices were estimated. 

This estimation is not meant to illustrate the manufacturing prices but rather to compare the cost 

differences between the two components. To evaluate the prices an estimation for the composite part 

was also done with the same cost model used in 2.3.1 Cost Model, but with updated values for a 

smaller part size. The tool cost was calculated according to equation (2.3) with measurements from 

the final design as input. The required tonnage for the injection machine was estimated by using the 

same rule of thumb as in 2.2.8 Process Costs. This indicated that a 300 ton machine is needed. The cost 

for the injection molding machine needed was based on the contact with KB components [44]. All 

other costs were assumed to be the same as previously.   



 

5. Results 

The weight and cost of the designed component and a comparison to the reference can be seen in 

Table 5.1. The study shows that a 38% weight decrease is possible while maintaining a similar price.  

Table 5.1. Weight and cost comparison between the designed model and the reference component. 

 Composite Pa6-GF40 Reference Aluminium 

Weight 0.74 kg 1.19 kg 

Cost 3.6 € 3.9 € 

When estimating the cost using the with the previously used cost model the acquired price of the 

designed part was 3.8 €. 

The complete list of material evaluation graphs from the composite study can be found in Appendix 

A.  

The result from the CAE from the final design can be found following. For the model frequency see 

Figure 5.1, for max load case see Figure 5.2 and for crash analysis Figure 5.3.  

 

Figure 5.1. The shape of the first modal frequency. 

 

Figure 5.2. The resulting stress of the worst max load case, min X max Z. P1 major stresses. 



 

 

Figure 5.3. The resulting stress for the low speed crash. P3 minor stresses. 

  



 

6. Discussion 

6.1. Composite Study 

It was found that structural composite chassis parts are very rare not only in high volume cars but also 

quite rare in low volume cars. This is likely due to several reasons, some of which will be mentioned 

here. First of all composites have a history of being expensive, which is no problem for businesses such 

as the aerospace industry but it is of concern for the cost sensitive automotive industry. But as 

composite prices are going down and the technologies to produce them evolve and improve, they 

become increasingly interesting. Composites are gradually finding their way into the automotive 

market especially in other areas such as panel and body structures.  As expertise in the area grows and 

composite modeling tools become more available a more extensive range of composite parts will 

emerge.  

The designing with composites process shows a way to choose material for simple load cases or when 

there is one critical requirement. In the study any material and manufacturing combination can be 

used and evaluated against each other. This makes it a good tool for any application that uses structural 

composites.  

In the cost model it was found that estimating costs is incredibly hard as manufactures are very 

secretive with prices. Therefore the cost model was used in a relative sense to help choose material, 

being accurate as long as the relative cost stays accurate. Estimating and finding sources for relative 

costs proved to be much easier.  Once the optimal material has been chosen and implemented into a 

component the company it is probably easier to get total price estimations from manufactures or 

providers. 

6.2. Choice of Component 

In the study one of several motor mounts was chosen among many suitable candidates for redesign. 

This choice was made with bias towards the needs of ÅF as to what would be most useful for them. 

Had the choice been different a different outcome would have been reached. Therefore it is important 

to consider that the choice of component do only reflect the possibility of redesigning that component 

in composite. For a fair evaluation of the other components similar studies would be necessary.  

When choosing the component the load size was considered. This load size is the highest load in any 

of the directions of X, Y or Z and not the combined load. This was done intentionally as it gives a simple 

direction to the load rather than an abstract vector. Having the direction helps understanding how the 

component is mostly loaded as well as the size of that load. However if one would extend the 

evaluation the combined load case could also be listed. This was however deemed as not necessary in 

our case.  

It is also worth noting that the weight decrease potential has been indirectly evaluated for the choice. 

Therefore if there would be any changes to any of the components with respect to weight, material 

used or cost the redesign potential of that component would also change. If a similar study would be 

conducted on a new vehicle the conditions of the choice would change. 

6.3. Design Phase 

The design phase shows that redesigning a component using the method explored in the composite 

study is feasible and shows promising results. One issue with the CAE modeling and results from the 

design phase is that the models differ from iteration to iteration. This is because of varying meshes, 

which of course changed a bit each time the CAD geometry was updated. Since knowledge of how to 



 

improve the model evolved during the design phase many aspects were discovered in later iterations 

which improved the models. Because of this the earlier models are not always consistent and have 

some degree of uncertainty in the results. However the principle and method does not change.  

In general first order elements were used for all models except the last one, where second order 

elements was used. This makes the values less reliable but good enough to take new design decisions 

for the next iteration. For example first order elements tend to overestimate the eigenfrequency. In 

the earlier models the weight of the bolt elements were also present during the modal analysis. This 

gives the model a higher weight than intended which lowers the free-free eigenfrequency. Combining 

this with using first order elements it is hard to say if the eigenfrequency is over or underestimated. 

However both of these issues were resolved in the last model which uses second order elements as 

well as not considering the weight from the attachments.  

The clamping force in the bolt attachments was reduced due to the fact that the resulting pressure 

from the bolt was quite high. The reduction may mean that the bolts will become loosened due to the 

applied forces and the vibrations of the engine. However since aluminium yield strength and the 

plastics ultimate strength coincide at 140 MPa it would seem reasonable that they should be able to 

handle similar clamping force. The problem is that one want larger margins for the plastic to avoid 

failure. How to get this margin would need to be investigated further. One solution could be by using 

larger washers to distribute the load further or by using smaller bolts that would’ve need to be 

tightened as much.  

6.4. Future Work 

In the cost model and composite study multiple more materials could be added and evaluated against 

each other. The only limiting factor in the amount of materials is time. Multiple components could also 

redesigned if time and resources would allow for it as this study only showed the potential one a single 

component.  

The component redesigned in this study could also have been further improved by running many more 

iterations instead of just four. This however is very time consuming and the rule of diminishing applies. 

The attachment pretension would also be necessary to investigate further to find a suitable solution. 

The crash and fatigue criteria could also have been modeled as these requirements were currently 

skipped due to time constrains. Additionally flow modeling could also have been done to get a sense 

of the fiber orientation in the component and evaluate the strength according to more sophisticated 

criteria’s. Another interesting aspect to investigate would be to add an X-tech reinforcement in the 

ribs and see if this can increase the eigenfrequency.  

One problem when redesigning components from aluminium to composite solutions is that the 

components are often already optimized towards a metal design. This makes it so that just changing 

material and redesigning the components one to one is inefficient.  The more efficient composite 

designs usually do redesigns on larger sections, to allow for more extensive conceptual designs which 

can fully utilize the strengths of composite. It would be interesting to see the result if a car was 

designed from scratch with only composites. Scrapping the idea of the conventional metal 

constructions and exploring new possibilities. This however is quite extensive work and would require 

a lot of resources. 

What would be possible to evaluate are designs which combines metal components, examples of such 

designs are the designed from ZF mentioned in 2.1.1 Composite in High Volume Cars such as the wheel-

guiding transverse spring which combines a control arm and a spring or the McPherson suspension 

strut which combines a suspension strut with the wheel carrier. Composites can allow for several 



 

components to be combined but it often requires multiple changes in the vehicles internal layout of 

parts. The effect of these changes are hard to predict without exploring the concepts more deeply.  

  



 

7. Conclusion 

The composite study shows that high volume composites in chassis components are quite rare in the 

industry. The only clear example of such a component is the leaf spring made out of glass fibers. The 

study also shows that there are many different composite manufacturing methods but in general the 

most ready for high volume production are Injection molding, compression molding and RTM.  This is 

because these methods are well developed as they are commonly used in the industry. The material 

and manufacturing evaluation method used shows great promise and can be used in any kind of 

structural composite design. By identifying the most critical requirement of the component the 

material that is most cost and weight efficient can be identified. This method can also be used to 

compare different manufacturing methods if they all can produce the required structure.  

The design phase shows that redesigning of aluminum parts to composites are feasible to do. Showing 

that for the designed motor mount it’s possible to achieve a weight decrease of at least 38% without 

significant cost differences. 

 

 

  



 

8. Division of work 

This thesis work was done in collaboration between Martin Mohlin and Mikael Hanneberg. Both have 

participated in all parts have continuously helped each other but the work have been divided in areas 

of responsibility. Martin has been responsible for the planning and management. This work has been 

done continuously throughout the project. Martin have also been responsible for the report. 

In the composite study Martin was responsible for the entire industry overview evaluating the 

composite market and writing the respective part. Mikael was responsible for Available manufacturing 

methods for High volume and selecting which methods are relevant for the study. The Designing with 

composite part was split up internally, Martin was responsible the cost model and cost estimations 

while Mikael was responsible of finding reasonable values for the material parameters. The 

performance indexes and other points was done in collaboration.  

Martin was responsible of the choice of component phase and individual evaluation of each 

component. However both were active in the choice of the component itself once all parts had been 

evaluated. The general understanding of each part and its function was also done in collaboration.  

In the redesigning of a component phase Martin was generally responsible for the CAD modeling and 

the iteration process while Mikael was responsible for the CAE and evaluating the designs properly. In 

the initiation of the phase Martin was responsible for the compilation of the requirements, evaluation 

the current design and the concept study. However the concept study itself was done in collaboration 

as well as the choice of concept. Due to the CAE modeling being more time consuming than expected 

most of Mikael’s time during this phase was spent on it.  

The discussion deals with a number of issues from both parties on all parts of the report but generally 

each one is responsible for the discussion part of their own responsible areas.  
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A. Appendix – Material evaluation extended results 

 

Figure A.1. Material performance for a beam shape loaded in bending.

 

Figure A.2. Material performance w.r.t. stiffness when loaded in the fiber direction. 



 

 

Figure A.3. Material performance w.r.t. stiffness when loaded in the transverse direction. 

 

Figure A.4. Material performance w.r.t. strength when loaded in tension in the fiber direction. 



 

 

Figure A.5. Material performance w.r.t. strength when loaded in tension in the 2-direction. 

 

Figure A.6. Material performance w.r.t. strength when loaded in compression in the 1- direction. 



 

 

Figure A.7. Material performance w.r.t. strength when loaded in compression in the 2-direction. 

 

Figure A.8. Material performance w.r.t. strength for a beam shape loaded in bending. 

 



 

 

Figure A.9. Material performance w.r.t. eigenfrequency for a beam shape.  

  



 

B. Appendix – FEA Meshing process 

The first step in the meshing is to create the hexagonal elements in the x-tech reinforcement and orient 

them. Regarding the orientation it is possible to create manually in Hypermesh. However then a 

number of coordinate systems, one for each constant section, must be defined in order to orient the 

elements. Therefore a script was downloaded that orients the elements correctly automatically. The 

result can be seen in Figure B.1 below.  

 

Figure B.1. The hexagonal mesh of the x-tech reinforcement. The blue arrows represent the material 

1-direction. 

The first step in meshing the structure surrounding the reinforcement, the bracket, is to mesh the inner 

surfaces so that the mesh is identical to the one used on the reinforcement. This is seen in Figure B.2. 

 

Figure B.2. The inner surface of the bracket is meshed so that the elements are identical to the ones 

on the reinforcement. 



 

The next step is to create a triangular mesh on the remaining surfaces. A tetrahedral mesh was then 

created that matches both the triangular and the quadratic surface elements already created. The final 

mesh is seen in Figure B.3 below. 

 

Figure B.3. The final tetrahedral mesh of the bracket. 

The final volume to mesh is the middle piece of the bracket. The mesh of this volume has to match the 

bracket mesh where they are in contact. To do this the mesh on the contact surfaces was simply copied 

to the surfaces of the middle volume, see Figure B.4. Lastly the final surface was meshed and a 

tetrahedral mesh was created. 

 

Figure B.4. The surfaces in contact with the bracket were meshed by copying the elements from the 

already meshed bracket. 

 


