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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. 

Keywords: Manufacture Techniques of Composite Laminates, Tooling Study, CFRPs, 

Composite Optimization, Free-size Optimization  

1. INTRODUCTION 

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

growing in every sector [1] and, according to a McKinsey report [2],  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. 

Carbon Fiber Reinforced Polymers (CFRPs) could present solutions for the following challenges 

of the industrial sector [3]:cycle time reduction; dimensional deviations due to temperature 

variation; mass inertia reduction; energy usage reduction; bending structures; environment and 

chemical exposures. The challenge which the object study will answer is the reduction of energy 

consumption. 

The Object of Study is 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]. 

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 are the production and tooling studies to evaluate the manufacturability of 

the conceptual design for a batch of 150 units. These studies must refer the most fitted techniques 

to manufacture composite laminate components of the given geometry. 

2. OBJECT OF STUDY 

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 (A), the right arm is perfectly symmetric and the studies will take it in 

account. The current structure is mainly made of steel with each arm weighting about 450-500 

kilograms (see Figure 2.1 (B)). As seen in Figure 2.1, 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. 

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. 

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. The three main 

components will be bonded together by adhesive. The Rail Support will be the component 

attached to the conveyor rail, the Chassis Support will be the component where the chassis seats 

and the C Frame will be the component that links the other two. 



 

Figure 2.1 - Conceptual Design and Current Structure 

 

3. PRODUCTION 

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. 

Several production techniques for laminated composite components from different industries 

were approached but only the best fitted ones for the study case will be chosen. Then the top 

chosen ones will be further evaluated by pros and cons, costs and complexity. 

An extended list of manufacture techniques is presented in [5]. The top chosen ones were the 

Prepreg – Oven/Autoclave and Composite Bladder Molding (CBM). 

In the Prepreg – Oven/Autoclave 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[6] 

[7] [8].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; 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 [8]; limited window to apply and 

cure the material (problem in big projects such as an wing span) [8]. 

 

Figure 3.1 - Prepreg – Oven/Autoclave technique 

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 [9] [10]. 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 [11]. 

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 [9]; 

Bladders are re-usable; Faster lay-up and cure cycle. No taping, sealing or pleating [11]. Main 

disadvantages: needs an autoclave or thermal press with an air pressure system [10]; preforming 

the bladder could require additional tooling; only presents good results with prepreg plies. 

 

Figure 3.2 - Manufacturing of hollow composite components using inflatable bladders. Source 
[26] 



After analyze each main component was concluded that the Rail Support can only be 

manufactured with the BCM technique, the Chassis Support can be manufactured with the BCM 

technique and needs some geometry modifications to be vacuum bagged; the C Frame, due to 

is eight shaped cross-section, needs to be manufacture with an inner skeleton, which can be non-

structural, to provide the shape during the curing process, guaranteeing the adequate mechanical 

properties of the web. The C Frame’s conclusions were based in manufactures studies for “I” 

shaped beams made of CFRPs conducted by G. Zhou et al [12] and Gilchrist et al [13]. Figure 

3.3 illustrates the suggested stacking to cure the C Frame. 

 

 

Figure 3.3 - Proposed stacks to an 8-shaped cross-section 

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. Taking in account factors like CTE, risk to damage, life 

expectancy and costs. Aluminum tooling proven to be the most adequate metallic tooling, 

because is easy to machine, to assemble and to transport. The high CTE is the most negative 

factor and some countermeasures in design should take in account to avoid warping in the CFRPs 

components during the curing cycle. For the non-metallic toolings, the choice was a composite 

laminate composed by carbon fiber prepreg and epoxy. The similar values of CTE between the 

mold and the component it is its biggest advantage but there are a lack of studies to ensure that 

a CFRP’s tooling can perform a 150 units production. 

A tooling cost study was conducted for this tooling materials and manufacture techniques. All 

tooling were designed in generic shapes under certain requirements, all designs can be consulted 

in [5]. Table 3.1 lists the costs of each manufacture technique with each tooling material and the 

display (only affects the C Frame). 

At the end of the production study was concluded that the aluminum tool is the most inexpensive 

tool and has a life expectancy that easily guarantee the production of 150 units. The 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. The use of inflatable 

bladders at this scale is a new challenge and a breakthrough in applications. With all these points 
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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. 

 

Table 3.1 - Total costs by technique and material 

4. COMPOSITE OPTIMIZATION 

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. In the last decade M. Zhou, R. Fleury et al 

[14]–[16] used free-size concepts to establish a Three-Phase method to perform composite 

laminate design optimization, 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 three-phase process is divided in free-size optimization, ply-bundle sizing optimization and 

stacking sequence optimization. M. Zhou et al [14] is a great reference to fully understand the 

methodology and terminology used therefore. 

In the free-size, the solver receives a stack of super-plies, which are plies with arbitrary thickness 

defined by fiber orientation. The stack must be composed by every fiber orientations to be 

optimized, the thicknesses of each super-ply and the total stack should be based on previous 

analyses. 

From the first phase optimization, a stack of editable plies was obtained. Each super-ply 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 is to 

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. Afterwards, the solver will discretized each ply (at the moment, each ply has a 

continuous thickness) into manufacturable plies, at the end of this phase, the user has a real stack 

of plies. 

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 



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. 

4.1. Optimization Setup 

According to Reddy [17], 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. 

The meshing process was carried by the Hypermesh’s Autogenerator, the process was highly 

interfered by the user with several simplifications such as the removal of small holes and fillets. 

To aid the autogenerator, many surfaces were split, enabling meshes with a more parametric 

behavior.  The detailed process can be consulted in [5]. 

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 same logic applies to the adhesive used, that can also be consulted in [5]. 

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. 

The Objective Function of this optimization process is to reduce mass. The design space is 

composed of all elements assigned with laminate material. 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 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. 



To avoid composite failure, a failure criteria was implemented. In this case, the Tsai-Wu failure 

criteria is used [18], limited to 1.0, the starting value for failure. The Tsai-Wu Formulation applied 

in Optistruct [19] is only for the lamina yield surface. To complement the failure criteria, a 

delamination model 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.  

In the free-size, the total thickness of the stack of super-plies was defined as 35mm and is 

composed by seven super-plies: T800 fabric at 0/45/-45 degrees and T1000 UD at 0/45/90/-45 

degrees, each super-ply has a thickness of 5 mm. The optimized result will be constrained to a 

minimum thickness of 2mm and a maximum thickness of 20mm. A balance between -45º and 45º 

plies was implemented.  

In the second phase, the manufacture thickness of T800 fabric and T1000 UD were added. 

At the final phase, were taken in account during the shuffling the following constraints: 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. 

4.2. Results 

In the chart of Figure 1 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 4.1 - Mass and Maximum Displacement variation along the composite optimization 

 



5. CONCLUSIONS 

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 [2], the cost can be defined around 42€/kg. A total investment of around 1,3M€ 

to 1,8M€, 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.  

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. 

 

Figure 5.1 - Thicknesses of the Structure  
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