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Resumo 

Este trabalho consiste na elaboração de estudos para viabilizar a substituição de uma estrutura em aço 

por uma homóloga em compósito laminado. O objeto de estudo é o braço esquerdo de um trolley 

integrado numa linha de montagem automóvel. Esta dissertação foi elaborada em parceria com a 

empresa Optimal Structural Solutions, que desenvolveu o conceito inicial para o novo braço. 

Nesta dissertação são apresentados estudos para viabilizar a produção do conceito inicial apresentado 

pela empresa, tendo em conta a geometria e os requerimentos apresentados. O estudo de produção 

incide sobre técnicas de manufatura de estruturas compósitas, materiais de ferramental de moldes e 

custos de produção dos mesmos.  

Após a viabilização do design conceptual, são apresentados os estudos de otimização compósita para 

as condições de carga requeridas na aplicação da linha de montagem automóvel. O estudo de 

otimização compósita é realizado no software comercial de Análise de Elementos Finitos da Altair 

Engineering, aplicando a metodologia de três etapas desenvolvida pela empresa no solver Optistruct. 

Os resultados obtidos da otimização compósita deverão providenciar dados suficientes para se efetuar 

um estudo para a viabilidade do projeto do ponto de vista de eficiência energética. 
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Abstract 

This work consists in the elaboration of several studies to validate the replacement of a steel structure 

by a homologue one in laminate composite materials. The object of study is the left arm of a trolley 

assembled on a conveyor rail of an automotive line assembly. This dissertation was elaborated in 

collaboration with the company Optimal Structural Solutions, which developed the initial concept for the 

new arm. 

In this dissertation, the studies to validate the production of the new initial concept are presented, taking 

in account the geometry and requirements. The production studies focus in the manufacture techniques 

to produce laminate composite structures, tooling materials and respective cost studies. 

After the validation of the conceptual design, the composite optimization studies for the required 

workloads on the automotive assembly line are presented. The composite optimization study is carried 

by the Altair Engineering’s commercial software for Finite Element Analysis. The tree-phased 

methodology developed by Altair is applied, by using the solver Optistruct. 

The data generated from the composite optimization should provide enough information to further be 

done a viability study of the project from the energy efficiency point of view. 
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1. Introduction 

This thesis concerns the study of a conceptual structure in composite materials meant to replace its 

current homologue one in steel, which is used in an automotive assembly line to convey a chassis 

across several assembly steps. This thesis is the result of a close collaboration with Optimal Structural 

Solutions (therefore referred as Optimal), the project has some previous work done and these studies 

continues it, by using the functional conceptual design developed as a starting point. In this thesis, only 

studies for the manufacture technique and optimization phases will be developed. The project will 

continue to be further developed until the final product based on the information and data generated by 

these studies. 

 

1.1. Choice of the Subject 

The choice of subject was heavily influenced by what I consider to be the new engineering paradigms 

of the century XXI. In the century XX, the world was driven by the desire of globalization, bringing it 

closer, connecting every metropolis to each other. The evolution from crossing the ocean by boat to by 

plane is an example of how distances where shorten by the technological breakthroughs in a few 

decades. This new reality leaded to the ambition of producing faster cars and faster aircrafts, regardless 

the costs and the environment. The engineering success was based on performance and speed, 

converging in the ultimate statement of century XX, the Concorde, that connected London to New York 

in about 3 hours and 30 minutes [1]. Concorde’s downfall in the early 2000’s was the consequence of 

changes in the population mindset. Time is not the most important factor, money it is. Concorde’s 

supersonic speed came with high costs and that was the ultimate reason to discontinue the Concorde[1]. 

Nowadays, no one complains for taking 8 hours to cross the Atlantic Ocean, a compromise between 

price and time is what everyone wants. The need for speed at any cost vanished and a new mentality 

appeared, the challenge of the century XXI is to be efficient. Saving costs and reducing pollutant 

emissions are the new mantras of this century. The Aerospace sector reinvented itself with larger and 

more fuel efficient aircrafts than their predecessors, and now, any corner of the world is affordable to 

the common men. Concretizing the century XX’s desire of bringing the world closer. 

The use of lighter materials such as composite materials is a basilar pillar of the new philosophy for 

efficiency in aerospace. The know-how developed in the aerospace sector is passing to others sectors 

and the subject of this thesis is a new application with an efficiency purpose where the technology and 

the know-how developed from the aerospace sector can be applied, the industrial and machinery sector. 

The industrial and machinery sector is embracing new materials. The demand for composites is growing 

in every sector [2] and, according to a McKinsey report [3],  the carbon fiber cost per kilogram is expected 

to drop 45% to 67% until 2030. And the delta between carbon fiber and aluminum will decrease from 

77% to 26% in the same period. With such positive scenario, an expansion in carbon fiber applications 

will occur and this study is one attempt to understand if carbon fiber composites can withstand the same 

conditions of structures made of steel and still being an efficient and economical investment. 
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1.2. Thesis Outline 

In Introduction, the generic assembly systems where the object of study is integrated are introduced. 

The objectives of the thesis are defined and a small review in carbon fiber applications and challenges 

of the industrial sector are presented. 

In Object of Study, the conceptual design developed by Optimal is presented. A detailed description of 

each main component is done, accompanied by its overall dimensions. The functionality is defined and 

the previous results from Optimal are introduced for reference.  

In Production, the production and tooling studies are developed. A review of every applicable 

manufacture technique is described. A review on the common tooling materials is done, which includes 

mechanical and thermal properties, complexity and cost. An overview and conclusions of the studies 

are presented in the end. 

In Composite Laminate Design Optimization, the optimization process is presented. First, a literature 

review on the subject and an introduction to the basic concepts of structural optimization are done. A 

explanation of the specific composite optimization method is carried before describing the optimization 

preparation and setup. The results of the optimization are presented along the stages of the process 

and at the end are the results overviews and conclusions.  

In Conclusions and Recommendations for future work, the overall conclusions are taken and the initial 

objectives analyzed. In the end, the recommendations for future work are presented. 

 

1.3. Vehicle Assembly Line Conveyors 

 

The Object of Study is a vital component in a Line Conveyor used in a vehicle assembly line. A conveyor 

system is used to move materials from a location to another, especially helpful in the transport of a large 

quantity of materials and products or in the transport of heavy or bulky components. This study focus in 

the trolley of a line conveyor used in a vehicle’s assembly, transporting chassis through the assembly 

phases until the final product is complete. The line conveyor in focus is an overhead conveyor, more 

specifically an Electrified Monorail System (EMS) [4]. 

A generic EMS is composed by a monorail where trolleys (or carriers) are coupled and powered by 

tractors, Figure 1.1 exemplifies a trolley assembled in a monorail carrying load.  

 



3 
 

 

Figure 1.1 - Example of an EMS. Source: kb-gajda.de 

1.4. Objectives 

The primary objective is the diminution of the structure’s weight through the use of composite materials 

in the new trolley’s arms, which will in turn optimize the proportion between the total load conveyed and 

the product’s weight. The final goal is to save energy and do a possible downsizing of the electrical 

motors (tractors) that power the trolleys across the monorail. The optimization study carried should 

provide enough information to a further study evaluate the economic viability of the investment as a 

project of efficiency. 

Secondary objectives of this thesis is to conduct production and tooling studies to evaluate the 

manufacturability of the conceptual design for a batch of 150 units. These studies must present the most 

fitted techniques to manufacture composite laminate components of the given geometry. 

1.5. Carbon fiber applications 

High tensile strength carbon fibers were only discovered in late 1950’s but their benefits were clear. 

They were just a fraction of the weight of steel but contained much greater tensile strength than steel. 

The United States Air Force and NASA realized all the great benefits of carbon fibers, such as high 

modulus and resistance to stretching and soon capitalized on carbon fiber technology. The replacement 

of heavy metal by carbon fibers reinforced polymers (CFRPs) led to stronger and lighter planes. Since 

then there was a constant effort to implement CFRPs in aircrafts making them faster and more efficient. 

At the present, the two major companies in aeronautics had reached the 50% CFRPs built materials in 

a single aircraft. Boeing reached 50% in the 787 Dreamliner [5] and the Airbus overtake this mark with 

the A350 XWB, with an impressive 52% of CFRPs built materials [6]. 

In aircraft conception, exists the objective of selecting the most appropriate material for each specific 

application, preferably the one which would lead to the lightest possible structure. In Figure 1.2, the 

revised and substituted materials of several main components of the Airbus A380, the largest passenger 

aircraft in operation, are represented. Lots of aluminum alloys where reviewed and replaced by CFRPs 

Monorail 

Tractor 

Trolley 

Load 
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materials due to bending stiffness, corrosions and others [7]. The material selection is not only driven 

by structural design criteria, also exists a need of standardization for manufacture and maintenance 

purposes and, in parallel, production costs and purchasing activities play a relevant role when decisions 

are made. With all this taken in account, the percentages of CFRPs achieved are impressive and the 

challenge that keeping doing better and lighter and maintaining aeronautics a profitable business is.  

 

Figure 1.2 - Major advanced material candidates reviewed for A380. Source: Pora [7] 

The cost of using CFRPs is not only the material acquisition itself but also includes the components 

manufacture processes. The manufacture process of CFRPs components had to evolve along with 

increments of CRFPs applications in the aircrafts, the raise of CFRPs use led to a need of automation 

of processes. Automated Tape Laying (ATL) and Automated Fiber Placement (AFP) are automated 

machines to layup carbon fiber tapes and fabrics by orientation with high precisions, reducing time and 

scraps [8] [9]. A fundamental step to keep up with the increasing demand of tons of CFRPs pieces 

produced in the aeronautics industry [2]. 

The knowledge developed in the aeronautics industry about CFRPs and its applications emerged to 

another areas either because of performance or efficiency purposes. CFRPs spread to automotive 

industry, but they are still used as a performance advantage, appearing only in stock supercars and 

race cars. The costs and pricing still keep CFRPs away from the average stock car and the 

implementation for efficient reasons will be a challenge for the next decades. Automotive manufacturers 

like BMW are giving the first steps in the implementation of CFRPs for efficiency purposes, BMW with 

theirs electric model i3 is bringing the first stock car with CFRPs as a vital material in is design [10] [3]. 

The CFRPs built a reputation in performance and soon arrived at sports, with applications in a wide 

range of sports, being applied in sports equipment, from golf clubs to skis [11] [12]. The introduction of 

CFRPs in the cycling sports are one of the biggest innovations for cycling performance and for the 

CFRPs themselves, where new techniques and applications lead to a huge breakthrough in tubular and 

hollow structures [13] [14]. 
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The new mentality of efficiency used in aeronautics industry is leading to new applications in another 

areas where efficiency is highly prized. One of them is the industrial sector, in this area any kind of 

improvement in production cost is highly appreciated, CFRPs bring a new material choice to a world 

dominated by forged steel. The object of study enters in this category with this purpose. 

 

1.6. Challenges of the industrial sector 

As referred above, the efficiency is highly prized in the industrial sector and CFRPs could present 

solutions for the following challenges [15]: 

- Cycle time reduction 

- Dimensional deviations due to temperature variation 

- Mass inertia reduction 

- Energy usage reduction 

- Bending structures 

- Environment and chemical exposures 

With CFRPs components, some of this challenges can be handle at once. A CFRP arm will be lighter 

and stiffer then a metallic one, would have less mass inertia and could perform at a faster rate, reducing 

the cycle time and keeping a steady and precise pace due to its stiffness. Delta Robots are an example 

of the increment of productivity and efficiency by using CFRPs components, achieving high-speed 

performance and lower energy consumptions. This robots are one of the fastest-growing segments of 

robot industry, according to the International Federation of Robots [16], Figure 1.3 presents an generic 

Delta Robot with CFRPs arms. Other examples of applications are the support beam in cutting 

machines, such as laser cutting machines, where the lower inertia allows to increase the cutting speed 

reaching better performances. 

The challenge which the object study will answer is the reduction of energy consumption. Not only with 

the objective to directly reduce the electricity costs but also to reduce the power required, enabling the 

installation of smaller and cheaper electric motors in the conveyor. 

 

Figure 1.3 - Delta Robot. Source: onexia.com 
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2. Object of Study 

The conceptual design was developed by Optimal to directly replace the current one, in other words, 

the current structure will be removed from the assembly line rail and replaced by this concept, keeping 

the same functions and loads. The conceptual design is a new trolley’s arm, the entire study will be 

focused just in the left arm, represented in Figure 2.1, the right arm is perfectly symmetric and the studies 

will take it in account.  

 

Figure 2.1 - Conceptual Design 

The current structure is mainly made of steel with each arm weighting about 450-500 kilograms (see 

Figure 2.2). As seen in Figure 2.1 and Figure 2.2, the conceptual design is not a match of its antecessor. 

This study is not a simple replacement of the material but is also a replacement of the design itself. The 

conceptual design was developed and approved by Optimal and will be the starting point. It means that, 

in this study, will not be studied or simulated other geometries or schemes to replicate the metallic 

structure. Only composite laminate design optimization, will be carried. Any geometry modifications in 

the original design provided by Optimal will be suggestions due to production purposes. 

 

2.1. Previous Work 

Optimal designed the conceptual arm under the workloads that the trolley will be subjected. The trolley 

must support a maximum weight of 20kN, the conveyor moves at a low speed, inertial accelerations will 

be ignored, making it a static problem.  These are the same conditions applied in these studies. 

From the previous analysis, the conceptual design obtained had a total mass of 294 kg and a maximum 

displacement of 9,4mm. The conceptual design has constant thickness and already classifies as a 

feasible design. 
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Before continuing the optimization process, a validation from the production point of view is necessary. 

The structure has some particular features that are novelty for Optimal, and a production study was first 

required to ensure that every component could be produced in the conditions required. Only after this 

conditions being satisfied, the composite optimization process will be carried out.  

 

 

Figure 2.2 - Trolley in current use. Source: Isastur.com 

 

2.2. Main components and overall structure 

The object of study has 3 main components in laminate composite materials: Rail Support, C Frame 

and Chassis Support. The other components are in metallic materials and will be used to attach the 

composite structure to the conveyor rail and support the chassis. 

Next will be presented a more detailed description of the conceptual model in general and the main 

components in particular. 

The object of study has a total height of 2250 mm, total length of 1230 mm and total depth of 1025 mm 

as observed in Figure 2.3. The three main components will be bonded together by adhesive. The Rail 

Support (see Figure 2.4) will be the component attached to the conveyor rail, the Chassis Support (see 

Figure 2.6) will be the component where the chassis seats and the C Frame (see Figure 2.5) will be the 

component that links the other two. 
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Figure 2.3 - Structure's overall dimensions 

The Rail Support is a hollow component, which will be attached to the tractor’s structure in each end, 

having a shaft connected to a bracket by bearings. This allows an upward rotation in the horizontal axis, 

enabling a movement reassembling the gullwing doors, this functionality was introduced to facilitate the 

load and unload of the chassis. In the inside of each end of the tube, an aluminum disc will be inserted 

to help fixing the shafts with bolts. 

The Chassis Support is the shell component where the chassis will seat. The chassis will not seat in the 

component itself, it will seat in two holders attached to the side of the component, it also has an 

aluminum insert inside the component, where the holders will be attached. 

The C Frame is a kind of beam, having a C-shape guideline and a horizontal eight as profile. This 

component creates the necessary height between the chassis and the rail. The C Frame also have a 

hydraulic cylinder attached to perform the rotation previous mentioned. The hydraulic cylinder is 

connected to an aluminum hinge that has a similar insert to help fixing it, like in the other main 

components. The ends of the C Frame are narrower to fit into the Chassis Support and the Rail Support. 

The tree main parts will be bonded together by an adhesive. Each main component should be produced 

as a single piece, being cured in one cycle.  
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Figure 2.4 - Rail Support's overall dimensions 

 

Figure 2.5 - C Frame's overall dimensions 

 

Figure 2.6 - Chassis Support's overall dimensions  
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3. Production 

The object of study was manly developed focusing in its functional purpose, to sustain the workload, 

manufacture techniques were not a main concern at the initial concept. The main objective of this 

chapter is to find a manufacture process which ensures that the conceptual design is, in fact, 

manufacturable, and in accordance with Optimal’s restrictions, available equipment and costs. Several 

production techniques for laminated composite components from different industries will be approached 

and will be chosen and applied the best fitted ones for the study case. Then the top chosen ones will be 

further evaluated by pros and cons, costs and complexity. 

 

3.1. Manufacture requirements and constrains 

The manufacture and production of the 150 units are projected to be done at the Optimal Structural 

Solution facilities. This implies some manufacture restrictions, the process will be conditioned by 

equipment and final detail requirements. The most important requirement is to produce each main 

component in one singular cure with prepreg plies. This means that the C Frame, Chassis Support and 

Rail Support will be cured as a single piece and not individually assembled or co-bonded after cure. 

At the moment of this study, the installed equipment available, according to Optimal [17], is: 

 Composites:  

o Autoclave D1.5m L3.0 m, 

o Ovens up to 10 meters, 

o Cleanroom, 50 m2, 

o PrePreg freezers, 

o Trim shop, 

o RTM system. 

 Metallic:  

o Jobs 5 axis CNC 12000x3500x1000 mm, 

o Gentiger 5 axis CNC, 2500x1800x900 mm, 

o AWEA 3 axis CNC, 3000x1200x800 mm, 

o HAAS 3 axis CNC, 1000x660x660 mm, 

 Quality:  

o Temperature controlled room, 

o Rommer measuring arm, 2.5 m, 

o API laser tracker. 

3.2. Manufacture Techniques  

Parallel to the increasing use of CFRPs in aircrafts described before, were the development of 

techniques to manufacture CFRPs pieces. In this section, a wide range of manufacture techniques that 
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use carbon fabric and carbon prepreg will be described with examples of use and, at the end, the 

reasons to be considered or discarded for the object of study. Techniques like Spray Up, Filament 

Winding and Pultrusion will not be described because they do not use carbon fabric or carbon prepeg 

as the raw material. 

Hand Lay-Up/Wet Lay-Up 

Hand Lay-Up is the most common and widely used technique yet is the most artisanal of all. This 

technique consists in the application of segments of carbon fabric over the one-sided mold and pour 

resin into the fabric, impregnating it with the help of a consolidation roller. The laminate is usually left to 

cure under standard atmospheric conditions. This method is the one mostly used by amateurs at home 

to produce some components for hobbies, such as RV vehicles or in industry sectors that the final 

product do not need high mechanical properties, this technique is often used with fiber glass as well. 

[18] [19] 

Main Advantages: 

- Low cost tooling and widely used 

- Wide choice of suppliers and materials types  

- Molded-in inserts and structural reinforcements are possible [19] 

Main Disadvantages: 

- Lack of consistency 

- The quality of the product is very dependent on the skills of the laminator [18], [19] 

- Resins need to be low in viscosity to be workable by hand [18] 

- Lower mechanical and thermal properties [18] 

- The waste factor can be high [19] 

 

Figure 3.1 - Wet Lay-up. Source: Gurit.com 
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Vacuum Bagging (Hand Lay-Up) 

This method is an extension of Hand Lay-Up. The laid-up laminate is the same but instead of curing the 

laminate under atmospheric conditions it is added up to one atmosphere of pressure by sealing the 

surface with a film and extracting the air with a vacuum pump. [18] 

Main Advantages (compared to standard Wet Lay-Up): 

- High fiber contents with reduction of void contents 

- The vacuum bag reduces the amount of volatiles emitted during cure. [18] 

Main Disadvantages: 

- The extra step adds costs at equipment and labor 

- Depends on the laminator skills 

 

Figure 3.2 - Vacuum Bagging. Source: Gurit.com 

 

Prepreg – Oven/Autoclave 

In this technique the carbon fabrics and fibers are pre-impregnated by the material manufacturer, either 

under heat and pressure or with solvent. The carbon prepreg has a shelf time life of several weeks at 

low temperatures. The prepegs are laid up over the one-sided mold by hand or by machine (ATL/AFP) 

it is vacuum bagged and placed inside the oven/autoclave where is heated up, allowing resin to reflow 

and cure. If placed inside of an autoclave (a pressurized oven) it could be added pressure, usually 

around 4 to 6 atmospheres.[18] [20] [21] 

Main Advantages: 

- Control of fiber/resin ratios  

- High fiber volume laminate with low void contents 

- High thermal and mechanical properties due to high viscosity resins 
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- Less labor and potential to automation 

- Safer and healthier 

- Robust process providing a high level of dimension tolerance and repeatability 

Main Disadvantages: 

- Higher material costs 

- Prepreg fabrics have a limited shelf life and need to be stored at freezing temperatures [21] 

- Limited window to apply and cure the material (problem in big projects such as an wing span) 

[21] 

 

Figure 3.3 – Autoclave. Source: Gurit.com 

Resin Transfer Molding (RTM) 

This technique uses a closed tool. The carbon fabrics are laid up in the bottom mold and can be pressed 

to the mold shape. The top mold is clamped over the bottom, creating a settled cavity.  The resin is 

injected into the cavity, to help the resin transfer, vacuum can be applied at the other end, as shown in 

Figure 3.4. If vacuum is applied this process is called Vacuum Assisted Resin Injection (VARI) [18]. 

Once all the fabric is wet out, the inlets are closed and the laminate is left to cure, either at room 

temperature or elevated temperatures (the tool can be designed to conduct heat). Normally, this 

technique is used in small complex automotive or aircraft components. [22] 

Main Advantages: 

- High fiber volume laminate with low void contents 

- Both sides of the component have molded surface 

- Good health, safety and environmental conditions due to enclosure of the resin [18] 

-  High quality and repeatability [23] 

Main Disadvantages: 

- Matching tooling is expensive  

- Generally limited to smaller components 
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- Unimpregnated areas can occur [18] 

 

Figure 3.4 – RTM. Source: Gurit.com  

Vacuum Assisted Resin Transfer Molding (VARTM) 

The dry stack of fabrics is laid up like in as in RTM technique. Then the fabrics are covered with a peel 

ply and a knitted type of non-structural fabric. The whole stack is vacuum bagged and resin is allowed 

to flow into the laminate. The resin distribution is aided by the ease of flow through the non-structural 

fabric, wetting the fabric out from above. Typically used for large body parts and wind energy blades. 

[18] 

Main advantages: 

- Much lower tooling cost than RTM, because one side of the tool is a vacuum bag 

- Very large components can be produced with high fiber volume and low void contends 

- Cored structures can be produced in one operation 

Main disadvantages: 

- Complex process to perform consistently well on large structures without repair 

- Resins must have very low viscosity, compromising mechanical properties 

- Limited to almost flat surfaces 

- Poor surface finish in the bagging side and poor dimensional tolerances 

- Unimpregnated areas can occur [18] 

Another technique, called Reusable Bag Molding (RBM), uses the same technical principles of VARTM 

but instead of using a common vacuum bag, it uses a reusable silicone bag. RBM reduces the costs 

and improves the surface quality of the component because the bag may be made by brushing or 

spraying silicone material on the base mold and incorporating seals where the bag meets the mold 

flange. A preformed bag avoid wrinkling when vacuum is applied. [24] 
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Figure 3.5 – VARTM. Source: Gurit.com 

Composite Bladder Molding (or Internal Pressure Molding) 

Composite Bladder Molding (CBM) is a technique mainly used to manufacture hollow structures. A latex 

(or silicone) expandable bladder is preformed to fit the inside of the composite lay-up. The lay-up is wrap 

around the bladder or applied in both sides of the mold, the inflatable bladder is placed inside and the 

tool is clamped. Internal pressure is applied to inflate the bladder against the female mold, compressing 

the laminate. Also heat is applied to the mold, either by placing the mold inside an autoclave or by using 

thermal pressing. [25] [26]. The material used in the bladder can be adapted to the specific conditions 

of the curing process. Common latex bladders perform well at over 120ºC and are re-usable. Latex 

bladders can withstand pressures up to 20 atmospheres, and perform well at common pressure cycles 

between 4 to 6 atmospheres. [27] 

Main Advantages: 

- Bladders supports high temperatures and pressures leading to low void content and lower 

finishing costs 

- Bladders can be shaped to complex forms with smooth finish [25] 

- Bladders are re-usable 

- Faster lay-up and cure cycle. No taping, sealing or pleating [27] 

Main Disadvantages: 

- Needs an autoclave or thermal press with an air pressure system [26] 

- Preforming the bladder could require additional tooling 

- Only presents good results with prepreg plies 
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Figure 3.6 - Manufacturing of hollow composite components using inflatable bladders. Source [26][27] 

Bladder Assisted Composite Manufacturing (BACM) 

This technique uses the same principles of the Composite Bladder Molding. The crucial difference is the 

way that the heat to cure is applied. The preforming, lay-up and internal pressure are the same but, 

instead of conducting heat thought the mold by a hot press or an oven/autoclave. The heat is conducted 

internally, by circulating and venting hot air inside the bladder, as shown in Figure 3.7. [26] [28]  

Main Advantages: 

- Same main advantages of Composite Bladder Molding 

- Energy consumption is reduced by 50% compared to Composite Bladder Molding [26] 

- Cheaper molds 

Main Disadvantages 

- Preforming the bladder could require additional tooling 

- Only presents good results with prepreg plies 
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Figure 3.7 - BACM fabrication assembly and process schematic. Source: [28] 

 

3.3. Choice of technique 

Considering all the techniques presented above is now time to do an overlook to the conceptual design 

to understand the best techniques to manufacture it, regarding the Optimal’s facilities and 

considerations. 

The lay-up, vacuum bagging, prepreg-autoclave/oven, RTM and VARTM are techniques mainly 

developed for the aerospace industry, being typically used for large structures or/and half shells. 

Analyzing the object of study it does not reassemble such a structure as the ones just described. The 

concept design is a hollow structure with small radius, compared with the CFRP components in Figure 

1.2. The object of study reassembles more a carbon fiber frame from a bike than a panel from a wing. 

Following that logic, in the cycling industry, the inflatable bladders are widely spread and commonly 

used in all CFRPs components [14]. 

Taking in account the mechanical properties, the requirement of producing each piece in a hollow 

structure and the Optimal’s facilities was determined that: the lay-up and vacuum bagging do not 

guarantee the mechanical properties needed; the RTM and VARTM cannot manufacture a hollow 

structure with large dimensions; the mandrel technique will be expansive; and the BACM will be 

overruled by the conventional CBM because Optimal’s facilities already have an autoclave compatible 

for this technique. This means that the techniques that will be further explored will be the prepreg-

oven/autoclave and the Composite Bladder Molding. 

For these techniques, first, will be evaluated the viability for each main component. The challenge of 

using the prepreg-oven/autoclave technique in the main components is related with the ability to vacuum 

bagging the tool, so the prepreg-oven/autoclave technique will be issued directly as vacuum bagging. 
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The Rail Support (see Figure 3.8) is a hollow structure manly shaped as a tube, having the metallic jigs 

that connect it to the rail at the ends of the “tube”. In the lateral, has a squared extrusion, allowing the 

connection between the Rail Support and the C Frame, this is the only opening in the entire component.  

Having only one opening do not ensures the best conditions to apply a vacuum bag and the position of 

the metallic jigs at the ends of the tube do not allow an easy geometry modification to create another 

opening, allowing the passage of a vacuum bag. The best option to ensure a proper cure in a one hollow 

piece is to use of an inflation bladder to apply internal pressure in a clamped female mold. In the Rail 

Support, only molds to apply the BCM technique will be developed. 

 

Figure 3.8 - Rail Support 

The chassis Support reassembles an L shaped hollow structure with a wide radius corner. At is length 

the open end where connects to the C Frame converts into a smaller square, creating a funnel effect 

across the “L”. The chassis supports jigs are installed at the side. The BCM technique could be applied 

in the same way as in the Rail Support. It is possible to apply a vacuum bag if the close end was opened, 

this geometry modification does not have a direct impact in the component functionality. With the 

modifications it is possible to apply the two techniques chosen previously. 

 

Figure 3.9 - Chassis Support 

The C Frame is the central piece that transfers the weight of the chassis to the rail conveyor. Its “C” like 

shape allows it to pass the tensions from the Chassis Support to the Rail Support. The C Frame could 

be considered a kind of beam, having a horizontal “8” shape as cross-section. The C Frame is narrower 

at the extremities to fit inside the other main components.  Considering it like an I-beam with closed 
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laterals, from the manufacture perspective, the biggest challenge is to guarantee the proper cure and 

achieve the necessary mechanical properties in the web. To do so, first will be analyzed a method to 

produce a one piece composite laminate I-beam.  

 

Figure 3.10 - C Frame 

G. Zhou et al [29] presented a method to produce the entire I-beam in one cure cycle using a hot press, 

as seen in Figure 3.11. The side pieces where compressed by a vice system, ensuring that they were 

stationary during the curing. The heated press plate created pressure at the flanges and conducted the 

heat necessary to cure the laminate. This method ensures a high quality tolerance and precise fillets 

between the flanges and the web. The ply stacks also plays an important role, the initial shape of the I-

beam is created by joining two opposite C-channel stacks (laid up over the side pieces), and then the 

flanges are completed by joining stacks at the top and the bottom of the “I”, as seen in Figure 3.12 (a). 

Gilchrist et al [30] also recommend the use of ropes (tows) of the same material to fill the triangular void 

created between the web and the flanges, see Figure 3.12 (b). This not only fills the void but helps the 

fillet radius at web/flange corners to be larger, in order to avoid the excessively high stresses which 

could be associated with sharp corners. 

This method is unviable for the “8” shape form and for the Optimal’s facilities, but illustrates the way for 

layup and great dimensional tolerances.  

 

 

Figure 3.11 - Assembled view of four-piece I-beam mold in hot press. Source: Adapted from [29] 
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                (a)                                               (b) 

  Figure 3.12 - Staking of an I-shaped beam. Source: Adapted from [29], [30] 

 

Considering the length of the C frame and the likely (because of  the optimization process) non-

symmetric and multidirectional stacking sequence, a tendency to warp along the length will exist, 

counterbalance this tendency or correct it in the post cure process will be one of the main challenges of 

the C Frame manufacture process. 

 

In theory, using all the techniques chosen in section 3.3 to manufacture the C Frame is possible, the 

two open ends allows to assemble a vacuum system with several bags, but there is no support in the 

web to ensure that is straight. The same problem occurs in the BCM technique, it cloud be inserted one 

inflatable bladder to each channel of the “8” cross-section, but it is impossible to ensure a symmetric 

internal pressure between the bladders if the stacking is not symmetrical, leading to warping and 

deviations, compromising the mechanical properties of the component. 

 

Assuming that the C Frame has a constant wall thickness like in the conceptual design, there are several 

options able to apply at least the BCM technique with success. A creation of a cured inner skin could 

provide the skeleton necessary to keep al plies in place during the layup process, it will not be a 

completely co-cured process, but the use of an inner ply does not inflict that much in weight and could 

be added as an extra and do not require any kind of adhesive or bonding to the laid up stack. This inner 

cured ply cloud be a square-channel or a C-channel, and be used like a male mold, where part of the 

plies will be laid up. The other plies will be laid up in a female mold creating two types of stacks, two 

inner stacks, opposite to each other, creating the web and an outer stack, involving the two inner stacks, 

as illustrated in Figure 3.13. During the cure process, the inflatable bladders will create the internal 

pressure. 

 

To create the skeleton, in which will be able to layup the inner stacks, are several solutions: composite 

laminate (glass fiber or carbon fiber) plus an inflation bladder, vacuum bags or a mandrel. In the mandrel 

case, due to the necessity of producing at least 300 units, it will only be considered an expanding foam 
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(such as polyurethane). Machining foams or other mandrel materials will be too expensive and will retain 

the machinery in secondary works and preorder mandrels in the necessary shape will be too expensive. 

An expandable foam, could cure overnight, saving precious labor and machinery hours. 

 

 

 

Figure 3.13 - Proposed stacks to an 8-shaped cross-section 

In the most likely scenario due to optimization process, the C Frame will not has a constant thickness. 

The use of a skeleton will be way more difficult, the detailed thickness variation need to be imprinted in 

this inner layer. The inflatable bladder itself should has a shape that recognizes the thickness variation, 

to avoid wrinkling in the expansion. The process is feasible, but the final quality will be directly linked to 

the abilities of the operator, in tailoring plies and laying them up. Imprecisions will lead to voids in the 

laminate and poorly cured areas causing a significant decay in the mechanical properties stipulated. 

With more or less effort it is possible to test and apply both techniques chosen previously. With the extra 

task of producing molds to create the inner plies.  

 

3.4. Tooling study 

All the techniques chosen above have a common ground: the carbon fiber is laid-up over the mold. The 

tools required for layup must meet certain requirements: 

- Be affordable 

- Be able to produce quality parts (surface finish, strength, etc.) 

- Maintain integrity and sealing under pressure 

- Be safe for technicians 

- Have enough durability 

Internal Pressure 

Inner Stacks 

Filler (tows) 

Internal Pressure 

Outer Stack 
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In this section, a study to choose the tooling materials will be presented, which includes the viability of 

each technique for each main component and an extensive cost study with the viable techniques and 

tooling materials. 

3.4.1. Tolling Materials 

The material choice for the mold affects the entire decision process. The mold material has a crucial 

role in mold’s life expectancy, design, raw material costs, machining costs, operation costs and curing 

process.[31] 

The tooling material needs to support the conditions that the laminate material is put. Using prepreg 

plies, it implies the use of an oven or autoclave to cure at higher temperatures. The tooling materials 

need to support such temperatures, in this production, the cure temperature will be 120ºC. The tooling 

material not only needs to maintain its structural integrity, but other factors inflict in the choice of material, 

such as problems like the raise of temperature which leads to material expansion. The Coefficient of 

Thermal Expansion (CTE) is a relevant factor to take in account when reviewing tooling materials with 

cure temperature and tool size. If the CTE values of the tooling material and the laminate composite 

being cured differ significantly, they will expand and contract at different rates during heat up and cool 

down, creating stresses in the laminate that could origin dimensional, strength and part stability 

problems. 

In Table 3.1, the most common tooling materials are listed. Monolithic graphite, Invar 36 and Invar 42 

(nickel-iron alloys) and prepreg carbon fiber have the lowest CTE. In composite laminates, the CTE 

varies with the fiber and the resins combinations, but could be assumed, that the CTE of the laminate 

will be in the same range that the value appointed in Table 3.1 for “Carbon/epoxy prepreg”, 4.5x10-6/ºC. 

In the other corner are materials like urethane, wood and aluminum with higher CTE values. In the other 

corner are materials like urethane, wood and aluminum with higher CTE values. 

The life expectancy of any tool depends on material selection, shop handling and cure cycles. Evaluating 

the tooling materials listed in Table 3.1, can be interpreted that materials like urethane and wood could 

present satisfactory results for small productions, but at larger scale will lose the correct surface 

tolerance and probably be damaged at demolding. The metallic tooling materials present the longest life 

expectancy, keeping the integrity and surface tolerance in the order of hundreds of cycles only needing 

proper storage to avoid oxidation. The monolithic graphite can endure a large amount of cycles and has 

a low CTE, but is really prone to damage done by operators. The carbon fiber laminate molds are getting 

better and better over time, achieving a live expectancy around the 100 cycles or more, and have much 

more resistance to everyday handling than monolithic graphite.  
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Table 3.1 - Common tooling materials properties 

The failure in laminates molds normally occur due to delamination. This happens due to a variation in 

CTE between fiber and resin matrix. Generally, the neat resin systems have a CTE of around 65x10-

6/ºC and the carbon fibers used in prepreg tooling systems have a CTE of around 4.5 x10-6/ºC to 6 x10-

6/ºC [32] [33] [34] . During the cure cycles the temperatures will vary from ambient temperature to 150ºC 

and above, the differences in CTE between the fibers and the resin will cause disbonds between layers, 

resulting in leaks internally within the tool. This problem could be aggravated by the use of steel 

bushings, the differences between expansions rates could lead to the occurrence of cracks in the tool 

surface which could became leak paths. 

To avoid this situations and extend the expectancy of life in laminate tools it is recommended to apply 

extra layers of prepreg in the bushing areas and use Invar bushings, because Invar has a close CTE to 

the carbon fibers. To avoid the delamination between layers of prepreg tooling, it is recommended the 

use of a resin with high glass transition temperatures (Tg). The Tg values decay at each exposure to the 

cure cycle. The decay of Tg will continue at every cure cycle, eventually will reach values well below the 

temperature cure that the tool was intended, causing the resin to break down with a mechanical failure 

of the bond between the resin matrix and the fiber reinforcement. 



25 
 

To delay this problem and extend the usage of the laminate tool, the tool should not be designed with a 

Tg value just to support the cure temperature but with the highest Tg available. If the cure cycle is 

intended for 150ºC, but the Tg values of the resin system used in the laminate tool is in the range of 

220ºC it will allow more cycles. The only downside of this strategy is the high cure temperatures of the 

laminate tool itself and the master model material chosen need to support these high temperature 

ranges. 

The scenarios described above were engaged for a utopic scenario, where the constructor would have 

unlimited funds and facilities capable to process and shape all materials. In reality, this case study is 

being designed for the capabilities of Optimal’s facilities, an example of a small production site, and the 

final product will be used with an efficiency purpose, so the final product should be cheap as possible, 

and this includes the tools used to making it.  

According to Bader  [20],  the Invar alloy look is a perfect candidate if only its resilience, low CTE and 

high standard finishing surface counted but they are expensive, excessively expensive to be used in 

such a small project, additionally  neither Optimal’s facilities would have capability to cast or shape Invar 

alloys.  

In metallic tools, the material choice will be between steel and aluminum. Both are machinable materials, 

steel has a lower CTE than aluminum, but aluminum is lighter and a better conductor of heat, as 

presented in Table 3.1. Aluminum also is easier to machine than steel, and the acquisition cost do not 

have a substantial weight as in the Invar alloys. Ultimately the aluminum is more practical than steel, to 

machine, to assemble and to transport. The CTE is a relevant factor allied to the size of the tool, in a 

large tool the high CTE of aluminum could not be overlooked and a steel tool will be the most fitted for 

a metallic tool, otherwise should be chosen an aluminum tool. 

Monolithic graphite will be discarded because of its price and damage risk. A 150 unit production 

involves too many transfers between storage and operations floors, demolding and exposures. The cost 

allied to the risk of need to manufacture another mold discards this material. 

For the laminate tools, the glass/epoxy option will be discarded because of the life expectancy, 

temperature resistance and mechanical properties. The choice will be the prepreg/epoxy material, but 

will be needed a further analysis because of its life expectancy. Depending on the temperature of the 

cure cycle and Tg of the laminate tool, the tool could not maintain the dimensional tolerances needed to 

perform 150 cycles and second tool could be needed.  

To summarize, where chosen two different tooling materials. A metallic one and a composite laminate 

one. Aluminum and prepreg carbon fiber, respectively. Now a cost study to evaluate which will be the 

best choice will be conducted, taking in account the following costs: raw materials, machining, labor and 

quantity. The molds will be presented in general matters, accordingly to the needs of each composite 

manufacture technique chosen in section 3.3. 
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The cost study will be divided in a table by material and technique. For each main part will be first 

conducted a study about each technique chosen, to see if it is adequate and doable. Then, a generic 

surface mold will be designed, without all the assembly pieces, vacuum systems, etc. Considering that 

the costs of this auxiliary parts will be very similar for a metallic tooling and a composite laminate tooling.  

3.4.2. Tooling Design 
 

Based on the previous study, the molds that need to be developed to complete the cost study were 

chosen. To facilitate the labeling of each part was created a denomination system. Each tool will be 

divided in two female molds, named Inferior and Superior (C Frame’s tool has an extra part). The general 

codification in use is presented in Table 3.2, from this point forward will be used those initials in figures, 

tables and descriptions. 

 

COD Description 

CFII C Frame Interior Inferior 

CFIS C Frame Interior Superior 

CFEI C Frame Exterior Inferior 

CFES C Frame Exterior Superior 

CFEA C Frame Exterior Inflation Support 

RSI Rail Support Inferior 

RSS Rail Support Superior 

CSI Chassis Support Inferior 

CSS Chassis Support Superior 

Table 3.2 – Molds’ nomenclature 

There are some specifications for every tool required by Optimal. Each piece will be trimmed and 

finished after curing, so the molds must have a 40 mm margin at each open end, giving extra room to 

excess material.  

Each tooling material as its specific requirements. Aluminum tools are required by Optimal to have a 

minimum thickness of 20 mm in general and 40 mm in the walls where will be clamped by screws. The 

carbon composite tools must have the thickness of ten plies and the flange be at least 100mm wide. 

The pattern used to mold the carbon fiber molds must be at least 50 mm thick and the 40 mm margin at 

each open end requirement also applies to the carbon fiber molds themselves. 

The Chassis Support tool and the Rail Support tool were designed taking in account is symmetry plane 

being the inferior part completely symmetric to the superior part. The C Frame Exterior were designed 

in two different styles, one by is symmetry plan, where the “8”shape cross-section is vertical, and one 

where the “8” shape cross-section is horizontal. Two different configurations were designed because in 

one is way more inexpensive and has symmetry and the other has a more natural display for layup. The 

mold designs will be presented in the next sections, separated by tooling materials. 
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3.4.2.1. Aluminum tools 

Aluminum is an easy metal to machine, the aluminum molds will not be designed with much detailing or 

with weight reduction in mind, the weight of this aluminum tooling will be too much to be moved manually, 

so it is better option to avoid extra costs in machining then reducing weight by detailing thickness and 

corners around all surface. The Chassis Support was designed for both techniques. In Figure 3.14, is 

presented in red the CSI and in green the CSS. In (a) the tool is designed for the BCM technique 

(inflatable bladder in yellow), where can be observed the 40 mm gap between the end of the component 

and the funnel of the bladder. In (b), the tool was designed with open ends for vacuum bagging, where 

was considered the geometry modification suggested previously in section 3.4.2.1. 

 

(a) 

 

(b) 

 

Figure 3.14 - Aluminum Tooling for Chassis Support 

The Rail Support’s mold does not follows the tubular shape, only guarantees a minimum thickness of 

20mm at the base, and 40 mm at the screw walls. Figure 3.15 illustrates the mold for the BCM technique, 

with the same scheme color: RSI in red, RSS in green and the inflatable bladder in yellow.   
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Figure 3.15 - Aluminum Tooling for Rail Support 

The C Frame has two tool sets, one for the interior and other for the exterior. The interior is an auxiliary 

tool to manufacture the skeleton for layup. The exterior is the same mold as in Chassis Support and in 

Rail Support. 

To simplify machining processes and layup instructions, it was suggested to extend the C Frame’s 

aluminum insert (see center picture of Figure 3.10), to the side walls, avoiding impossible angles to 

machine, and also will facilitate positioning and layup for technicians. The C Frame has two open ends, 

the 40mm gap is applied in both ends of the mold, in the closed one and in the bladder inlet, as observed 

in Figure 3.16. This molds are not perfectly symmetric, they have the same perimeter but different 

heights. This was done to correctly center the inlet at the entry point, where the component is narrower 

(to fit inside the Chassis Support and the Rail Support), the inner wall (web) remains the same along 

the entire length, but the exterior walls enlarge a bit, this difference generates the different height 

between the molds. The CSII (in red) manufactures the inner wall (web), being the smaller and the CSIS 

(in green) the taller. In the inflatable bladder (in yellow) it is observable the modifications done in the 

aluminum insert, being extruded next to the outer wall. 

 

Figure 3.16 - Aluminum Tooling of C Frame Interior (BCM Technique) 
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The C Frame Interior’s mold was also designed with open ends for vacuum bagging. In this case, the 

half molds are not symmetric but they have same perimeter and height, only differentiating in   the female 

surface inside the mold. 

It was also designed a cast mold for expandable foam. The CFIS has release holes along the length to 

allow the overflow of excess material, as seen in Figure 3.17.  

 

Figure 3.17 - Cast tooling to produce a pattern for the C Frame 

The C Frame Exterior mold was designed in two different styles for both techniques, as previously 

explained. To simplify the machining and layup process was created a third piece just to hold the inlets 

of the inflatable bladders, the CFEA. 

The tool with the “8” shaped cross-section in the vertical is the cheapest option, using less raw material 

to be manufactured. The tool with the “8” shape in the horizontal has the best configuration to the layup 

stage, allowing a layup technique like the one illustrated in Figure 3.19. 

In Figure 3.18, the complete tool for the vertical “8” is illustrated, with the female molds (CFEI and CFES), 

the CFEA (in blue) and the two inflatable bladders (in yellow) to generate internal pressure. This set was 

designated was “C Frame Vertical”. 

 

Figure 3.18 - Aluminum tooling for the C Frame (vertical orientation) 
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In Figure 3.19, the complete tool for the horizontal “8” is illustrated, with the same color scheme. The 

CFEI was designed with a base to sit at the working station and two bases to apply some supports, 

ensuring that the structure is steady and safe to work on.   

 

Figure 3.19 - Aluminum tooling for the C Frame Exterior (horizontal orientation) 

The tools with open ends for vacuum bagging follow the same configurations but do not have a third 

piece. 

3.4.2.2. Carbon Fiber Tooling 

The carbon fiber tools were designed as the aluminum homologues yet with their own specific 

requirements. There is a carbon fiber version of every aluminum tool, using the same scheme and 

display.  

All the patterns (male mold) were carved to match the outer surface. In this basic study the pattern 

design will be a perfect match of the component’s surface. In a final design, to production, an offset 

between the pattern surface and the original surface is needed, to compensate the coatings needed to 

harden and provide a smooth finish surface in the carbon fiber mold. In the same way, the layup of the 

prepregs carbon fiber do not take in account the thickness needed for finishing treatment. This 

differences in volumes do not present a significant impact in the cost values and saved time in the design 

stages of this study.  

In Figure 3.20, the CSS for the BCM technique (in red) being “demolded” from is pattern (in light blue) 

can be observed. All flanges have 100mm wide and the pattern has a 40mm excess in the open end 

side, giving room to exceed the layup space at the inlet, to ensure a proper alignment between the CSS, 

the CSI and the inflatable bladder system, the open side will be trimmed. 
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Figure 3.20 - CFRP mold for CSS and respective pattern (BCM technique) 

In Figure 3.21, the same schematic of Figure 3.20 is represented but for the vacuum bagging technique. 

Both open ends of the pattern have the 40 mm extrusion to create room for the excess material, this 

side will be trimmed in order to obtain an accurate edge. The carbon fiber mold itself also has a 40mm 

excess to trim the laminated component and ensure an accurate edge for bonding between the main 

components. 

 

Figure 3.21 - CFRP mold for CSS and respective pattern (Vacuum Bagging technique) 

The Rail Support tool were designed in the same principles of the Chassis Support tool. 

The C Frame tool for the BCM technique in carbon fiber laminate was also designed as a tree-parted 

tool. The mold design looks a little bit more intricate than the two-parted option but the layup will be 

easier to do. Figure 3.22 illustrates the pattern and carbon fiber mold of the CFEI (in red) for the vertical 

display, there is the need to create a wall at the bladder inlets side to clamp with the support piece, as 

shown in Figure 3.23.  The same applies to the horizontal display, which has an instability problem, the 

mold will need some stands where the mold should lay on. 
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Figure 3.22 - CFRP mold for CFEI in the vertical orientation 

   

 

Figure 3.23 - Tooling Assembly for C Fame in the vertical orientation (BCM Technique) 

 

3.4.3. Cost Study 

The purpose of this cost study is to provide more data to the balance between pros and cons. Being the 

cheapest option does not guarantees that is the best option. Other factors as damage and maintenance, 

handling, storage and final product quality are also taken in account, this cost study will only contribute 

to find the best overall choice. 

The tooling costs will be present by each individual tool, assuming that is done independently from the 

others, and as an all, this means, the acquisition of raw material takes in account all the molds necessary 

for the three main components, crossing the several possible techniques. All costs are provided by 

Optimal, based on their suppliers, labor and machinery. 
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3.4.3.1. Aluminum Tooling 

 

The process of manufacture an aluminum tool is divided in the following steps: 

- Raw Material Purchase 

- 2D Machining 

- 3D Machining 

 

The Raw Material Purchase is the cost of acquisition of the aluminum. The price is set by kilogram. The 

aluminum blocks could be delivered at any size. The cost takes in account the costs associated till the 

aluminum blocks are stored in Optimal’s facilities. 

 

The 2D Machining is a first step to cutaway the contour of the mold. The purchased block as a 

parallelepiped form, cutting the block along the contour of the mold allows to remove the excess material 

of the block without machining it, saving time and reducing the workload assigned to the 5-axis CNCs. 

In Figure 3.24, the example of a cut block is illustrated, the surplus parts are removed without machining 

them. This process could be done in house, using the AWEA 3 axis CNC (3000x1200x800) or 

outsourced to be cut by waterjet machines.  The calculated costs include labor, assembly, facing and 

machinery. 

 

Figure 3.24 - 2D machining of the CSS's profile 

 

The 3D Machining is the effective mold machining, where the previous cut block is completely machined 

accordingly to the CAD file. This task will be performed at the 5-axis CNCs available. The calculated 

costs include labor, assembly, facing and machinery. The cost for machining aluminum will be presented 

in cost per hour and a cubic meter of aluminum takes about 50 hours to be machined (50 h/m3). Each 

block will be ordered with extra 5mm in every direction to add dimensional tolerances, these excesses 

will be removed before 3D Machining by facing the surfaces to the correct dimensions. The costs of 

each step is presented in Table 3.3. 
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Table 3.5  - Individual Mold cost for Aluminum Tooling (vacuum bagging in the vertical display) 

 

 

 

 

 

Process Cost 

Raw Material 4€/kg 

2D Machining 50€/m 

3D Machining 50€/h 

Table 3.3 - Process costs of aluminum tooling 

 

 

COD 

BLOCK PIECE COST (€) 

Vol 

(m3) 

Mass 

(kg) 

Vol 

(m3) 

Mass 

(kg) 

Material 2D 

Machining 

3D 

Machining 

Total 

CFII 0,227 612,3 0,028 76,9 307,5 317,4 77,7 385,2 

CFIS 0,227 612,3 0,029 78,1 312,5 317,4 75,2 387,7 

CFEI 0,383 1033,4 0,024 66,0 4133,7 307,3 172,9 4306,6 

CFES 0,383 1033,4 0,024 66,0 4133,7 307,3 172,9 4306,6 

RSI 0,069 186,9 0,022 58,4 747,6 178,7 52,4 800,0 

RSS 0,069 186,9 0,022 58,4 747,6 178,7 52,4 800,0 

CSI 0,074 199,7 0,017 46,6 798,7 169,7 69,9 868,5 

CSS 0,074 199,7 0,017 46,6 798,7 169,7 69,9 868,5 

TOTAL 1,961 4219,5 0,240 651,9 16878,1 1946,1 896,1 19720,3 

Table 3.4 - Individual Mold cost for Aluminum Tooling (BCM Technique in the vertical display) 

Table 3.5  - Individual Mold cost for Aluminum Tooling (vacuum bagging in the vertical display) 

 

 

COD 

BLOCK PIECE COST (€) 

Vol 

(m3) 

Mass 

(kg) 

Vol 

(m3) 

Mass 

(kg) 

Material 2D 

Machining 

3D 

Machining 

Total 

CFII 0,223 602,6 0,029 77,7 310,8 327,4 74,2 385,0 

CFIS 0,248 669,5 0,033 86,10 344,6 327,4 80,5 425,1 

CFEI 0,455 1226,9 0,053 142,56 4907,4 323,4 178,5 5085,9 

CFES 0,455 1226,9 0,053 142,56 4907,4 332,3 178,5 5085,9 

CFEA 0,006 15,9 0,004 11,11 63,4 69,6 3,7 67,1 

RSI 0,069 186,9 0,022 58,37 747,6 178,7 52,4 800,0 

RSS 0,069 186,9 0,022 58,37 747,6 178,7 52,4 800,0 

CSI 0,083 222,8 0,02 52,89 891,4 176,8 68,9 960,3 

CSS 0,083 222,8 0,02 52,89 891,4 176,8 68,9 960,3 

 TOTAL 2,163 4725,0 0,318 846,43 18899,8 2745,6 912,5 22557,9 
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The cost of manufacture each individual mold from is respective block is represented in Table 3.4 for 

the BCM technique and in Table 3.5 for vacuum bagging, in both tables is only included the C Frame 

Exterior in its vertical orientation. Since the Rail Support will only be manufactured using the BCM 

technique, the vacuum bagging table includes the Rail Support tool for the BCM technique, this was 

done to ensure that the total values between the tables are comparable.  The detailed tables containing 

dimensions, machined volumes and machining times are in Annex A. 

 

From both tables it is visible that exists a huge waist in material. With 82% of the raw material being 

removed (from Table 3.4). To reduce this waste and reduce costs, the pieces could be combined in 

larger molds, reducing the waste material. A study with different combinations of pieces in several blocks 

was done, taking in account the techniques. The combo blocks would suffer the same process as the 

individual blocks. At the 2D machining stage, the block will be cut in the several piece contours, creating 

the same profiles obtained from individual blocks. Each contour should be at least 20 mm apart from 

other contour, to allow the passage of a waterjet or a milling cutter. In Figure 3.25, an example of a block 

with the contours of 2 CFII, 2 CFIS, RSI, CSS, CSI and CFEA is illustrated. 

 

Figure 3.25 - Block with the contours of 2 CFII, 2 CFIS, RSI, CSS, CSI and CFEA 

 

Several combos were designed and the best combinations to manufacture all pieces are presented in 

Table 3.6for the BCM technique with the C Frame tool in the vertical orientation. The lines highlighted 

in green are the best combination between piece distribution and blocks dimensions. The TOTAL line is 

the sum of the green lines, it is noticeable a big drop in raw material acquisition and a marginal increase 

in 3D Machining, this happens because the block’s height is set by the tallest piece in the combo. The 

other pieces in the same block will have an extra height compared to its individual blocks, increasing 
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the cost of 3D Machining. The piece distribution takes in account all this factors, and for example, it is 

better to include the RSS with the CFEI and CFES, and having an extra 75 mm of height  in this piece 

than machining it from its own individual block or increase the other block to fit this piece. There is a 

reduction of 12.5% of the total cost due to machining the pieces from the bigger blocks instead of 

individual blocks. 

Table 3.6 - Combo blocks costs for aluminum tooling (BCM technique in the vertical orientation) 

The reason to conceive a vertical orientation in the C Frame Exterior tool was to save material and 

reduce costs. In Table 3.7 is represented the costs of the horizontal orientation for both techniques. 

Comparing this values with the homologue ones from Table 3.4 and Table 3.5, there is as increase of 

82.5% for the BCM technique, and an increase of 114% for the vacuum bagging, in this case the cost 

is more than doubled. 

 

 BLOCK PIECE COST(€) 

 

COD Vol 

(m3) 

Mass 

(kg) 

Vol 

(m3) 

Mass 

(kg) 

Material 2D 

Machining 

3D 

Machining 

Total 

B
C

M
 

CFEI 0,951 2564,4 0,062 167,59 10257,4 336,5 176,5 10433,9 

CFES 0,745 2008,5 0,040 106,68 8034,1 294,9 164,2 8198,3 

CFEA 0,005 14,7 0,004 10,14 58,9 69,6 2,6 61,5 

V
a
c
u

u
m

 

b
a
g

g
in

g
 CFEI 0,915 2467,6 0,132 354,9 9870,4 332,5 175,1 10045,5 

CFES 0,761 2052,9 0,04 106,7 8211,6 290,9 160,3 8372,0 

Table 3.7 - C Frame Tools for horizontal orientation 

In Table 3.8 the combination blocks done with the horizontal orientation for the C Frame are represented. 

Comparing the totals from Table 3.6. It is visible that the orientation of the C Frame tool has a huge 

impact in the overall cost of the aluminum tooling costs. Opting for the horizontal configuration leads to 

a cost increase of 29% for the BCM technique and 34% for the vacuum bagging technique.  

 

 BLOCK PIECE COST (€) 

COMBOS Vol (m3) Mass 
(kg) 

Vol 
(m3) 

Mass 

(kg) 

Material 2D 
Machining 

3D 
Machining 

Total 

2xCFII+2xCFIS+CFEA+CSI+CSS+RSI 0,73 1980,8 0,19 502,951 7923,3 1911,2 575,3 8498,6 

CFEI+CFES+RSS 0,74 2002,7 0,128 343,483 8010,9 834,4 486,0 8496,9 

CFEI+CFES+RSS+RSI 0,82 2203,8     8815,2 0,0 0,0 8815,2 

CFEI+CFES+RSS+RSI 0,78 2103,8     8415,3 0,0 0,0 8415,3 

2xCFII+2xCFIS+CFEA 0,74 1990,5     7962,0 0,0 0,0 7962,0 

TOTAL 1,48 3983,5 0,318 846,434 15934,2 2745,6 1061,3 19741,1 



37 
 

 

 

3.4.3.2. Carbon Fiber Laminate Tooling 

 

The process of manufacture a Carbon Fiber Laminate tool is divided in the following steps: 

- Raw Material Purchase 

- Pattern Machining 

- Mold Layup 

- Cure cycle 

 

The Raw Material Purchase is the cost of acquisition of the pattern foam and the prepreg carbon fiber. 

The price of the prepreg carbon fiber is set by square meter. 

 

The foam used for the pattern as a density of 700 kg/m3. The foam will be delivered at boards of variable 

size. To achieve the block dimensions, the boards could be glued together. The cost is set by kilogram, 

and the cost includes delivery, storage and preparation (trimming and bonding) of the block. 

 

The pattern machining is done in only one phase, there is no need to first cut the block by the contour. 

The CNC’s instructions will be to first machine the surface and after the final the contour, removing any 

extra material from the pattern base. 

 

Compared to the metal blocks, the foam is softer and allows a higher machining speed. The machining 

cost is set by hour. For foams, the machining cost per hour is averaged by multiplying the cost of 

acquisition by a factor of 1.5 and is used the machining rate of aluminum. The pattern will be used only 

one time and is surface will be coated and finished. 

 

Amore inexpensive foam can be used, but it will have a lower density. A lower density presents a 

problem in the machining phase, not because of the machining quality but because of the debris 

generated. They will be small particles, will spray up in the air, being armful for the operators. To avoid 

the spread of the particles is needed the installation of an industrial vacuum system, that will occupy 

floor space, consume energy and need high maintenance. The foam particles could also penetrate small 

gaps in the CNC’s systems, compromising it. The savings in the raw material purchase would be lost, 

and aggravated, in future maintenance costs. 

  BLOCK PIECE COST(€) 
 

COMBOS Vol 
(m3) 

Mass 
(kg) 

Vol 
(m3) 

Mass 

(kg) 

Material 2D 
Machining 

3D 
Machining 

Total 

B
C

M
 

 

CFEI+CFES 1,25 3362,7 0,102 274,3 13450,8 0,0 255,0 13195,8 

2xCFII+2xCFIS+CFEA+CSI+CSS+RSI 0,73 1980,8 0,190 509,7 7923,3 1927,3 573,7 8497,0 

CFEI+CFES+RSS 1,25 3362,7 0,124 332,6 13450,8 810,1 684,5 14135,3 

TOTAL   5343,5 0,3 842,3 21374,1 2737,4 1258,2 25369,8 

V
a

c
u

u
m

 

b
a

g
g

in
g

 2xCFII+2xCFIS+CSI+CSS+RSI+RSS 0,77 2082,7 0,192 519,96 8330,6 1966,2 612,5 8943,1 

CFEI+CFES 1,18 3181,3 0,101 461,59 12725,0 623,5 335,4 13060,5 

TOTAL 1,95 5263,9 0,293 981,551 21055,7 2589,6 948,0 24593,2 

Table 3.8 - Combo blocks with C Frame Exterior for horizontal orientation 
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The mold layup is the process where the operator lays up the prepregs into the male mold previously 

machined. First, the operator prepares the mold surface, applying coats of hardener, i a hard and smooth 

surface over the machined pattern is created. The molds will be manufactured by the Prepreg – 

Oven/Autoclave technique, described in section 3.2.  Before starting the layup, a release agent is 

applied, then the operator lays up the prepregs fabrics. After, he sets up the complete assembly for 

vacuum bagging, leaving the tool ready to go to the autoclave for curing. 

The mold layup cost is the labor cost plus the materials used by the operator to prepare the mold (release 

agent, bags, tape, etc.). The operator takes, in average, an hour to layup one square meter of prepreg, 

in this time is diluted the time spent in preparation for layup and cure. 

 

The cure cycle is done in the autoclave and the cost is set by cycle. Each cure cycle takes about 8 hours 

to be completed. Table 3.1 represents the costs for a laminated carbon fiber tool. 

 

Process Cost 

Foam 15€/kg 

Prepregs 45€/m 

Machining 50€/h 

Layup 30€/h 

Cure Cycle 40€ 

Table 3.9 - Process costs of CFRPs tooling 

The cost study for carbon fiber laminate uses the same logic applied in the cost study for aluminum. 

First, the cost to produce each single piece is studied. The results are presented in Table 3.10. 

 

 BLOCK PATTERN CFRP COST (€) 

COD Vol 
(m3) 

Mass 
(kg) 

Vol 
(m3) 

Mass(kg) Area 
(m2) 

Material 
(Pattern) 

Machining Prepreg  Labor  TOTAL  

CFII 0,348 243,9 0,075 52,42 1,377 3658,5 56,6 619,7 413,1 4747,9 

CFIS 0,376 263,1 0,078 54,73 1,421 3947,2 64,9 639,5 426,3 5077,9 

CFEI 0,886 619,9 0,123 86,29 1,981 9298,8 229,5 891,5 594,3 11014,1 

CFES 0,886 619,9 0,123 86,29 1,981 9298,8 229,5 891,5 594,3 11014,1 

CFEA 0,028 19,8 0,009 6,35 0,182 296,4 20,1 81,9 54,6 453,0 

RSI 0,117 81,6 0,049 34,02 0,764 1224,7 40,3 343,8 229,2 1838,0 

RSS 0,117 81,6 0,049 34,02 0,764 1224,7 40,3 343,8 229,2 1838,0 

CSI 0,135 94,6 0,057 39,86 0,854 1419,1 37,6 384,3 256,2 2097,2 

CSS 0,135 94,6 0,057 39,86 0,854 1419,1 37,6 384,3 256,2 2097,2 

Total 3,752 2626,2 0,773 541,00 12,976 
 

39392,9 3351,0 5839,2 3892,8 52476,0 

Table 3.10 - Individual Mold cost for CFRP Tooling (BCM Technique in the vertical orientation) 

Comparing the results from Table 3.10 and Table 3.4, it is clear that the Carbon Fiber tools cost twice 

more than aluminum tools. The reasons are: the pattern material is expensive, the molds are bigger and 

has an extra cost of more material and labor. Previously was explained that the foam could be bonded, 
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this means that the single blocks dimensioned in Table 3.10 could be divided in smaller ones and glued 

together, being machined afterwards. This leads to a huge reduce in waist and will reduce the cost of 

acquisition. Figure 3.26 illustrates the pattern of the CSI (in red), below are the areas of the two smaller 

blocks (in yellow orange), which will be glued together before machining. It is visible the contour of the 

block savings (in black). The volume of a single block to machine the CSI is 0,135 m3, the volume of the 

two smaller blocks is 0,102 m3, reducing the acquisition cost in about 25%, the machining cost is not 

changed because the CNC’s path instructions will remain the same. A comparison between the single 

block option and the smaller blocks options is represented in Table 3.11. The savings are clear, but it 

does not mean that it the best choice to save up material and time. The best option depends on the 

material acquisition. The boards will determine which will be the best option. In a scenario where the 

provider could deliver any size of blocks, it would be ordered every single small block individually and 

then assembled. This scenario is unlikely, it is reasonable to except larger boards, and bundle some 

smaller blocks. In this case it is not that cost effective to break the pattern in small blocks and bond them 

together before machining. 

 

Figure 3.26 – CSI’s contour divided in smaller blocks 

 

The C Frame Exterior tool has some walls to support the flange to couple with the CFEA. This wall could 

bonded to the mold after machining it, because the area where it sets do not need the same dimensional 

tolerances of the rest, the wall is added on the end of the extra room for excess material, only is need 

to take in account the tolerance between the Superior and Inferior mold, to be able to connect with the 

CFEA. This modification allows some savings, because reduces the block’s required height. 

 

COD Nº Blocks Tot Volume (m3) %Reduce Cost (€) 

CFII 4 0,124 64,4 1303,85 

CFIS 4 0,135 64,2 1412,50 

CFEI 4 0,207 76,6 2173,08 

CFES 4 0,207 76,6 2173,08 

CFEA 1 0,028 0,8 294,00 

RSI 2 0,088 24,6 924,00 

RSS 2 0,088 24,6 924,00 

CSI 2 0,102 24,5 1071,00 

CSS 2 0,102 24,5 1071,00 

Table 3.11 - Comparison between single blocks and combinations of smaller ones 
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The technique of bundling some profiles in one block proofed to be very effective for aluminum tooling. 

In the aluminum tooling study was possible to bundle a large amount of profiles in a single block. In this 

case, the patterns have wide flanges, which creates big void between the pieces, a huge block do not 

fit the needs in this case. Small combinations are the best option, in Figure 3.27 the combo of the CSI 

with the CSS is illustrated. There is no need to break each profile into blocks, it is just necessary to cut 

the profile along a division line between the pieces. 

 

Figure 3.27 - Combo block of CSI and CSS 

 

The results are presented in Table 3.12 and Table 3.13. The results are under the same logics applied 

in the aluminum tool studies. The results with the C Frame in the horizontal orientation follow the same 

logic and could be consulted in Annex B among with all the other information such as dimensions, 

machined volumes, hours, etc. 

 

Table 3.12 - Combo blocks costs for CFRP tooling (BCM technique in the vertical orientation) 

 

 

  BLOCK PATTERN CFRP COST (€) 

COMBOS Vol 
(m3) 

Mass 
(kg) 

Vol 
(m3) 

Mass 
(kg) 

Area 
(m2) 

Material 
(Pattern) 

Machining Prepreg  Labor  TOTAL  

2XCFII+ 2XCFIS 1,177 823,8 0,306 214,3 5,596 12356,5 266,5 2518,2 1678,8 16820,0 

2XCFII+ 2XCFIS 1,175 822,7 0,306 214,3 5,596 12339,9 266,5 2518,2 1678,8 16803,4 

RSI+RSS 0,189 132,0 0,098 68,0 1,528 1980,0 80,5 687,6 458,4 3206,5 

CSI+CSS 0,212 148,3 0,114 79,7 1,708 2224,5 75,3 768,6 512,4 3580,8 

CFEA+CFEI+CFES 1,675 1172,7 0,255 178,9 4,144 17590,2 505,6 1864,8 1243,2 21203,8 

TOTAL 3,251 2275,6 0,773 541,0 12,976 34134,6 927,8 5839,2 3892,8 44794,4 
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Table 3.13 - Combo blocks costs for CFRP tooling (vacuum bagging technique in the vertical 
orientation) 

3.5. Conclusion 

 

The cost of each tool group is summarized in Table 3.14. The most inexpensive set of tools is the 

aluminum tooling for vacuum bagging with the C Frame in the vertical orientation, on other hand, the 

most expensive one is the composite laminate tooling for the BCM technique with the C Frame in the 

horizontal orientation. 

In the entire cost study was not included the cast mold to produce the mandrel for the C Frame Interior 

(see Figure 3.17). This option was taken because the expansible foams were discarded due to other 

reasons not related with costs. The most probable expandable foam to use was polyurethane and this 

polymer has a huge resistance to degradation, the removal of this polymer from inside the components 

will need the use of powerful solvents, which involves some safety and environmental risks [35]. Leaving 

the polyurethane mandrel inside the structure is not an option, first the material is inflammable and the 

pretended design should be an empty and hollow structure. Due to this reasons the mandrel done with 

expanded foam was discarded and not taken in account during the cost studies.  

 

 

 

  BLOCK PATTERN CFRP COST (€) 

COMBOS Vol 
(m3) 

Mass 
(kg) 

Vol 
(m3) 

Mass 
(kg) 

Area 
(m2) 

Material 
(Pattern) 

Machining Prepreg  Labor  TOTAL  

2XCFII+ 2XCFIS 1,158 810,5 0,298 209,8 5,332 12157,3 274,7 2399,4 1599,6 16431,0 

2XCFII+ 2XCFIS 1,187 831,2 0,298 209,8 5,332 12468,6 274,7 2399,4 1599,6 16742,3 

2XCFII 0,539 377,1 0,142 99,9 2,562 5656,9 100,0 1152,9 768,6 7678,4 

2XCFIS 0,632 442,7 0,156 109,9 2,77 6640,7 129,5 1246,5 831 8847,7 

2XCFIS+CSI+CSS 0,774 541,9 0,268 188,5 4,318 8127,9 194,5 1943,1 1295,4 11561,0 

2XCFIS+CSI+CSS 0,679 475,0 0,268 188,5 4,318 7124,9 194,5 1943,1 1295,4 10557,9 

CSI+CSS 0,199 139,4 0,112 78,6 1,548 2090,8 65,1 696,6 464,4 3316,9 

RSI+RSS 0,189 132,0 0,098 68,0 1,528 1980,0 80,5 687,6 458,4 3206,5 

2XCFIS+RSI+RSS 0,694 485,7 0,254 177,9 4,298 7285,2 210,0 1934,1 1289,4 10718,6 

CFEI+CFES 1,005 703,4 0,238 167,0 3,724 10550,3 235,5 1675,8 1117,2 13578,7 

TOTAL 2,604 1822,8 0,820 576,6 13,760 27341,3 634,3 6192,000 4128,000 35021,6 

Tool Raw Material Machining Labor TOTAL 

Aluminum - BCM - C Frame Vertical 15934,2 3806,9 0,0 19741,1 

Aluminum -BCM - C Frame Horizontal 21374,1 3995,7 0,0 25369,8 

Aluminum - Open Ends- C Frame Vertical 14805,4 3539,2 0,0 18344,6 

Aluminum- Open Ends- C Frame Horizontal 21055,7 3537,6 0,0 24593,2 

CFRP - BCM - C Frame Vertical 34696,7 690,1 3892,8 39279,6 

CFRP  - BCM - C Frame Horizontal 40571,0 826,0 3899,4 45296,4 

CFRP - Open Ends- C Frame Vertical 33533,3 634,3 4128,0 38295,6 

CFRP - Open Ends- C Frame Horizontal 38302,5 483,1 3448,2 42233,8 

Table 3.14 - Total costs by technique and material 



42 
 

At this stage all information was gathered to choose the most fitted tooling material.  

The aluminum tool is the most inexpensive tool and has a life expectancy that easily guarantee the 

production of 150 units. In other hand, the higher CTE could cause warping in the component. 

The composite laminate tool cost almost twice more than the aluminum homologue, but in the total 

budget of the project, this difference is not that significant. The production of the molds involves more 

labor and machines. The final component cured with a composite laminate tool will have lesser problems 

due to expansions but the life expectancy of the mold do not guarantee the production of 150 units. The 

resin used in the composite laminate mold has a Tg around 200ºC, and the components will be cured at 

120ºC. There is an 80ºC safety gap to ensure the integrity of the mold, but there is a lack of experiments 

and literature about the decay of Tg along successive curing cycles. Without this information it is not 

possible to say how many cycles one mold could sustain without being compromised. 

Based on this information, the material of election will be the aluminum, is cheaper, durable and the 

problem related with the CTE could be counterbalanced in the tool’s design be taking in account the 

springback effects. 

Finally, the technique chosen. The prepreg-oven/autoclave is a technique that did not fit well in the entire 

process, is not applicable in the Rail Support, needs geometry modifications in the Chassis Support and 

is will perform poorly in the C Frame. Is only positive point is the costs, the molds will be cheaper, but 

even the preparations will need more labor than the BCM technique. In other hand, BCM technique is 

doable for all pieces, the standardization of the entire process is a plus. The quality of each component 

will be higher, with better dimensional tolerances. And the use of inflatable bladders at this scale is a 

new challenge and a breakthrough in applications. With all these points in favor, the extra costs are 

justified and the BCM technique will be the recommended one to manufacture all the main components 

of the structure. 
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4. Composite Laminate Design Optimization 

 

In this chapter, the theatrical background of composite laminate design optimization will be presented. 

First is conducted a literature review about the subject and then the methodology used in composite 

optimization and in the specific method used in this study. 

4.1. Composite Optimization 

 

Composite Optimization is a concept that immediately appeared after the laminated composites. The 

designing phases of several aircraft components led to the first methods to study stacking and 

tailorability of plies. The pioneering researches of  Kicher and Chao[36] presented a model of nonlinear 

mathematical programing problem with multiple load cases applied on a laminate composite cylinder to 

be optimized by changing the plies orientations in such way that the over-all strength of the cylinder was 

increased. Khot et al [37] introduced an optimization method based on strain energy distribution and a 

numerical search, for a minimum weight design structures made from fiber reinforced composite 

materials, taking account the following conditions: a strength criterion, displacement constraints,  

minimum number of layers and minimum size requirements. The paper published by Ganguli [38] is a 

good review on the subject of historical evolution of composite laminate design optimization and its 

applications, since the Kicher and Khot works (among others) until present days.  

This study focused in one composite optimization method in particular, based on the “free-size” 

formulation. The Free-size formulation is the composite optimization further step of topological 

optimization, often applied in orthotropic structures. The paper published by Kruijf et al [39] is a good 

review on topological optimization evolution. Topological optimization only removes material, keeping 

always the same thickness. Free-size optimization takes advantage of laminate composite materials by 

discretizing thicknesses (of the entire stack) into smaller ones and tailoring them with different shapes, 

kind of individually applying the concepts of topological optimization.  

In the last decade M. Zhou, R. Fleury et al [40]–[42] used free-size concepts to establish a Three-Phase 

method to perform composite laminate design optimization (see Figure 4.1), this method was integrated 

in Altair’s engineering product Hyperworks, which includes the solver Optistruct, which will be used in 

this study. Optistruct is a modern structural analysis solver for linear and non-linear structural problems 

under static and dynamic loads, a solution for structural design and optimization. 

The computational process of Optistruct is represented in Figure 4.2. To run the solver, a “solver deck” 

(file extension .fem) must be input into the Optistruct. The solver deck is a script file which can be directly 

compiled and edited by the user or generated by HyperMesh, the pre-processor software from 

Hyperworks with graphic interfaces. The output results from Optistruct can be edited solver decks with 

new instructions based on the optimization results and graphic and animated files (extension .h3d) to 

analyze and visualize the results in the post-processor software HyperView, another product from 

Hyperworks.  
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Figure 4.1 - Illustration of the Three-Phase optimization. Source [41] 

 

Figure 4.2 - Optistruct Modules 

4.2. Basic concepts of Structural Optimization 

 

Before start explaining the Three-Phase Method used by Altair, an introduction of the basic concepts 

and terms of structural optimization will be done. 

Structural optimization, according to Christensen and Klarbring [43] can be described as”(…) the subject 

of making an assemblage of materials sustain loads in the best way.”(p. 1). To achieve this premise of 

“best way”, an understanding of the variables involved is needed. The designing of a structure features 
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several steps, being the optimization one of them. Kirsch [44] divided the process in four main stages: 

Formulation of functional requirements (Function), Conceptual Design, Optimization and Detailing. 

 

Function: What is the use/purpose of the product? In this first step the functional requirements of the 

structure is established. For example, the number of lanes on a bridge or the required space in an 

industrial building. 

 

Conceptual Design: What type of structure should I choose? Following the example above, what type 

of bridge should I choose? An Arc bridge, truss bridge, suspension bridge, etc. 

 

Optimization: Within the chosen concept, what can I improve? In this stage the product will be improved 

to its best, regarding the objectives, which could be minimizing costs and/or weight or perhaps 

maximizing stiffness. There are almost infinite ways to improve a product for certain objectives. 

 

Detailing: This is the final stage, where the optimized product is fine-tuned for production and use, being 

adapted by market, social and esthetic factors. 

 

The study carried only focuses in the third step of product development, the Optimization, now a more 

extensive explanation will be done. One interesting point of view to understand all the factors involved 

is through the problem solving perspective, as proposed in Altair’s general concepts of optimization [45]: 

 

 What do I want? (Objective) 

 What can I change? (Design Variables) 

 What performance targets must be met? (Design Constraints) 

In a general mathematical form the Objective is the function (f), the Design Variables are the abscissas 

(x) and the Design Constraints are the ordinates (y). 

The Objective Function (f) is used to evaluate the goodness of the design. Will be minimized or 

maximized depending on the objective, for example when f measures weight, displacements or even 

production costs, the objective is, in general,  to minimize f.  

Design variables (x) are a vector that describes the design and which can be changed during 

optimization. It could represent choice of material or geometry (shape, thickness or area). 

Design Constrains (also known as State Variable) (y) is a vector that represents the response of the 

structure. The term Response includes: displacement, stress, strain force, etc. These responses 

counteract the minimizing/maximizing goal set in the objective function.  

Belegundu and Chandruplata [46] resume it as a nonlinear programing problem (NLP), Figure 4.3 

schematizes the NLP: 
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          DESIGN SPACE 

𝑋 = [

𝑥1

𝑥2

⋮
𝑥𝑛

]      Design Variables             FUNCTION   

 

        DESIGN CONSTRAINTS 

gi (X) = 0 i = 1, . . . ,m  - Equalty 

hj (X) ≤ 0 j = 1, . . . , l 

XL ≤X ≤ XU 

 

 

f is the objective function, h’s are inequality constraints, and g’s are equality constraints. Vectors XL and 

XU, represent explicit lower and upper bounds on the design variables, respectively, and are also 

inequality constraints like the h’s. 

 

To sum up, the parameters to be optimized are defined in the Objective Function (f), which will be 

maximized or minimized. The objective is achieved by changing the Design Variables (x) and keeping 

the responses (constrains) between theirs allowable intervals.  

The numerical process is carried out by a solver, once it converged and if all constrains are satisfied it 

will return a feasible design. Due to a high number of variables or complexity, is highly improbable that 

the results correspond to the absolute best design. But the obtained results, normally, are proven to be 

good enough to be approved. 

The Composite Optimization method developed by Altair is solved by the principals of structural 

optimization and can be divided in three phases: Free-size optimization, Ply-bundle sizing optimization 

and stacking sequence optimization.  

4.3. Methodology 

4.3.1. Free size 
 

Before starting the optimization process, it is necessary to define the Optimization Problem. The problem 

can be stated mathematically as follows, according to Altair [45] and M. Zhou[40]: 

Minimize/Maximize f(x) 

Subject to gj(𝑥)−𝑔𝑗𝑈≤0, 𝑗=1,…,𝑀 (1)                    (Eq 1) 

𝑥𝑖𝑘𝐿≤𝑥𝑖𝑘≤𝑥𝑖𝑘𝑈, 𝑖=1,…,𝑁𝑝 𝑘=1,…,𝑁𝐸  

In this problem, f(𝑥) represents the objective function, gj(𝑥) and 𝑔𝑗𝑈 represent the 𝑗-th constraint 

response and its upper bound, respectively. 𝑀 is the total number of constraints, the number of finite 

Inequalty 

f(x) 

Subject to 

Maximize 
       or          f 
Minimize 

Objective 

Figure 4.3 - Scheme for the NLP 
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elements is 𝑁𝐸 and 𝑁𝑝 represents the number of super-plies. 𝑥𝑖𝑘 is the thickness of the 𝑖-th super-ply 

of the 𝑘-th element. 𝑥𝑖𝑘𝐿 and 𝑥𝑖𝑘𝑈 respectively represent the lower and upper bounds for 𝑥𝑖𝑘. 

According to M. Zhou et al [40] “(…)The concept of super-ply is introduce to allow arbitrary thickness 

variation of a given fiber orientation at a given stacking location(…)”(p.2). And the given stacking location 

can be ignored. Basically, a “super-ply” is the bundle of all plies with the same fiber orientation. Instead 

of using discrete plies and adding or subtracting them to obtain the optimum result, is used a single ply 

with a large thickness, that will vary in accordance with the needs.  

The main difference compared to the structural optimization previous explained (see Figure 4.3) is that 

the design variables are already specified as different ply/orientations. 

The initial stack composed by super-plies used in the free-size optimization must be designed based on 

feasible results. A good practice to get a reasonable initial guess is to obtain a feasible design already 

composed by manufacturable plies. The solver Optistruct only can remove thickness from the stack, so 

it is imperative starting with a total stack thickness by excess. To obtain a good initial guess, the stack 

should be composed by fabric plies (because unidirectional (UD) carbon fiber plies are strategically 

placed during optimization, placing them in the initial guess affects the purpose of guessing by excess). 

A bundle sequence should be defined and continually be stacked till a linear static analyses show results 

inside the design constraints limits. Each ply has the complete shape, this means, the initial guess is a 

stack with constant thickness. 

Based on the results from the initial guess’ static analyses is possible to understand how the stack 

composed of super-plies should be defined. The total stack thickness must be higher than the initial 

guess and the individual super-plies should be composed by the material and orientations defined in the 

initial guess plus all the others materials and respective orientations that offer better optimization results, 

like UD plies. With the principle that the new stack configuration has better mechanical properties, each 

super-ply could have the same thickness and will be assigned to every FE of the design space.  

 For example, under certain workload, a structure made of laminate composite materials needs a stack 

with a constant thickness of 30 mm to meet the design constraints. The 30mm stack is composed by 

carbon fiber cloths oriented at 0º and 45º, this stack is the initial guess to design the stack to be 

implemented in the optimization process. UD carbon fiber will be introduced in the optimization process, 

at 0º and 90º. Adding them to the ones used in the initial guess, there are 4 different material orientations: 

carbon fiber fabric at 0º, carbon fiber fabric at 45º, UD carbon fiber at 0º and UD carbon fiber at 90º. 

Each one will be a super-ply and based in the results of the initial guess, the total stack should have 

more than 30 mm, if every super-ply has a thickness of 8 mm, the total stack will have a thickness of 32 

mm, enough to ensure that the solver will only need to remove excess material to achieve a feasible 

design.  

After the free-size optimization, all super-plies were discretized in four plies, with different thickness and 

with different shapes. The division of each super-ply on four plies allows not only do a thickness 

optimization but also a shape optimization, by evaluating each ply individually, could be considered, that 

the solver had done a topological and size optimization individually with an effective removal of material 
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in each individual ply, yet looking at the entire stack, the individual material removals lead to the 

variations of thickness across the structure. The gross part of the composite optimization is all done in 

this phase, being the other two just for fine tuning and manufacturing details.  

If no restrictions are applied to the design variables, the spectrum of thickness could vary from near zero 

to the initial guess. The first discretized ply always keep the entire shape (all FE), to ensure that does 

not happens any topological modification, but this thickness could be almost zero, for manufacturing is 

inviable. Without any limits the solver will generate regions without material and others with a profile 

similar to a pyramid, starting at the base, where lies the plies with large areas and then, ply after ply, will 

reduce the area. Ending at top, the last ply, with a very small area, as shown in Figure 4.4. This scenario 

often happens in optimizations to minimize mass. Also, these results will be, virtually, the best. But they 

are unmanufacturable. To correct this situation, an interval should be defined between the lower and 

upper bounds of the design variable. It can be applied to each super-ply or to the entire stack. Applying 

the interval values to the entire stack is a better choice, because offers more freedom to the solver and 

the possibility of freely increase and decrease each super-ply’s thickness. This constraint will cause an 

increase of mass because the lower thickness wall was a less efficient design and will need a wider 

base to achieve the same stiffness values from the original pyramidal shape. Figure 4.4 illustrates the 

effects of adding bounds to the thickness.  

Another situation to take in account is the balancing of some fiber orientations, this helps to eliminate 

some warping. 

 

Figure 4.4 - Effects of upper and lower bounds in topology 

 

4.3.2. Ply-bundle sizing 
 

From the first phase optimization, a stack of editable plies was obtained. As previously explained, each 

fiber orientation was discretized in four plies. The free size phase returns a stack of plies with two 

parameters: thickness and shape.  

The shape should be edited by the user,  the objective of this phase transform the output from free-size 

into manufacturable plies, not only interests to discretize the “super-plies” but also guarantee that every 

ply has a practical form, in other words, easy to tailor and to apply. There is no interest in apply small 



49 
 

patches or plies with pockets in it. Also, paying attention to the fiber orientation is important, trying to 

keep the boundaries “squared” as exemplified in Figure 4.5, at left the boundaries for 0º and 90º and at 

right the boundaries for +45º and -45º. 

 

Figure 4.5 - Tailoring of plies accordingly to their orientation 

This shape treatment is fundamental, because adds the production perspective to the optimization. 

Usually, the virtual material distribution is really distant from the manufacturable model. The possibility 

of the user to step in the middle of the optimization process and be able to shape the results, ensures 

that the final simulated result is really close to the one that will be produced. Another important aspect 

to keep in mind is that every constraint applied in the first phase will progress to the second. For 

example, the balancing of the plies, the solver will keep this constraint but is the user who has to ensure 

that the balanced plies have the same shape. 

In this phase, the solver will fine tune the thickness of each ply (continuous sizing) and then discretized 

its thickness into a number of manufactuable plies (discrete sizing). The continuous sizing is optional, 

but highly recommended. The preparation of the plies described above, could lead to substantial 

changes in shape, at the point to transform the structure into an unfeasible design. To adjust to the new 

ply shapes, the solver will readjust each ply thickness (continuous sizing. This intermediate step avoids 

the possibility of a divergence.  After obtaining the new values and feed them to the solver deck it is time 

to add the manufacturable thicknesses for each ply orientation. At this point, the “super-plies” will be 

discretized by the solver into a number of manufactuable plies. At each iteration, the solver will combine 

different numbers for each discretized super-ply rounding the excess of thickness up or down. The 

iteration progress doesn’t really converge, so is important to analyze the objective function iteration by 

iteration and chose the best (one or more) to advance to the last phase. 

4.3.3. Stacking sequence optimization 
 

At this final stage, the solver will not optimize shape, thickness or mass. The tailored plies obtained in 

phase II will be shuffled, according to some given conditions. In every previous phases, the stacking 

order was not taken in account, this means that the results obtained in phase II does not met the 

manufacturing requirements. At this phase the user could introduce the following constraints: 

- Limit on consecutive plies of same orientation 

- Pairing of positive and negative angles (already applied in previous phases) 
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- Pre-defined cover lay-ups 

- Pre-defined core lay-ups 

 The solver will iterate the stack sequence based on this manufacturing constraints until convergence. 

In Figure 4.6, shuffling optimization history from an optimization of a Composite Aircraft Underbelly 

Fairing OS-3200 [47] is illustrated. The shuffle optimization is the final phase of the optimization process. 

These results should advance for the detailing stage before start production. 

 

Figure 4.6 - Stacking optimization history 
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4.4. Optimization Setup 

To compile the solver deck, the software HyperMesh, a Hyperworks product, specially designed to 

prepare setups for FEA’s, will be used 

The methodology used will be explained in general terms. This means that there will be no explanation 

of how to use the specific commands in HyperMesh to create the setup. Only the considerations for the 

FEA’s setup will be explained, by using general Finite Element Methods (FEM). 

4.4.1. Finite Elements  
 

According to Reddy [48], the main structure (Rail Support, C Frame and Chassis Support) is classified 

as a laminated composite shell structure. On that basis, only surfaces from the conceptual design will 

be used to simulate the main structure and they will be discretized in 2D elements for further assignment 

as shell elements.  

Aside from the main structures, there are some small elements that will be included in the simulations: 

the inserts, shafts, hinges and supports. They are considered solid structures due to their proportions. 

This means they will be discretized or created as 3D finite elements for further assignment as solid 

elements. 

A shell type element named “Quad4” will be assigned to the 2D elements. Quad4 elements are 2D (1st 

order) quadrilateral elements with 4 nodes ordered as shown in Figure 4.7 (left) [47]Two types of solid 

elements will be assigned to the 3D elements. For more accurate approximations “Hex8” elements will 

be used, this will be applied to the inserts. Hex8 elements are 3D (1st order) hexahedra elements with 

eight nodes ordered, as shown in Figure 4.7 (center) [47]. For solids without a need of detailed results 

(hinges, shafts and supports) “Tetra4” elements will be used. Tetra4 are 3D (1st order) tetrahedra 

elements with four ordered nodes as shown in Figure 4.7 (right) [47]. 

 

Figure 4.7 - Element Models. Adapted from [47] 

4.4.2. Meshing 
 

As previously mentioned, the main structure will be discretized in 2D elements. From the original design, 

only surfaces will be imported. The outer surfaces were chosen to be imported and discretized. This 

was done so because of the tooling design. The use of female molds implies that the outer surface is 

the first to be laid up, continuing the stack ply over ply up to the interior. Importing the outer surface 
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ensures that the composite laminated structure matches the original design and the optimization process 

does not topologically modify the design. The only exception happens in the C Frame, where the inner 

wall is represented by its middle surface, keeping the symmetry of the component. The imported outer 

surfaces were split by projection of the inserts, ensuring their correct position for further needs. These 

splits are observed in purple and light brown in Figure 4.8. 

  

Figure 4.8 - Surfaces of Projected Inserts 

Before beginning the meshing of the surfaces, a complexity evaluation of each main component should 

be carried out. Certain details in the surface, such as small holes, blends or fillets, may not be relevant 

for the results but when these details are removed, the analysis can run more efficiently. Additionally, 

mesh quality is often improved. Also, changing the surfaces to match the desired shape can also allow 

the mesh quality to be improved as well.  

A great starting point to obtain a good quality mesh it is to take advantage of symmetry planes. In this 

way, it is only necessary to mesh half the surfaces, saving time and effort. Once the half surface is 

meshed, a duplicate and reflection of all finite elements by its symmetry plane ensures a symmetric 

mesh avoiding deviations caused by unsymmetrical meshes on symmetrical surfaces. 

In the case study, the Chassis Support and the Rail Support is symmetric to its XY middle plane. The C 

Frame presents symmetry to its XZ middle plane (coincident with the inner wall middle surface). The 

removal of half of the surfaces begins with the projection of the symmetry plane in the surfaces, splitting 

them. Then, one side was deleted, which Figure 4.9 exemplifies, using the C Frame for the effect. In the 

C Frame, the middle surface wasn’t taken into account during the process, being kept, in yellow.  

    

Figure 4.9 - Split of the surfaces into half 

Advancing to the simplification process, the screw holes were removed (in all components), keeping a 

point in the center of the circle for reference. In the C Frame, where some fillets with a radius below a 

certain threshold were removed. The before and after simplification can be observed in Figure 4.10. 
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Figure 4.10 - Simplification of small details 

       

With the simplification process finished, it is time to proceed to the meshing itself. The mesh was created 

by the “Automesh” generator from Hypermesh. A mesh with exclusively quadrilateral elements was 

chosen. This process was done surface by surface with innumerous adjustments and splits ensuring a 

more uniform mesh. In Figure 4.11 illustrates the auto generated mesh in the original surfaces and 

Figure 4.12 the mesh generated in the modified surfaces. Comparing both, a significant quality increase 

can be observed. In Chassis Support and Rail Support, a completely parametric mesh would lead to an 

increase of elements and with disproportionate dimensions as well. Instead, transition areas in the 

curves were opted for, leading to a better quality mesh, as made evident by comparison of Figure 4.13 

and Figure 4.14. The Chassis Support mesh is more homogeneous with a transition area in the curve 

than with a parametric area, but it still has some areas where the elements were generated like in a 

parametric mesh. 

 

Figure 4.11 - Auto generated mesh for Rail Support 
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Figure 4.12 - Mesh generated after surface treatment in Rail Support 

 

Figure 4.13 - Parametric mesh in Chassis Support 

 

Figure 4.14 - Mesh with transition areas in Chassis Support 

The splits made in the surfaces based on the inserts’ projections (see Figure 4.8), allowed to create a 

mesh that respects the inserts contours and can now be used to offset and extrude the 3D FE, creating 

the aluminum inserts. From the solid generated by the 3D FE, the faces (2D FE) were extracted, 

completing the 2D mesh. To connect the aluminum inserts to the composite shell, a grid of rigid elements 

(1D FE) was added, linking the component surface to the distanced aluminum insert, constraining any 

movement between them. The complete mesh at the aluminum insert regions can be observed in Figure 

4.15. 
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Figure 4.15 - Aluminum inserts 

At this point the mesh of each main component is completed. All elements were duplicated and mirrored 

by the symmetry plane and then equivalence was applied, to ensure the continuity from the original half 

to the mirrored one. In Figure 4.16, on the left, there are the two separate meshes and on the right one 

joined mesh (red lines represent edges). 

  

Figure 4.16 - Equivalence of nodes and FEs 

The laminate will be applied inwards in all structures, to simulate it, all the 2D elements’ normal must 

point to the inside of the structure. Not only is needed to specify the direction of stacking but also the 

orientation of the material. The plies will be laid up at different orientations, to do so, a guide reference 

must be defined. As observed in Figure 4.17, the material orientation (blue lines) in the Rail Support is 

aligned with the y-axis. The representation with the blue lines helps to understand how a UD fabric will 

be laid up. The Chassis Support has a similar behavior in material orientation, following the same 

alignment with the y-axis. In Figure 4.18, the C Frame’s material orientation is represented, instead of 

being aligned with an axis it just follows the C-shape curvature, as noticed in the side walls.  

 

Figure 4.17 - Material Alignment in Rail Support 
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Figure 4.18 - Material Alignment in C Frame 

To complete the model of the main structure it is necessary to simulate the connections between the 

three main components. The three components will be bonded together with an adhesive. In the model, 

the bond will be represented by three layers of solid elements with a total thickness of 1.5 mm, centered 

between the components. The bond is connected to the components by rigid elements, constraining all 

movements between the bond and the components. In Figure 4.19, the bonded area between the 

Chassis Support and the C Frame is exemplified, the FE in orange represents the bond. 

 

Figure 4.19 - C Frame and Chassis Support Bond 

At last, the remaining aluminum parts (hinges, shafts and supports) will be meshed. These parts were 

imported as solids and meshed using the “Automesh” from Hypermesh with tetrahedic elements. The 

mesh of these elements is coarse because they do not have a big impact in the structure. In a more 

minimalistic simulation they could be substituted by some webs and rigid elements. 

The mesh of the final assembly model is composed by: 

4176 2D FE  

26282 3D hexagonal FE 

18011 3D tetrahedic FE 

2813 1D rigid elements 
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Figure 4.20 - Final Mesh 

4.4.3. Materials and Properties 
 

In this case study, four distinct materials will be used: two specific carbon fiber composites (T800 fabric 

and UD T1000), a generic aluminum and a generic adhesive. 

The aluminum pieces of the final product will be made of different aluminum alloys, but they were not 

defined when this study was conducted. It is an acceptable approximation to use the specifications of a 

generic aluminum because the aluminum pieces are not the main components of the structure. The 

specifications of the aluminum are in Table 4.1. The same logic applies to the adhesive used, that can 

also be consulted in Table 4.1. 

For the carbon fiber composite two types of carbon fiber fabrics were chosen. One woven (T800) and 

one unidirectional (UD T1000).  

The woven fabrics are characterized by the interlacing of warp fibers (0º) with weft fibers (90º) in a 

pattern or weave style. The fabric’s integrity is ensured by the mechanical interlocking of the fibers. The 

draping, surface smoothness and stability is controlled by the weave style. The T800 has a plain pattern, 

which means that, the interlacing is done in the proportion one-to-one, one warp interlaces with one 

weft. T800 carbon fiber is a high tensile strength fiber with excellent balanced composite properties.  

The unidirectional fabrics are the ones in which the majority of the fibers run in one direction only. A 

small amount of fibers could run in the other direction with the intention to keep the main fibers together, 

the term unidirectional is commonly applied to fabrics with more than 90% of the fiber weight in one 

direction [18]. The UD are an excellent choice for optimization processes due to their higher mechanical 

properties since they are straighter and uncrimped in comparison to woven fabrics.  
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Unidirectional fabrics can be applied more strategically and focused in tensions caused by the load 

case. Prepreg UD are a prime choice because the resin keeps the fibers in position reducing even more 

the parasitic materials in the other direction, in automated processes like the AFL it is layered as a tape. 

The UD fibers are more expensive but achieve better results in mass optimizations. T1000 is the world’s 

high tensile strength fiber. 

The mechanical properties of these carbon fiber fabrics will not be disclosed. The properties fed to the 

solver results from years of experience and adjusts from Optimal’s engineering team and are considered 

proprietary material. Table 4.2 lists intervals of values gathered from several suppliers [33], [34], [49], 

[50] were the used values are included 

To implement the materials in the solver deck using HyperMesh, the “MAT1” for the aluminum and the 

adhesive was used. For the carbon fiber materials, the “MAT8” was used. The “MAT1” is used to define 

the material properties for linear, temperature-independent, and isotropic materials. The “MAT8” is used 

to define the material properties for linear temperature-independent orthotropic material for two-

dimensional elements. 

The aluminum and adhesive material cards were assigned to the respective 3D FE using “PSOLID”, a 

solid element property.  The carbon fiber material cards were assigned to the 2D FE using “PCOMP”, a 

composite laminate property that defines the structure and properties of an n-ply composite laminate 

material. 

 

Material E [GPa] G [GPa] ρ [kg/m3] μ 

Aluminum 70 24 2697 - 

Adhesive 2,5 - - 0,33 

 

Table 4.1 - Aluminum and Adhesive properties 

Material E𝟏𝟏 [GPa] E𝟐𝟐  [GPa] G  [GPa] 

T1000 130-175 7-8 3-5 

T800 60-70 60-70 4-5 

 

Material X𝒕 

[MPa] 
X𝒄 

[MPa] 
Y𝒕 

[MPa] 
Y𝒄 

[MPa] 

S 

[MPa] 
𝒕 

[mm] 
𝝆 

[Kg/m3] 
 

T1000 1500-2700 850-1300 15-50 170-250 70-120 0,126 1540 

T800 600-800 560-570 600-760 520-570 90-120 0,326 1500 

Table 4.2 - Carbon Fiber Mechanical Properties 
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4.4.4. Boundary Constrains and Load Case 
 

To replicate the movement and freedom of the structured described in section 2.2 some approximations 

will be necessary. Once some pieces are ignored in the computational model, the boundary constraints 

and the load cases will be applied at the structure through rigid elements. 

The simulation will be performed in the locked position. This means that the Rail Support must be 

completely constrained at the back and only allowing a y-axis rotation. To achieve this two “spiders” 

(RBE3) will be created, one in each vein, linking every single node from the surface area that connects 

with the brackets to a central point. The constraints will be applied to the central points. 

To simulate the hydraulic shaft connected to the C Frame, a rigid element (RBE3) was added, with the 

independent node centered with the position of the hydraulic shaft and the dependent nodes linked to 

all nodes of the internal surfaces of the bracket, as seen in Figure 4.21. At the independent point, a 

movement constrain was applied, in the shaft direction. To guarantee the exact constrain a local 

coordinate system was added with the x-axis aligned with the shaft axis. 

 

Figure 4.21 - Single Center Node 

 

The only load case applied is the half of weight of the chassis, 10 000 N, to respect symmetry conditions. 

The point of application will be reduced to the center of the two structure system (at the symmetry plan) 

vertically aligned with the supports attached at the Chassis Support. The load distribution will be 

replicated with rigid elements (RBE2 & RBE3). First, a RB3 was added at each support to link all surface 

nodes to a single node which was then connected to the load point by an RB2. 

Finally, symmetry constrains will be added to ensure that the results take in account the right arm. 
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Figure 4.22 - Workload Applied 

 

4.4.5. Objective Function 
 

As explained in section 4.2, the objective function defines the parameter that will be optimized. In this 

case, the primary, and only objective is to reduce mass. The design space is composed of all elements 

assigned with laminate material. 

4.4.6. Design Constraints 
 

The design constraints will counterbalance the objective function. In this case, two distinct design 

constrains were defined. One regarding the total displacement of the structure and other the stress 

allowed by the composite laminate. 

The total displacement constrain will be limited to a maximum displacement of 15 mm. It was accorded 

with Optimal to set the limit to 10 mm, since this covers some deviations results caused by overstepping 

the optimization results in some stages. 

In the optimization process, the computer only reads the displacement values in the nodes assigned by 

the user. To save computational time, a small set of nodes were chosen to read the total displacement. 

This set was chosen taking into account the results obtained in the static analysis (section 4.5.1). In the 

critical areas a higher density of nodes will be added and some control points scattered throughout the 

structure will also be added. 
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Figure 4.23 - Set of nodes to scan displacement values 

 

To avoid composite failure, a failure criteria was implemented. In this case, the Tsai-Wu failure criteria 

is used [51], limited to 1.0, the starting value for failure. The Tsai-Wu Formulation applied in Optistruct 

[47] is represented in the following equations (Eq. 2) for the lamina yield surface, to complement the 

failure criteria, a delamination model (Eq. 3) is added. The complete failure criteria is designated 

Composite Failure Index (CFI) and its limited to 1.0, the CFI englobes the feedback of both models 

mentioned. Altair do not disclosed how the two models are balanced in the CFI.  

 𝐹1𝜎1 + 𝐹2𝜎2 + 𝐹11𝜎1
2 + 𝐹22𝜎2

2 + 𝐹44𝜎12
2 + 2𝐹12𝜎1𝜎2 ≤ 1,0 

Where, 

𝐹1 = − 
1

𝜎1𝑦
𝑐 +

1

𝜎1𝑦
𝑡   𝐹22 =  

1

𝜎2𝑦
𝑐 𝜎2𝑦

𝑡                                       (Eq. 2) 

𝐹2 = − 
1

𝜎2𝑦
𝑐 +

1

𝜎2𝑦
𝑡    𝐹44 =  

1

𝜎12𝑦
𝑐 𝜎12𝑦

𝑡                    

𝐹11 =  
1

𝜎1𝑦
𝑐 𝜎1𝑦

𝑡    𝐹12 =  −
1

2
√𝐹11𝐹22 

Optistruct also includes a delamination formulation for laminate composite structures: 

𝜎31 = 𝐺31(1 − 𝑑3)𝛾31  𝜎23 = 𝐺23(1 − 𝑑3)𝛾23                (Eq. 3) 

If d3 reaches 1,0, delamination occurred. 
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4.5. Optimization Process 

In this chapter, the optimization process will be presented, stage by stage. Starting in the initial guess 

and going across the 3 stages process described in section 4.3. 

4.5.1. Initial Guess 
 

As described in section 4.3.1, Optistruct cannot thicken materials in the “free-size” stage. This condition 

forces the initial guess to already be a feasible design. So, the first step, is conducting progressive linear 

static analyses, increasing number of plies until the results are below the maximum allowed 

displacement (10 mm). The linear static analysis will be simulated under certain conditions: constant 

thickness and manufacturable plies thickness. 

At this stage, a singular ply material will be used. Other ply materials will only be added in further steps, 

to improve the optimization results. For this analysis, only the ply material chosen to the outer shell will 

be used: a carbon fiber fabric, designated T800. In this simulation, the load collector described in section 

4.4.4 will be used and will be defined a Laminate to be assigned to all 2D finite elements as a PPCOMP 

(Composite Laminate Property). T800 plies have a fabric pattern and will only be applied in two 

orientations: 0º and 45º. These orientations will be repeated from the outer surface through the normal 

direction, inwards, resulting in the following stacking sequence [(0, +45)x]T, with x representing the 

number of  stack repetitions used in each analysis. The nomenclature to describe stacking sequences 

is based on [52]. 

To consider the design feasible is necessary to present a maximum displacement inferior to 10mm and 

to respect the failure criteria. The Tsai-Wu failure criterion [51] (Eq. 2) was chosen. 

 

Figure 4.24 - Maximum displacement along the stack repetitions 
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As observed in the chart of Figure 4.24. The stacking sequence [(0, +45)35]T respects the design 

constraint, obtaining a maximum displacement of 9,89 mm. The total thickness of the laminate is 

approximately 24,14 mm. In Figure 4.25, the gradients of displacement (in the left) and the CFI (in the 

right) are represented. The maximum displacement is located in the free end of the Chassis Support, 

the results are consistent with the design and load applied, being this regions one of the closest to the 

load supports and with less structural stiffness. The CFI is respected, by large margins, with the highest 

values around 0.23, the higher values are concentrated in the screws areas.  This data will be used to 

establish the thickness of laminate’s super-plies in the first step of the optimization process, the “free-

size”.  

 

Figure 4.25 - Gradients for maximum displacement and CFI of the initial guess 

 

4.5.2. Free-size 
 

In this step the total thickness of each fiber orientation will be defined, without caring about the number 

of plies or stacking sequence, as described in section 4.3.1. In this step, new materials and orientations 

will be added to improve the results of the objective function. In this phase an UD ply was added, 

designated UD1000. The UD orientations will be laid up at 0/45/90/-45 degrees. Combining them with 

the previous T800 fiber orientations, a stack of six super-plies was obtained. The initial guess suggested 

a stack of around 24 mm, discretizing it in 6 super-plies and adding a little compensation, each super-

ply will have a thickness of 5 mm (instead of 4mm), with the total stack thickness being 30 mm. Further 

in the process, a T800 super-ply laid up at -45 degrees was added to correct some programming issues 

related with balance between plies. This late addition increased the initial guess stack to 35mm, the 

initial weight for comparisons increased but the free-size optimization will lead to the same final results 

that would if the individual thicknesses were readjusted.  At the first stage, it will only be taken in account 

the total displacement constrain. This means that at “free-size”, the solver will only take in account the 

total displacement ( of maximum 10 mm) as a design constrain to counteract the minimizing of the mass. 
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There are some constrains that should be applied in the first phase to introduce some manufacture 

constrains to the entire optimization process. As a practical example, it will be demonstrated the 

optimization with and without this constraints, to observe their impact in the objective function. 

In the beginning, only one constrain will be added: the balance between fiber orientations of 45 and -45 

degrees. There will be no upper or lower limit for thickness. This result could be considered the “most 

optimized” result, once it will present the lowest value for the mass in the entire optimization. The results 

present a structure with 75,3 kilograms and the thickness variation can be observed in Figure 4.26 (a). 

As explained in section 4.3.1, without boundaries in the thickness, the lower limit will be close to zero. 

In this case it is 0,35mm, an unmanufacturable design under quality criteria. At first, a minimum 

thickness of 2mm will be considered, set by Optimal Structural Solutions. The new results are presented 

in Figure 4.26 (b). The constrain is met, with a minimum stack thickness of 2 mm, but the material 

distribution remained very similar, meaning that all the added material, didn’t have any significant impact  

in the structure stiffness. To avoid the optimized stiffness design that produced some material peaks, 

an upper limit for the thickness was added, set as 20 mm. 

 The chart represented in Figure 4.27 presents the evolution of mass and compliance from the first 

optimization until the third (with all constrains). At this point, the requirements are satisfied and a feasible 

design was obtained. The similarity of the thickness distribution between the free-size optimization 

without bounds and with lower bound shows that a huge portion of the structure do not has a relevant 

role in tension distributions, this can be concluded by observing the thickness distribution in Figure 4.26 

(a) and (b), the dark blue is the prevalent color in the two first simulations, these regions do not have a 

structural influence under this set of loads. 

The manufacture constraint of a minimum thickness of two millimeters directly implied a mass increase 

of around 18,3% (13,8 kg), and this increment did not contribute to downsize the thickness peaks. 

Adding the upper bound, dramatically affected the tensions distributions. The previous optimizations 

add some regions with thicknesses of 35 mm. The limit to a maximum thickness of 20 mm limited the 

mountain shape formed in this critical regions (see Figure 4.26 (a) and (b), in red). The mass had to be 

redistribute throughout the surface to acquire similar levels of stiffness. Has explained in section 4.3.1, 

this redistribution of material is not enough to achieve the same levels because the previous design was 

more efficient.  

To counterbalance this loss of structural stiffness more material is needed, this resulted in an increment 

of around 3,8% (3,4kg). Figure 4.26 (c) shows the new impact of the tensions distribution, with a huge 

increase in the areas with the maximum thickness allowed, compared to the (a) and (b), and a bigger 

spread of intermediate thicknesses. It is also visible the pattern of thicknesses in layers, especially in 

the Chassis Support and the Rail Support, where is visible the sequential transition from small patches 

of red to the dark blue, being the area of each color bigger. This almost will reassemble the patterns of 

the ply-stacks in this areas, it is therefore time to advance to the fine tuning phases. 
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   (a)      (b) 

 

(c) 

Figure 4.26 - Contour Plots of Element Thickness 

 

Figure 4.27 - Mass variation with and without bounds 
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4.5.3. Ply-bundle sizing 
 

The free-size optimization generated the plies list shown in Table 4.3. Each fiber orientation super-ply 

was discretized in four plies. Accordingly to M. Zhou [40], it has been found from experience application  

that four ply-bundles for each fiber orientation provides a good balance between thickness and the 

complexity of the ply tailoring 

Each ply has a reference code composed by 6 numbers, detailed in this tutorial from Altair [53], the first 

number refers to the original laminate before the optimization, all plies will have the number one, 

because only one laminate were defined. The second number refers to the material/orientation of each 

ply, each ply-bundle as a number, in Table 4.3, each number is corresponded with the respective 

material/orientation. Finally, the last 3 numbers, distinguish the different shapes of each ply, with the 

“100” being the complete shape and the “400” the smallest one.  The division of each fiber orientation 

super-ply into four plies, creates plies with different thickness and shape. The first ply has the smallest 

thickness but contains the entire original shape, in the followings sub-plies, the shape is reduced and 

the thickness is increased, progressively. 

 

Table 4.3 - Ply-bundles generated in free-size optimization 

T800 0º Degrees 

T800 45º Degrees 

UD T1000 0º Degrees 

UD T1000 90º Degrees 

UD T1000 45º Degrees 

UD T1000 -45º Degrees 

T800 -45º Degrees 
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As explained in section 4.3.2, before the fine tuning optimization it is necessary to edit the plies to a 

more workable shape. In Figure 4.28, the huge impact that this edition had in the design space is visible. 

The edition of the shape affected the material distribution and total volume, which invalidates the 

thickness outputs from the previous phase. To ensure that the discrete sizing is done properly, first, the 

continuous sizing with the new design space will be re-done. The continuous sizing generate new 

thicknesses for all super-plies, creating a feasible design for the new design space. 

 After this step, the discrete sizing will be done, dividing all super-plies into manufacturable plies. At this 

stage, the manufacturable thickness of T800 (0,345 mm) and UD T1000 (0,126 mm) is added to the 

respective plies. The solver only recognizes plies by orientation, to guarantee a correct balance between 

UD plies, all 45/-45º orientations assigned with T800 will be changed to an orientation of 46º, the 

deviation of one degree do not affect the results and the solver will ignore them when looking for 45º/-

45º orientation plies and, because of the well balanced mechanical properties of the fabric, the -45º and 

45º orientation of the fabric is exactly the same layup, shifting -45º to 46º has the same impact than 

shifting  it to -44º. With this modification, the stack returns to its original configuration of orientation and 

material plies, just before being discretized. 

 

 

Figure 4.28 - Shape edition carried by the user 

 

The solver discretizes the larger plies into a stack of manufacturable plies, four iterations are suggested. 

The iterations 1, 2 and 3 generated a feasible design, respecting the criteria of a maximum displacement 

of 10. The graph of Figure 4.29 presents the mass of each suggested stack,   the Iteration number 1 

presents the lighter solution and will be the first choice to advance to the final stage.  
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The iteration number one suggest a stack of 122 plies composed by: 

- 4 T800 fabrics oriented at 0º 

- 14 T800 fabrics oriented at 45º 

- 40 T1000 UD oriented at 0º 

- 23 T1000 UD oriented at 45º 

- 23 T1000 UD oriented at -45º 

- 18 T1000 UD oriented at 90º 

This solution will be transited into the final phase, where it will be shuffled according to manufacturing 

requirements set by Optimal. 

 

Figure 4.29 – Mass of the Discrete Sizing Iterations 

 

4.5.4. Stacking Sequence Optimization 
 

The stacking sequence was not taken into account in the previous phases. In this phase the stack 

obtained from the previous phase will be shuffled according to the manufacturing requirements set by 

Optimal: 

- Cover Layer has to be T800 fabric 

- Maximum consecutive plies with given orientation of T1000 is 4 

- Maximum consecutive plies with given orientation of T800 is 2 

- Pairing between the number of plies with 45º and -45º fiber orientation plies 

Additional modifications are required to implement this constraints. As referred before, the solver cannot 

distinguish plies by material, only by orientation. To ensure that the maximum consecutive plies by 

orientation and material is respected correctly, all UD plies with 0º orientation where rotated to 1º 

orientation, this modification do not cause a measurable impact in the results but ensures that the solver 

do not shuffle UD plies with fabric plies by mistake. 
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The number of maximum consecutive plies was based in the thickness of each ply. The objective is to 

keep the bundles of each material and orientation similar as possible. In this way, for a maximum of 2 

plies in a fabric orientation, the thickness will be around 0,69mm and for a maximum of 4 plies in a UD 

orientation, the thickness will be around of 0,5mm. Keeping them similar enough to obtain a well-

balanced stacking sequence. 

The pairing between 45º and -45º will be only applied in UD plies, this constraint is essential to avoid 

warping along the structure, keeping it the most balanced as possible. There is no interest in pairing the 

fabric plies because the T800 fabric has very balanced mechanical properties (in fact, the distinction 

between 45º and -45º orientations were done only because of programming issues in a specific stage).  

The stack previously obtained was be sequenced in accordance with these requirements and the best 

solution is presented in Figure 4.30, red represents T800 fabric at 0º, blue represents T1000 UD at 0º, 

orange represents T1000 UD at 90º, yellow represents T800 fabric at 45º, green represents T1000 UD 

at 45º and light brown represents T1000 UD at -45º.  
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Figure 4.30 - Stacking optimization history 



71 
 

4.6. Overview results 

 

Staking sequence optimization was the last step of the three-phase composite design optimization. The 

results obtained from this last process are the final results of the optimization. The staking constraints 

lead to an increase of compliance and even lead to an infeasible design (passing the limit of 10mm for 

maximum displacement). As mentioned before, the 10mm limit was a conservative value, to ensure 

results below the desirable limit and accommodate the interferences and constraints set by the user to 

the solver. The maximum displacement is 12,65mm. The CFI remains at low levels, presenting a 

maximum of around 0,29 in the screws regions. Comparing the gradient behaviors from the initial guest 

(see Figure 4.25) with the final results represented in Figure 4.31, a similar gradient in displacement 

was kept and a CFI increase across the entire structure is observable. The results are consistent, the 

objective in the optimization was to respect the displacements defined in the initial guest and the CFI 

increase is an expected consequence of the replacement of fabric plies by UD plies and the decrease 

of overall thicknesses along the structure. 

 

Figure 4.31 - Contour Plots of Displacement and CFI for the Final Result 

 

In the chart of Figure 4.32 is represented the optimization results along the three-phase composite 

design optimization process. At every new constraint, especially because of manufacturing 

requirements, an increase of mass occurred in response. The only phase where mass increase was not 

possible, a violation of design constraints (maximum displacement) occurred. The compliance had an 

increase in the last phase, explaining the increase of the maximum displacement. The stacking 

sequence under the requirements lost stiffness compared to the stacking without a defined staking 

sequence. Between the free-size and the continuous sizing exists a significant increase in mass and 

decrease in compliance. This intervals are justified by the user intervention in the plies shapes.  
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Figure 4.32 - Mass and Maximum Displacement variation along the composite optimization 

 

4.7. Conclusions 

The objectives of this primary optimization are accomplished. The conservative approach when defining 

the design constrains proven to be helpful, ending with a structure that still have room to detail 

modifications. The final mass objective is in a good path. The user intervention in the shape edition 

stage produced realistic plies shapes to be tailored, pushing the final ply-book to a realistic result. An 

intervention with detailed shape plies would generated a lighter structure but it was a false result 

because such ply-book would not be approved and produced, being completely changed in a latter 

reassessment. Even the presented result is far from the final product. Detailing decisions and 

compromising between optimization and production will increase the weight of the structure. The results 

presented here are a solid base to proceed the next works, because already is an optimization process 

conditioned by many requirements, otherwise the results would be in the order of the ones presented in 

the free-size stages (see Figure 4.27).  

 

Figure 4.33 - Thicknesses of the Structure  
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5. Conclusions and Recommendations for future work 

 

5.1. Conclusions 

 

The major objectives of this study were accomplished. From the productions chapter was obtained a 

report with the best recommendations and guidance to validate the conceptual design. The data 

generated in the production chapter is, mostly, for internal use. The object of study was fully analyzed 

from the production perspective, generating enough information to understand its limits and the 

production techniques from the current market that could be applied to manufacture the structure with 

success. 

The BCM technique allied with the aluminum tooling, proved to be the most fitted choice to produce the 

150 units of each main component. The balance between costs, complexity, life expectancy and 

everyday use concluded that is the most feasible choice, but with some conditions, which will be further 

explained in the next section. 

The Composite Laminate Design Optimization has a specific goal to generate the most optimized 

structure as possible under certain manufacture requirements. The final mass of almost 105kg proven 

to be a very good result, a solid base to the further detailing work to be done. The conservative method 

of defining a maximum displacement of 10mm instead of the real limit of 15mm proven to be a smart 

choice. As expected, the intensive user manipulation across the optimization process affected the solver 

capabilities, ending up with a unfeasible design at the last stage, with a maximum displacement of 12,65 

mm, which in reality is a feasible design and with a good margin to future work. If the limit was been 

defined by the real maximum displacement the process would occur in the same molds and the final 

results would be effectively unfeasible under this requirements and to correct the situation, many efforts 

in ply shape edition would be done and re-done, without guarantying that the ply shapes would be 

tailorable as needed.  

The final result of the optimization process proves that a feasible design well below the weight of the 

current structure in work exists. Comparing it with the conceptual design (294 kg), a decrease of 64% 

in weight occurred, leaving room to me most optimistic projections and goals of 150kg per arm. The 

45kg of margin will be more than enough for the extra material that will be added in the Detailing phase 

of the process. 

Considering that the original total weight carried was around 3000 kg (trolley plus chassis). There is 

guaranteed a reduction to 2300 kg (considering 150 kg for each arm) with a potential to even less, 

depending on the detailing work. The ratio of non-product weight carried in the conveyor reduces from 

33% to 13%. And in the complete conveyor, the weight reduction will be in the order of 127,5 tons. 

The total CFRPs weight, at the most negative scenario (150 kg per arm) will be 45 tons. Based on 

market values [3], the cost can be defined around 42€/kg. A total investment of around 1,3M€ to 1,8M€, 
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depending on the final weight can be predicted to be included in the investment studies. In the business 

project perspective, the data generated from the optimization study are in the path with the projections 

and can be used to predict the total investments costs of a 150 unit production and to calculate the 

energy and power savings. Providing enough material to a further viability report.  

 

5.2. Recommendations for future work 

 

The study carried is a middle stage in a global project. The natural recommendations for future work is 

to continue the study until a final report. 

In the production perspective are fundamental question that need to be addressed. The most crucial is 

the production technique chosen to the C Frame. There are no guarantees that the technique will 

produce a piece with the needed quality. A small scale test should be conducted, producing a small and 

straight beam with the 8 shaped cross-section by the technique chosen will serve as a guide to testing 

and training and will, ultimately, approve (or disapprove) the method. 

To complete the process, the detailing stage must be carried on. In this stage, some additional 

constraints will be added to the optimized design previous obtained. From the data of the optimized 

design: a constant thickness of the bonding areas will be chosen; the position across the thickness of 

each aluminum insert will be reviewed; the stacking sequence reviewed, looking for spots were the 

stacking sequence do not respect the manufacture requirements imposed, this areas could occur due 

to theirs ply shapes. The stacking sequence performed by the solver do not take in account the areas 

of each ply, so it could occur that some areas are violating the constraints because some intermediate 

plies do not have material. 

An additional work to do in the future, not directly related with this study, is an experiment to register the 

rates of decay of the Tg that occurs in composite laminate molds along several cure cycles. The lack of 

information on this subject had a negative impact in the final decision of the material choice for the 

tooling material.   
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ANNEX A – Cost study for aluminum tooling 

Aluminum - BCM - C Frame Vertical 

 Pattern Block Pattern Machining 3D COSTS (€)  

COD 
Length (m) 

Width 
(m) 

Height 
(m) 

Vol 
(m^3) 

Mass 
(kg) 

Perimeter 
(m) 

Vol  
(m^3) 

Mass 
(kg) (m^3) (h) Block 

2D 
Machining 3D machining Total 

CFII 2320 1070 90 0,223 602,6 6,547 0,029 77,7 0,030 1,5 310,8 327,4 74,2 385,0 

CFIS 2320 1070 100 0,248 669,5 6,547 0,033 86,1 0,032 1,6 344,6 327,4 80,5 425,1 

CFEI 2340 1080 180 0,455 1226,9 6,467 0,053 142,56 0,071 3,6 4907,4 323,4 178,5 5085,9 

CFES 2340 1080 180 0,455 1226,9 6,647 0,053 142,56 0,071 3,6 4907,4 332,3 178,5 5085,9 

CFEA 350 240 70 0,006 15,9 1,391 0,004 11,11 0,001 0,1 63,4 69,6 3,7 67,1 

RSI 1320 500 105 0,069 186,9 3,573 0,022 58,37 0,021 1,0 747,6 178,7 52,4 800,0 

RSS 1320 500 105 0,069 186,9 3,573 0,022 58,37 0,021 1,0 747,6 178,7 52,4 800,0 

CSI 1290 610 105 0,083 222,8 3,536 0,02 52,89 0,028 1,4 891,4 176,8 68,9 960,3 

CSS 1290 610 105 0,083 222,8 3,536 0,02 52,89 0,028 1,4 891,4 176,8 68,9 960,3 

        2,163 4725,0   0,318 846,43 0,365 18,3 18899,8 2745,6 912,5 22557,9 

                 

COD 
Length (m) 

Width 
(m) 

Height 
(m) 

Vol 
(m^3) 

Mass 
(kg) 

Perimeter 
(m) 

Vol  
(m^3) 

Mass 
(kg) (m^3) (h) Block 

2D 
Machining 3D machining Total 

CABV1 3015 2320 105 0,73 1980,8 38,225 0,19 502,951 0,230 11,5 7923,3 1911,2 575,3 8498,6 

CABV2 2340 1763 180 0,74 2002,7 16,687 0,128 343,483 0,194 9,7 8010,9 834,4 486,0 8496,9 

CABV3 2340 1940 180 0,82 2203,8       0,000 0,0 8815,2 0,0 0,0 8815,2 

CABV4 2340 1852 180 0,78 2103,8       0,000 0,0 8415,3 0,0 0,0 8415,3 

CABV5 3195 2310 100 0,74 1990,5       0,000 0,0 7962,0 0,0 0,0 7962,0 

        1,48 3983,5 54,912 0,318 846,434 0,425 21,2 15934,2 2745,6 1061,3 19741,1 
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Aluminum -BCM - C Frame Horizontal 

 Pattern Block Pattern Machining 3D COSTS (€) 

COD 
Length 

(m) 
Width 

(m) 
Height 

(m) 
Vol 

(m^3) 
Mass 
(kg) 

Perimeter 
(m) 

Vol  
(m^3) 

Mass 
(kg) (m^3) (h) Block 

2D 
Machining 

3D 
machining Total 

CFII 2320 1120 90 0,234 630,7 6,627 0,029 79,52 0,030 1,5 2522,8 331,4 74,2 2597,0 

CFIS 2320 1120 100 0,260 700,8 6,627 0,033 88,18 0,032 1,6 2803,2 331,4 80,5 2883,7 

CFEI 2300 1060 390 0,951 2564,4 6,731 0,062 167,59 0,071 3,5 10257,4 336,5 176,5 10433,9 

CFES 2110 905 390 0,745 2008,5 5,899 0,040 106,68 0,066 3,3 8034,1 294,9 164,2 8198,3 

CFEA 390 200 70 0,005 14,7 1,391 0,004 10,14 0,001 0,1 58,9 69,6 2,6 61,5 

RSI 1320 500 105 0,069 186,9 3,573 0,022 58,37 0,021 1,0 747,6 178,7 52,4 800,0 

RSS 1320 500 105 0,069 186,9 3,573 0,022 58,37 0,021 1,0 747,6 178,7 52,4 800,0 

CSI 1290 610 105 0,083 222,8 3,536 0,020 52,89 0,028 1,4 891,4 176,8 68,9 960,3 

CSS 1290 610 105 0,083 222,8 3,536 0,020 52,89 0,028 1,4 891,4 176,8 68,9 960,3 

        2,499 8070,1   0,314 842,32 0,358 17,9 32280,3 2737,4 895,3 35913,1 

                              

COD 
Length 

(m) 
Width 

(m) 
Height 

(m) 
Vol 

(m^3) 
Mass 
(kg) 

Perimeter 
(m) 

Vol  
(m^3) 

Mass 
(kg) (m^3) (h) Block 

2D 
Machining 

3D 
machining Total 

CABH1 2300 1390 390 1,25 3362,7   0,102 274,3 0,102 5,1 13450,8 0,0 255,0 13195,8 

CABH2 3015 2320 105 0,73 1980,8 38,546 0,190 509,7 0,229 11,5 7923,3 1927,3 573,7 8497,0 

CABH3 2300 1390 390 1,25 3362,7 16,203 0,124 332,6 0,274 13,7 13450,8 810,1 684,5 14135,3 

          5343,5   0,3 842,3 0,5 25,2 21374,1 2737,4 1258,2 25369,8 
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Aluminum - Open Ends- C Frame Vertical 

 Pattern Block Pattern Machining 3D COSTS (€) 

COD 
Length 

(m) 
Width 

(m) 
Height 

(m) 
Vol 

(m^3) 
Mass 
(kg) 

Perimeter 
(m) 

Vol  
(m^3) 

Mass 
(kg) (m^3) (h) Block 

2D 
Machining 

3D 
machining Total 

CFII 2320 1030 95 0,227 612,3 6,347 0,028 76,9 0,031 1,6 307,5 317,4 77,7 385,2 

CFIS 2320 1030 95 0,227 612,3 6,347 0,029 78,1 0,030 1,5 312,5 317,4 75,2 387,7 

CFEI 2300 980 170 0,383 1033,4 6,147 0,024 66,0 0,069 3,5 4133,7 307,3 172,9 4306,6 

CFES 2300 980 170 0,383 1033,4 6,147 0,024 66,0 0,069 3,5 4133,7 307,3 172,9 4306,6 

RSI 1320 500 105 0,069 186,9 3,573 0,022 58,4 0,021 1,0 747,6 178,7 52,4 800,0 

RSS 1320 500 105 0,069 186,9 3,573 0,022 58,4 0,021 1,0 747,6 178,7 52,4 800,0 

CSI 1282 550 105 0,074 199,7 3,394 0,017 46,6 0,028 1,4 798,7 169,7 69,9 868,5 

CSS 1282 550 105 0,074 199,7 3,394 0,017 46,6 0,028 1,4 798,7 169,7 69,9 868,5 

        1,961 4219,5   0,240 651,9 0,358 17,9 16878,1 1946,1 896,1 19720,3 

                 

COD 
Length 

(m) 
Width 

(m) 
Height 

(m) 
Vol 

(m^3) 
Mass 
(kg) 

Perimeter 
(m) 

Vol  
(m^3) 

Mass 
(kg) (m^3) (h) Block 

2D 
Machining 

3D 
machining Total 

CAOEV1 3170 2320 105 0,77 2082,7 39,323 0,192 520,0 0,245 12,3 8330,6 1966,2 612,5 8943,1 

CAOEV2 2300 1535 170 0,60 1618,7 12,294 0,048 132,0 0,138 6,9 6474,8 614,7 345,8 6820,6 

        1,37 3701,4   0,240 651,9 0,383 19,2 14805,4 2580,9 958,3 18344,6 
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Aluminum- Open Ends- C Frame Horizontal 

 Pattern Block Pattern Machining 3D COSTS (€) 

COD 
Length 

(m) 
Width 

(m) 
Height 

(m) 
Vol 

(m^3) 
Mass 
(kg) 

Perimeter 
(m) 

Vol  
(m^3) 

Mass 
(kg) (m^3) (h) Block 

2D 
Machining 

3D 
machining Total 

CFII 2320 1030 95 0,227 612,3 6,347 0,028 76,9 0,031 1,6 307,5 317,4 77,7 385,2 

CFIS 2320 1030 95 0,227 612,3 6,347 0,029 78,1 0,030 1,5 312,5 317,4 75,2 387,7 

CFEI 2300 1020 390 0,915 2467,6 6,651 0,061 354,9 0,070 3,5 9870,4 332,5 175,1 10045,5 

CFES 2110 925 390 0,761 2052,9 5,819 0,04 106,7 0,064 3,2 8211,6 290,9 160,3 8372,0 

RSI 1320 500 105 0,069 186,9 3,573 0,022 58,4 0,021 1,0 747,6 178,7 52,4 800,0 

RSS 1320 500 105 0,069 186,9 3,573 0,022 58,4 0,021 1,0 747,6 178,7 52,4 800,0 

CSI 1282 550 105 0,074 199,7 3,394 0,017 46,6 0,028 1,4 798,7 169,7 69,9 868,5 

CSS 1282 550 105 0,074 199,7 3,394 0,017 46,6 0,028 1,4 798,7 169,7 69,9 868,5 

        2,871 6673,1   0,293 981,6 0,354 17,7 26692,6 1954,9 885,8 29533,2 

                 

COD 
Length 

(m) 
Width 

(m) 
Height 

(m) 
Vol 

(m^3) 
Mass 
(kg) 

Perimeter 
(m) 

Vol  
(m^3) 

Mass 
(kg) (m^3) (h) Block 

2D 
Machining 

3D 
machining Total 

CAOEV1 3170 2320 105 0,77 2082,7 39,323 0,192 519,96 0,245 12,3 8330,6 1966,2 612,5 8943,1 

CAOEH
2 

2300 1315 390 
1,18 3181,3 12,469 0,101 461,59 0,134 6,7 

12725,0 623,5 
335,4 13060,5 

        1,95 5263,9   0,293 981,551 0,379 19,0 21055,7 2589,6 948,0 24593,2 
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ANNEX B – Cost study for CFRP tooling   

CFRP - BCM - C Frame Vertical 

 Pattern Block Pattern Machining 3D  COSTS (€) 

COD 
Length 

(m) 
Width 

(m) 
Height 

(m) 
Vol 

(m^3) 
Mass 
(kg) 

Vol 
(m^3) 

Mass 
(kg) 

(m^3) (h) 
 

Block 
Machining 

3D 
CFRPs 

Labor 
(h) 

Labor Total 

CFII 2440 1190 120 0,348 243,9 0,075 52,42 0,050 2,51  3658,5 56,6 619,7 13,8 413,1 4747,9 

CFIS 2430 1190 130 0,376 263,1 0,078 54,73 0,058 2,89  3947,2 64,9 639,5 14,2 426,3 5077,9 

CFEI 2460 1200 300 0,886 619,9 0,123 86,29 0,204 10,20  9298,8 229,5 891,5 19,8 594,3 11014,1 

CFES 2460 1200 300 0,886 619,9 0,123 86,29 0,204 10,20  9298,8 229,5 891,5 19,8 594,3 11014,1 

CFEA 490 360 160 0,028 19,8 0,009 6,35 0,018 0,89  296,4 20,1 81,9 1,8 54,6 453,0 

RSI 1440 600 135 0,117 81,6 0,049 34,02 0,036 1,79  1224,7 40,3 343,8 7,6 229,2 1838,0 

RSS 1440 600 135 0,117 81,6 0,049 34,02 0,036 1,79  1224,7 40,3 343,8 7,6 229,2 1838,0 

CSI 1410 710 135 0,135 94,6 0,057 39,86 0,033 1,67  1419,1 37,6 384,3 8,5 256,2 2097,2 

CSS 1410 710 135 0,135 94,6 0,057 39,86 0,033 1,67  1419,1 37,6 384,3 8,5 256,2 2097,2 

TOTAL        3,752 2626,2 0,773 541,00 2,979 148,94  39392,9 3351,0 5839,2 129,8 3892,8 52476,0 

          
 

      

 Pattern Block Pattern Machining 3D  COSTS (€) 

COD 
Length 

(m) 
Width 

(m) 
Height 

(m) 
Vol 

(m^3) 
Mass 
(kg) 

Vol 
(m^3) 

Mass 
(kg) 

(m^3) (h) 
 

Block 
Machining 

3D 
CFRPs 

Labor 
(h) 

Labor Total 

CCBV1 3710 2440 130 1,177 823,8 0,306 214,3 0,237 11,84  12356,5 266,5 2518,2 56,0 1678,8 16820,0 

CCBV2 3705 2440 130 1,175 822,7 0,306 214,3 0,237 11,84  12339,9 266,5 2518,2 56,0 1678,8 16803,4 

CCBV3 1440 970 135 0,189 132,0 0,098 68,0 0,072 3,58  1980,0 80,5 687,6 15,3 458,4 3206,5 

CCBV4 1410 1113 135 0,212 148,3 0,114 79,7 0,067 3,35  2224,5 75,3 768,6 17,1 512,4 3580,8 

CCBV5 2460 2270 210 1,173 820,9 0,255 178,9 0,238 11,90  12313,2 267,8 1864,8 41,4 1243,2 15689,0 

TOTAL        2,748 1923,8 0,773 541,0 0,613 30,7  28857,5 690,1 5839,2 129,8 3892,8 39279,6 
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CFRP  - BCM - C Frame Horizontal 

 Pattern Block Pattern Machining 3D COSTS (€) 

COD 
Length 

(m) 
Width 

(m) 
Height 

(m) 
Vol (m^3) Mass (kg) 

Vol 
(m^3) 

Mass 
(kg) 

(m^3) (h) Block 
Machining 

3D 
CFRPs 

Labor 
(h) 

Labor Total 

CFII 2440 1190 120 0,348 243,9 0,075 52,42 0,050 2,51 3658,5 56,5 619,65 13,77 413,1 4747,9 

CFIS 2430 1190 130 0,376 263,1 0,078 54,73 0,058 2,89 3947,2 64,9 639,45 14,21 426,3 5077,9 

CFEI 2350 1140 510 1,366 956,4 1,055 738,54 0,069 3,45 14346,0 77,7 934,2 20,76 622,8 15980,7 

CFES 1295 1065 510 0,703 492,4 0,307 215,18 0,051 2,53 7385,5 56,8 859,95 19,11 573,3 8875,6 

CFEA 510 340 160 0,028 19,4 0,009 6,25 0,017 0,87 291,3 19,5 80,55 1,79 53,7 445,1 

RSI 1440 600 135 0,117 81,6 0,049 34,02 0,036 1,79 1224,7 40,2 343,8 7,64 229,2 1838,0 

RSS 1440 600 135 0,117 81,6 0,049 34,02 0,036 1,79 1224,7 40,2 343,8 7,64 229,2 1838,0 

CSI 1410 710 135 0,135 94,6 0,057 39,86 0,033 1,67 1419,1 37,6 384,3 8,54 256,2 2097,2 

CSS 1410 710 135 0,135 94,6 0,057 39,86 0,033 1,67 1419,1 37,6 384,3 8,54 256,2 2097,2 

TOTAL        4,050 2834,8 1,889 1322,04 2,161 108,03 42521,8 2430,7 5849,1 129,98 3899,4 54701,1 

                

COD 
Length 

(m) 
Width 

(m) 
Height 

(m) 
Vol (m^3) Mass (kg) 

Vol 
(m^3) 

Mass 
(kg) 

(m^3) (h) Block 
Machining 

3D 
CFRPs 

Labor 
(h) 

Labor Total 

CCBH
2 2630 1270 510 1,70 1192,4 1,362 953,7 0,341 17,1 17886,2 384,1 1794,15 39,87 1196,1 21260,6 

CCBV2 3705 2440 130 1,17 822,6 0,306 214,3 0,23 11,844 12339,87 266,49 2518,2 55,96 1678,8 16803,36 

CCBV3 1440 970 135 0,18 131,9 0,098 68,0 0,076 3,578 1979,9 80,505 687,6 15,28 458,4 3206,46 

CCBV4 1410 1113 135 0,21 148,30 0,114 79,7 0,069 3,345 2224,52 75,2625 768,6 17,08 512,4 3580,78 

TOTAL        3,30 2314,7 1,889 1322,0 0,734 36,710 34721,91 825,965 5849,100 129,98 3899,4 45296,37 
 

 

 

 



86 
 

CFRP - Open Ends- C Frame Vertical 

 Pattern Block Pattern Machining 3D COSTS (€) 

COD 
Length 

(m) 
Width 

(m) 
Height 

(m) 
Vol 

(m^3) 
Mass 

(kg) 
Vol 

(m^3) 
Mass 

(kg) 
(m^3) (h) Block 

Machining 
3D 

CFRPs 
Labor 

(h) 
Labor Total 

CFII 2440 1130 115 0,317 222,0 0,071 49,9 0,044 2,22 3329,3 50,0175 576,45 12,81 384,3 4340,1 

CFIS 2440 1130 135 0,372 260,6 0,078 54,9 0,058 2,88 3908,3 64,7325 623,25 13,85 415,5 5011,8 

CFEI 2460 1140 210 0,589 412,2 0,119 83,5 0,105 5,23 6183,7 117,73125 837,9 18,62 558,6 7697,9 

CFES 2460 1140 210 0,589 412,2 0,119 83,5 0,105 5,23 6183,7 117,73125 837,9 18,62 558,6 7697,9 

RSI 1440 600 135 0,117 81,6 0,049 34,0 0,036 1,79 1224,7 40,2525 343,8 7,64 229,2 1838,0 

RSS 1440 600 135 0,117 81,6 0,049 34,0 0,036 1,79 1224,7 40,2525 343,8 7,64 229,2 1838,0 

CSI 1385 650 135 0,122 85,1 0,056 39,3 0,029 1,45 1276,1 32,529375 348,3 7,74 232,2 1889,1 

CSS 1385 650 135 0,122 85,1 0,056 39,3 0,029 1,45 1276,1 32,529375 348,3 7,74 232,2 1889,1 

TOTAL        3,033 2123,0 0,746 523,4 2,287 114,34 31844,4 2572,644938 5459,4 121,32 3639,6 43516,0 

                

 Pattern Block Pattern Machining 3D COSTS (€) 

COD 
Length 

(m) 
Width 

(m) 
Height 

(m) 
Vol 

(m^3) 
Mass 
(kg) 

Vol 
(m^3) 

Mass 
(kg) 

(m^3) (h) Block 
Machining 

3D 
CFRPs 

Labor 
(h) 

Labor Total 

CCOEV1 3515 2440 135 1,158 810,5 0,298 209,8 0,244 12,21 12157,3 274,7 2399,4 53,32 1599,6 16431,0 

CCOEV2 3605 2440 135 1,187 831,2 0,298 209,8 0,244 12,21 12468,6 274,7 2399,4 53,32 1599,6 16742,3 

CCOEV3 2440 1920 115 0,539 377,1 0,142 99,9 0,089 4,45 5656,9 100,0 1152,9 25,62 768,6 7678,4 

CCOEV4 2440 1920 135 0,632 442,7 0,156 109,9 0,115 5,75 6640,7 129,5 1246,5 27,7 831 8847,7 

CCOEV5 2440 2350 135 0,774 541,9 0,268 188,5 0,173 8,65 8127,9 194,5 1943,1 43,18 1295,4 11561,0 

CCOEV6 2440 2060 135 0,679 475,0 0,268 188,5 0,173 8,65 7124,9 194,5 1943,1 43,18 1295,4 10557,9 

CCOEV7 1385 1065 135 0,199 139,4 0,112 78,6 0,058 2,89 2090,8 65,1 696,6 15,48 464,4 3316,9 

CCBV3 1440 970 135 0,189 132,0 0,098 68,0 0,072 3,58 1980,0 80,5 687,6 15,28 458,4 3206,5 

CCOEV8 2430 2115 135 0,694 485,7 0,254 177,9 0,187 9,33 7285,2 210,0 1934,1 42,98 1289,4 10718,6 

CCOEV9 2460 1945 210 1,005 703,4 0,238 167,0 0,209 10,47 10550,3 235,5 1675,8 37,24 1117,2 13578,7 

TOTAL        2,604 1822,8 0,820 576,6 0,564 28,19 27341,3 634,3 6192,000 137,600 4128,000 35021,6 
 



87 
 

CFRP - Open Ends- C Frame Horizontal 

 Pattern Block Pattern Machining 3D COSTS (€) 

COD 
Length 

(m) 
Width 

(m) 
Height 

(m) 
Vol 

(m^3) 
Mass 
(kg) 

Vol 
(m^3) 

Mass 
(kg) 

(m^3) (h) Block 
Machining 

3D 
CFRPs 

Labor 
(h) 

Labor Total 

CFII 2440 1130 115 0,317 222,0 0,071 49,93 0,044 2,22 3329,3 50,0 576,45 12,81 384,3 4340,1 

CFIS 2440 1130 135 0,372 260,6 0,078 54,95 0,058 2,88 3908,3 64,7 623,25 13,85 415,5 5011,8 

CFEI 2260 510 1040 1,199 839,1 0,922 645,17 1,103 55,14 12586,4 1240,7 874,8 19,44 583,2 15285,1 

CFES 2210 1015 510 1,144 800,8 0,314 219,77 0,052 2,58 12012,1 58,1 800,55 17,79 533,7 13404,4 

RSI 1440 600 135 0,117 81,6 0,049 34,02 0,036 1,79 1224,7 40,3 343,8 7,64 229,2 1838,0 

RSS 1440 600 135 0,117 81,6 0,049 34,02 0,036 1,79 1224,7 40,3 343,8 7,64 229,2 1838,0 

CSI 1385 650 135 0,122 85,1 0,056 39,28 0,029 1,45 1276,1 32,5 348,3 7,74 232,2 1889,1 

CSS 1385 650 135 0,122 85,1 0,056 39,28 0,029 1,45 1276,1 32,5 348,3 7,74 232,2 1889,1 

TOTAL        4,198 2938,4 1,744 1221,30 2,454 122,68 44075,4 2760,4 5458,95 121,31 3639,3 55934,0 

                

COD 
Length 

(m) 
Width 

(m) 
Height 

(m) 
Vol 

(m^3) 
Mass 
(kg) 

Vol 
(m^3) 

Mass 
(kg) 

(m^3) (h) Block 
Machining 

3D 
CFRPs 

Labor 
(h) 

Labor Total 

CCOEH1 2250 1555 500 1,749 1224,563 1,236 864,94 0,096 4,8 18368,4 108,0 1675,4 37,2 1116,9 21268,7 

CCOEV3 2440 1920 115 0,539 377,126 0,142 99,86 0,089 4,4 5656,9 100,0 1152,9 25,6 768,6 7678,4 

CCOEV6 2440 2060 135 0,679 474,995 0,268 188,46 0,173 8,6 7124,9 194,5 1144,4 25,4 762,9 9226,7 

CCBV3 1440 970 135 0,189 131,998 0,098 68,044 0,072 3,6 1980,0 80,5 1199,7 26,7 799,8 4060,0 

TOTAL        3,155 2208,681 1,744 1221,300 0,429 21,5 33130,2 483,1 5172,3 114,9 3448,2 42233,8 
 


