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Abstract 

While conventional manufacturing and design methods of composite laminates maintain both fiber 

angle and thickness constant within a ply, tailored fiber placement (TFP) process allows producing 

laminates by steering fibers curvilinearly, generating structures with a variable-stiffness 

characteristic. This offers more flexibility to tailor the mechanical properties of laminated structures 

over conventional constant-stiffness ones. This study presents a methodology to optimize an 

anisotropic composite structure, comprising in performing cross-section optimization of a 

topologically-optimized structure through an evolutionary optimization using a genetic algorithm 

(GA). The optimization formulation is built up accounting for manufacturing characteristics of the 

TFP process by imposing constraints to generate fiber patterns feasible to be manufactured. The 

proposed approach locally optimizes both fiber angle and intrinsic thickness build up simultaneously. 

The structure with its topology and cross-section optimized has a specific stiffness 330 % higher than 

the quasi-isotropic stacking sequence. The cross-section optimization enhances the specific structural 

stiffness in 22 % compared to the topologically-optimized structure. 

Keywords: Genetic algorithm; Topology optimization; Variable-axial; Variable angle-Tow; 

Variable-Stiffness; Tailored Fiber Placement. 

________________________________________________________________________________ 

1. Introduction 

The application of carbon fiber reinforced polymer (CFRP) composite structures in primary load 

carrying structures has increased substantially over the past decades, especially in aeronautical, 

aerospace and marine industries [1]. In these structures, strength and stiffness tailoring is typically 

achieved by varying the amount of unidirectional plies at a limited subset (usually 0°, ±45° and 90°) 

of the potential fiber angles [2]. Nevertheless, advanced composite tow-steered structures, where the 
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fiber angle is allowed to vary continuously over the structural planform within each ply, have received 

increased interest given their potential to reduce weight and increase structural performance over 

conventional composites [ 3 ]. Superior structural performance of variable-stiffness vs. constant 

stiffness designs have been found for the following properties: free vibration [4], aeroelastic behavior 

[5], buckling capacity [6], structural stiffness (minimum compliance) [7], strength [8], maximum 

fundamental frequency [9] and progressive damage [10]. 

These complex fiber layouts are possible to be manufactured due to the advent of advanced 

manufacturing technologies, such as automated fiber placement (AFP), continuous tow shearing 

(CTS) and tailored fiber placement (TFP), which enable steering roving paths in the plane of the 

structure and allow manufacturing of composite structures with variable-stiffness [11]. TFP [12,13] 

stands out amongst AFP [14] and CTS [15] due to the possibility to deposit the fiber roving with 

small radii (>5 mm), higher tow deposition speed and excellent out-of-plane mechanical performance 

[16]. 

These laminates, i.e. variable-axial (VA) composite laminates, allow point-wise stiffness tailoring 

and have numerous structural advantages over straight fiber composites. Nevertheless, a suitable 

design approach of VA composites is still challenging, essentially given the large number of design 

variables and large computational efforts required for the optimization process. In fact, the design 

space of composite structures can be substantially increased by using a VA fiber layout. For instance, 

Hyer and Lee [17] demonstrated numerically that a VA layout can enhance the buckling load of open-

hole plates under tensile load. Ghiasi et al. [18] performed a review presenting advantages and 

disadvantages of several optimization techniques for VA composites. They listed gradient-based, 

optimality criterion, topology, direct search, multi-level and hybrid. According to them, optimality 

criterion and topology optimization methods are the best candidates for variable-stiffness designs. 

Nevertheless, they also recommended combination of either optimality criterion or topology 

optimization (TO) with a genetic algorithm (GA). 

Topology optimization provides high degrees of freedom for a structure [19], in which its main 

goal is to distribute one or more material phases in a particular design space, for a particular set of 

loads, constrains and boundary conditions, in order to maximize the performance of a structure, which 

may be achieved either by maximizing or minimizing an objective function. Usually, TO consists of 

defining a fictitious density function varying between zero and one on the domain. The density 

function is evaluated at each finite element (FE) of a FE mesh and delivers information about the 

topology, in which “void” and “solid” phases are related to the lower and upper bounds of the density 

function, respectively. Consequently, the mechanical properties of each FE are computed and 

penalized following the local density value [ 20 ]. An efficient methodology to evaluate such 

mechanical properties is by using an interpolation scheme, such as the Solid isotropic Material with 
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Penalization (SIMP). This method intends to relax the 0-1 (“void”-“solid”) parametrization by 

interpolating the properties of the material to satisfy a particular objective function. Recently, Costa 

et al. [20] reformulated the SIMP approach in the Non-Uniform Rational B-Spline (NURBS). The 

NURBS-based SIMP method provides equivalent or superior performance compared to the SIMP 

method with less design variables and, hence, computationally cheaper. Furthermore, their framework 

provides a compatible CAD solution. Nomura et al. [21] proposed a TO approach with continuous 

and discrete orientation design using an isoparametric projection capable to simultaneously design 

density and fiber orientation of composite structures. Dai et al. [22] optimized the topology of 

laminated composite structures by using design-dependent loads. Blasques and Stolpe [23] proposed 

a framework for simultaneous optimization of topology and laminate properties of laminated 

composite beams. They concluded that their approach is suitable for the optimization of the topology 

and material distribution for minimum compliance design of laminated composite beams. They 

mentioned cross-section optimization as a step further in their research. 

This study proposes a methodology to optimize the cross-section of topologically-optimized 

variable-axial anisotropic composite structures for maximizing specific stiffness. The optimization 

relies on, subsequently, the optimization of the topology followed by cross-section optimization by 

means of an evolutionary genetic algorithm, which aims at optimizing the number of carbon fiber 

rovings to be placed at each truss section (see Figure 7c) of a CFRP brake booster. 

The remainder of this paper is structured as follows: Section 2 provides the problem definition; 

Section 3 describes the modeling approach formulation; Section 4 presents the finite element 

modeling details and results of baseline configurations; Section 5 reports the methodology and results 

of the topology optimization; Section 6 contains the methodology and results of the cross-section 

optimization; a discussion is outlined in Section 7; and conclusions are drawn in Section 8. 

 

2. Problem definition 

TFP is a suitable technology to produce lightweight structures with complex fiber trajectories. 

Then, its ability to re-arrange the fibers in any direction and in a curvilinear format can be carried out. 

An example is a brake booster (BB) system, which is used to sustain the brake of bicycles. The forces 

are introduced at two mounting holes, as shown in Figure 1a. In this case, an excessive 

displacement/deformation of the BB may lead to premature failure, and consequently the structure is 

desired to be as stiff as possible. Due to the braking force when under operation, the bearing points 

are loaded in tension and compression. As a consequence of this applied force, the bending moment 

increases from the bottom towards the top of the structure, where the top of the structure has high 

bending and radial stresses, whereas from the bottom up to middle-length, the structure is under 

bending and shear stresses. Spickenheuer [24] performed tensile tests on commercial BBs, and he 
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found that a braking force of 500 N is realistic for this structure, in which this force level can be 

representative to determine the stiffness of the structure. 

 

Figure 1. Sketch of a cantilever brake system highlighting the a) brake booster and (b) its 

dimensions (in [mm]). 

 

In this investigation, a uniaxial tensile load of 500 N is applied at the bottom of a BB, whose 

dimensions are shown in Figure 1. Then, the stiffness is calculated by dividing the force (500 N) by 

the generated displacement (𝑑), which is the parameter to be optimized in this investigation. 

 

3. Model setup: analytical description 

In this sub-section, the model setup is briefly [25]. The whole procedure is developed in a PYTHON 

environment. 

The current model setup is developed based on the manufacturing characteristics of the TFP 

manufacturing technology. To generate continuous layers with TFP, the rovings have to be placed 

with a slight overlap to avoid gaps between them. The intrinsic local thickness is evaluated by 

applying a Gaussian distribution, which represents a Gaussian weighted average of the roving volume 

density in the area around the point of thickness computation. Each layer is then stacked on top of 

each other. Based on a 2D FE mesh of the planar design space, a 3D FE model is derived using 

localized information of the Gaussian thickness distribution and the averaged fiber angle. 

In order to avoid gaps, the layers are generated with a slight overlap. The thickness of a single 

roving (𝑡𝑟𝑜𝑣) is locally calculated through Eq. 1: 

𝑡𝑟𝑜𝑣 =
𝐴𝑟𝑜𝑣

𝑑
       (1) 

where 𝐴𝑟𝑜𝑣  is the cross-section area of the roving and 𝑑 the distance between the center of each 

neighboring rovings. 

Differently from conventional approaches, which deal with generation of curvilinear fiber pattern 

by fixing the distance between the rovings, the current approach considers non-parallel roving 
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placement, where fiber rovings might not have the same distance between them. In this case, the 

thickness distribution derivation is complex to calculate. The fiber path is determined through 

generation of straight line segments in a two-dimensional (2D) space. To generate curvilinear lines, 

arcs or splines are generated by an approximation of straight lines with the same precision of the TFP 

process, just as shows Figure 2. (see Detail A in Figure 2, where the curve in dashed blue is generated 

via connection of two straight lines). Here, a minimum fiber curvature radius of 5 mm has been set, 

which is a manufacturing characteristic of TFP. Then, a straight line is defined by a connection of a 

starting point (with coordinates (𝑥𝑖
0, 𝑦𝑖

0)) and an end point (with coordinates (𝑥𝑖
1, 𝑦𝑖

1)), where all 

points along any segment of line are described by: 

(
𝑥𝑖(𝑠)

𝑦𝑖(𝑠)
) = (

𝑥𝑖
0

𝑦𝑖
0) + (

𝑥𝑖
1 − 𝑥𝑖

0

𝑦𝑖
1 − 𝑦𝑖

0) 𝑠     (2) 

where 𝑠 is the parametrization variable (it ranges from 0 to 1). 

 

Figure 2. Fiber path of a brake booster oriented along principal stress directions with a zoom in 

for clarifying how curvilinear fibers are generated. 

 

An extension of the path information combined to the cross-section area generates the line 

thickness distribution (𝑡𝑙𝑖𝑛𝑒) for line segments with length (𝑙𝑖): 

𝑡𝑙𝑖𝑛𝑒(𝑥, 𝑦) = ∑ 𝐴𝑟𝑜𝑣𝑙𝑖 ∫ 𝛿(𝑥 − 𝑥𝑖(𝑠))
1

0𝑖 × 𝛿(𝑦 − 𝑦𝑖(𝑠))𝑑𝑠   (3) 

In order to define the density function, the Dirac concept delta (𝛿) distribution is used. Integrating 

either the total design space or any area containing all line segments, the total fiber volume (𝑉𝑡) is 

achieved as follows: 

𝑉𝑡 = ∬ 𝑡𝑙𝑖𝑛𝑒(𝑥, 𝑦)𝑑𝑥𝑑𝑦 = ∑ 𝐴𝑟𝑜𝑣𝑑𝑖𝑖      (4) 

where 𝑑𝑖 is the length of the 𝑖𝑡ℎ line segment. 

However, just setting the thickness distribution is not enough to realistically represent the 

manufacturing, since information about the roving width is still missing. However, in the derivation 

of the thickness distribution function, which exhibits an infinitesimal roving width solely as means 
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for mathematically describing the volume distribution concentrated on the given lines only. A later 

coarse graining is used to obtain physically reasonable quantities. Hence, this coarse graining width 

parameter is directly correlated with the roving width. Adding a coarse-graining by convolution with 

a Gaussian distribution of the roving width (𝜎), the thickness distribution is given by 

𝑡𝜎(𝑥, 𝑦) =
1

2𝜋𝜆2 ∬ 𝑡𝑙𝑖𝑛𝑒(𝑥′, 𝑦′)𝑒𝑥𝑝 (−
(𝑥−𝑥′)

2
+(𝑦−𝑦′)

2

2𝜎2
) 𝑑𝑥′𝑑𝑦′   (5) 

This coarse-graining [25] a way to rearrange the non-physical line thickness distribution 

corresponding to infinitesimal small roving width to a reasonable width. It is performed by integrating 

the function in the whole plane of 𝑥′, 𝑦′. By using the definition of the line thickness distribution 

(𝑡𝑙𝑖𝑛𝑒), a solution for this convolution can be expressed in terms of error functions, which makes the 

numerical implementation very fast. This Gaussian thickness distribution represents a Gaussian 

weighted average of the roving volume density in the area around the point at which the thickness 

needs to be computed. 

The approach herein presented considers layers with non-crossing rovings or at least to roving 

placements where overlapping rovings cross at small angles, such that an element wise average of 

fiber angle is meaningful. When a self-crossing roving path is achieved in a particular fiber path, the 

layer is divided into smaller layers with non-crossing rovings. This fact is exemplified in Figure 6, 

where a 2D fiber path is exported into a 3D FE model. In such case, the load introduction area (see 

zoom at the load area in Figure 6d) needs to be placed as another layer, otherwise fiber-crossing 

would be inevitable. 

Figure 3 depicts a schematic description of the modeling procedure herewith described. Based on 

a two-dimensional (2D) mesh of the planar design space a 3D FE model is derived using localized 

information of the Gaussian thickness distribution and the averaged fiber angle. The thickness is 

evaluated at each corner of each node and the fiber angle at the center of each finite element. The 

fiber orientation is well-defined by linear line segments. The fiber orientation is averaged by a 

thickness weighted average of all line segments, contributing to the total thickness at the center point 

of each element [25]. 

For VA composite laminates, in addition to a locally variable fiber angle, a locally different 

thickness distribution must also be taken into account, just as per in the TFP process. Moreover, this 

thickness also depends on the distance between the VA thread courses. Consequently, it can be 

inferred that the VA concept herein explored has a variable-angle-thickness character. An illustration 

on how curvilinear fibers and thickness are distributed within a layer VA laminate can be seen in 

Figure 4. 
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Figure 3. Schematic description of the modeling approach. 

 

 

Figure 4. Illustration of thickness and fiber angle distribution over a layer for a) multi-axial and b) 

variable-axial fiber-reinforced laminates. 

 

4. Finite element modeling 

Following the model setup presented in Section 3, the FE model can be generated. In this work, 

the model is exported as a FE mesh to Ansys Parametric Design Language (APDL) FE package via 

a Coded Data Base (.CDB) file format to solve the FE problem. The material properties used as input 

in the numerical models are presented in Table 1, and they are based on an orthotropic 

homogenization approach with a fiber volume fraction of 58 %. 

Table 1. Elastic properties used as input in the FE models. 

  TFP layer: unidirectional CFRP 

𝐸1 (𝐺𝑃𝑎) 𝐸2 = 𝐸3 (𝐺𝑃𝑎) 𝐺12 = 𝐺13 (𝐺𝑃𝑎) 𝐺23 (𝐺𝑃𝑎) 𝜈12 = 𝜈13 𝜈23  

132 9.6 5.8 3.8 0.258 0.35  

 

Due to the symmetry of the structure, only a half model is considered. A load of 500 N is applied 

at the bottom of the specimen, while symmetry is applied with respect to the 𝑥-axis, as shows Figure 

5. Higher order 3D 20-node solid elements (SOLID186 – ANSYS library reference) that exhibits 

quadratic displacement behavior have been used in the FE models. The element is defined by 20 

nodes having three degrees of freedom per node: translations in the nodal 𝑥, 𝑦, and 𝑧 directions. 

In this work, four configurations of BBs are considered, as follows: 

1. Quasi Isotropic (QI) non-optimized [±45/0/90]S; 
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2. Fiber path with fiber rovings oriented along Principal Stress directions (PS); 

3. Topology optimization (TO); and 

4. Cross-section optimization of the topologically optimized structure employing a genetic 

algorithm (CSO_TO). 

 

Figure 5. Load and boundary conditions in half model of a particular mesh (not necessarily 

employed in all models). 

 

4.1 Reference layouts 

The first reference fiber layout is the brake booster reinforced with straight fibers with a quasi-

isotropic (QI) stacking sequence. The composite layup of the QI baseline configuration comprises in 

stacking +45°, −45°, 0°, 90° on top of each other and symmetric with respect to the thickness mid-

plane, amounting eight layers. Thus, the following laminate is achieved: [±45/0/90]S. This layout has 

a total thickness of 3.8 mm with a fiber volume fraction of about 58 %. 

The second reference fiber layout relies on the determination of the principal stress (PS) directions, 

in which the rovings are placed along the 1st (longitudinal) and 2nd (transverse) principal stress 

directions. Although this procedure might be considered as an optimization process, this is here not 

considered as optimization, since no local or global optimum can be evaluated and hence truly 

reached. Basically, the process can be assumed as a pure optimization criteria (OC) method. 

Figure 6a) shows the fiber path of the PS BB. The blue lines (1st layer) represent the rovings along 

2nd principal stress directions, which corresponds to compression loading in the example. This layer 

is the first one and thus no thickness gradients underneath deform it. This is important as fiber 

undulations are detrimental to compression performance; the red lines (2nd layer) represent the rovings 

along 1st principal stress directions, which resembles to the tension loaded and small undulations due 

to thickness gradients in the first layer cause a small impact on material properties.; and the light blue 

lines (3rd layer) are added circumferentially in load introduction area, which accounts for 

manufacturing constraints and clamping of the load introducing bolt. These three layers are stacked 

on top of each other just in order to avoid fibers crossing, since TFP does not allow fiber crossing 
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within a layer. Furthermore, since the first and second principal stresses are orthogonal, they need to 

be separated within two different layers. Both principal stress based roving trajectories are generated 

with starting point along the central symmetry line with reciprocally proportional distances according 

to the local principal stresses. Thus, the area along the symmetry line with the highest principal stress 

results in such a fiber distance leading to the maximum allowed laminate thickness. Due to the applied 

load case this area is located at the bottom of the central symmetry path. The other fiber distances and 

with it the local laminate thicknesses along that symmetry line are scaled linear according the 

corresponding stress. 

 

Figure 6. a) 2D fiber pattern of the brake booster with fibers placed along principal stress 

directions; 2D fiber pattern converted into a 3D FE model: b) layer with fiber rovings placed along 

1st, c) layer with rovings along 2nd principal stress, and d) final 3D mesh with both layers stacked on 

top of each other. 

 

For better visualization of the fiber orientation, the vectors with the fiber angle in each element are 

shown in Figure 6(b-c). After that, the 2D fiber placement along principal stresses is exported into a 

3D FE model, as shows Figure 6d. In this 3D FE model, the fiber angle (see Figure 6b-c) is 

represented by assigning a local coordinate system for each element. Besides, each element also has 

its particular thickness, as shows Figure 6d. The PS trajectories have been generated via EDOstructure 

design tool, which is an in-house software and was derived from a former software version, named 

AOPS [26]. 
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4.2 Results 

For comparison purposes, all quantitative results based on numerical calculations are normalized 

with respect to specific stiffness (𝐾𝑚), which is here defined as the 𝐹 𝑑𝑚⁄  ratio, where 𝐹 is the applied 

force, 𝑑 is the displacement at force 𝐹 and 𝑚 is the mass. 

This QI BB has a stiffness of 187 N/mm and a mass of 36.6 g, which gives a specific stiffness of 

5.11 N/(mm∙g). The PS optimized BB has a stiffness of 295.5 N/mm and a mass of 22.9 g. As noticed, 

the material optimization already provides a stiffer and lighter structure, possessing a specific 

stiffness of 12.90 N/(mm∙g). The PS optimized BB has a performance ≈ 152 % higher than the BB 

with a QI layout. 

 

5. Topology optimization 

Topology optimization is a form of structural optimization, also referred to as layout optimization. 

The best use of material in a topology-optimized structure represents the optimum design for a given 

objective. Unlike traditional optimization, topological optimization requires neither a parametric 

model nor a particular initial design. The target of the objective function here is to minimize the 

elastic compliance while satisfying a constraint on the volume of the structure [27]. This technique 

uses design variables that are internal pseudo-densities assigned to each finite element. 

Here, the SIMP method [28] is used to optimize the topology. This method is based on the 

approach of redistributing porous material in a design space or a closed continuum Ω with a relative 

density of 0 ≤ 𝜌 ≤ 1 in such a way that highly stressed structural areas with a relative density of 𝜌 =

1 and less highly stressed areas with 𝜌 = 0 form. Under the restriction function of a volume or mass, 

the optimization objective is the minimization of the internal elastic energy, which directly 

corresponds to stiffness maximization.  

A general approach of the density method is to establish a direct relationship between the local 

stiffness tensor and a local relative density 𝜌(𝒙), as proposed by Bendsøe [29]. Eq. (6) shows the 

relationship between the local stiffness tensor 𝑪(𝒙) and the local relative density 𝜌(𝒙), where 𝑪0 is 

the stiffness properties of the material. The volume of the structure, 𝑉, is obtained by integration of 

relative density over the entire space according to Eq. (7): 

𝑪(𝒙) = 𝜌(𝒙)𝑝𝑪𝟎, 𝒙 ∈ Ω, 0 < 𝜌(𝒙) < 1, 𝑝 > 1   (6) 

𝑉 = ∫ 𝜌(𝒙)
Ω

   𝑑Ω .     (7) 

where 𝑥 is position in the design domain Ω. By introducing the exponent 𝑝 with 𝑝 >  1 (usually 𝑝 =

3 ), the stiffness tensor now depends non-linearly on the local density. This creates a penalty 

functionality for intermediate density. Due to this penalty factor, the name of the method was also 



 

11 

chosen: Solid Isotropic Material with Penalization (SIMP) [29]. A frequently sought optimization 

objective is the minimum compliance, i.e. the highest structural stiffness. The objective function of 

minimum compliance problem can be expressed numerically more favorably according to Eq. (8.a) 

by minimizing the elastic energy of the system. The secondary condition of a structural volume is 

given in Eq. (8.b). The optimization problem formulation is shown in Eqs. (8a-b), aiming at 

maximizing stiffness subject to the defined constrains 𝑔(𝜌(𝒙)), which consists on limiting the final 

volume to 30 % of the design space. This volume was defined after a mesh sensitivity analysis was 

conducted, which resulted in a FE mesh size of 0.7 mm. By varying the minimal member size down 

to 2 mm and the nominal volume constraint of 30 % the topological result with the highest structural 

stiffness relative to the remaining structural volume was chosen as final shape as shown in Figure 7c. 

No further attention was given to the local stress concentrations on the isotopically achieved model 

as the material properties were later transferred to transversal isotropic behavior resulting in a 

subsequent different stress condition.  

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒:  𝑓(𝜌(𝒙)) =
1

2
∫ 𝜖𝑇(𝒙)

Ω
𝑪(𝜌(𝒙))𝜖(𝒙)𝑑Ω    (8.a) 

Subject to:  𝑔(𝜌(𝒙)) =  ∫ 𝜌(𝒙)𝑑Ω
Ω

 − �̅� < 0,    0 < 𝜌(𝒙) < 1   (8.b) 

where in Eq. (8.a) 𝒙 is position, 𝜖𝑇  is the strain tensor, whereas in Eq. (8.b) �̅�  is the maximum 

allowed volume of the structure. 

 

Figure 7. a) 3D Design space of the BB to be topologically optimized, b) initial optimized shape 

followed by c) final smoothing of the shape. 

 

In order to make efficient usage of the moment of inertia, the TO was performed in a 3D FE model 

(Figure 7a) using TOSCA structure v7.1 for ANSYS. As a result of a preliminary investigation, an 

initial constant thickness of 5 mm has been chosen. For this purpose, the corresponding 3D FE model 
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was built up with 56,000 tetrahedral volume elements (Figure 7a). Since this implementation is 

without filtering to maintain spatial continuity of the density distribution, the direct outcome of the 

TO was not manufacturable (see Figure 7b), so that a redesign was indispensable. Then, a smooth 

procedure was carried out generate a smooth and producible shape, as can be seen in Figure 7b-c.  

 

5.1 Results 

The next step is to calculate the thickness of the truss sections (𝑡𝑡𝑟𝑢𝑠𝑠) along the BB as can be seen 

in Figure 7c. For that, the fiber pattern was developed by introducing continuous fiber rovings for 

making the BB manufacturable by TFP process, as can be seen in Figure 8a. The fiber pattern was 

designed manually mainly based engineering experience in the field VA composites. Besides, the 

pattern structure was targeted to intuitively follow the truss sections directions, i.e. the fiber paths 

follow the main truss directions with equidistant line distances in each truss segment, and regular 

spreading ends in the fiber crossing areas were applied. Additionally, a simple cross-section 

parametric study has been carried out by Spickenheuer [24] in order to evaluate the influence of the 

truss thickness (𝑡𝑡𝑟𝑢𝑠𝑠) on the specific structural stiffness of the BB by varying 𝑡𝑡𝑟𝑢𝑠𝑠 from 1 to 5 mm. 

This parametric analysis showed that the highest specific stiffness was reached for a 𝑡𝑡𝑟𝑢𝑠𝑠 of 2.5 mm 

for the inner trusses and of 5 mm for the outer belt. 

After setting both fiber pattern and thickness of the truss sections, the 3D FE model can be derived 

based on the fiber angle and thickness of each finite element, as depicted in Figure 8b, where the 

highlighted vectors correspond to the fiber angle variation along each finite element. In addition, it is 

possible to see that each finite element has its own thickness. These two features characterize this 

structure as having a variable-axial (VA) fiber layout, as defined by Bittrich et al. [25], who proposed 

the Direct Fiber Path Optimization framework to optimize composite structures with a VA layout. 

The specific stiffness for the TO specimen is 15.14 N/(mm g), which relies on a stiffness of 234.9 

N/mm and mass of 16.61 g. The increase in specific stiffness is 17.3 % compared to the PS specimen. 

A numerical evaluation of local stresses for each VA layer was conducted, but no significant stress 

concentration was found. Above all the focus for the pattern design in this case as well for the 

following cross-section optimization was places emphasis on structural stiffness. 
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Figure 8. a) Final fiber pattern of the topologically optimized bb and b) its 3D FE model. 

 

6. Cross-section optimization: genetic algorithm (GA) 

The key objective of the current GA optimization is to avoid a manual determination of the number 

of roving to be placed at each truss section. This relied on the main motivation to develop an 

evolutionary algorithm in order to automate the whole design process, in which the global optimum 

may be truly reached. Consequently, the objective is to optimize the specific stiffness with respect to 

the number of rovings (𝑁𝑟) to be placed at each truss segment along the structure. 

The process begins with a set of individuals, which is called a population. An individual is 

characterized by a set of parameters (variables) known as genes. Genes are joined into a string to 

form a chromosome (solution). Then, the set of genes of an individual is represented as a string in the 

algorithm. In the current GA, each chromosome 𝜒𝑖  is composed of five genes 𝜓𝑛 . The whole 

optimization has 12 chromosomes and 60 genes, i.e. a total of twelve truss sections where each of 

them may have between zero and five rovings. This parametrization is schematically shown in Figure 

9. 

After parametrize the GA, a random population of is generated. Next, the fitness function 𝑓(𝑥) of 

each chromosome in the whole population is evaluated. Then, a new population is created by a 

generation process: Selecting two parent chromosomes from a population according to their fitness; 

with the crossover probability, cross over the parents to form a new offspring (children); with the 

mutation probability, a mutation of a new offspring at each locus (position in chromosome) is 

performed; the information is accepted and encrypted as a new offspring in a new population; use the 

new population for a further run; if the end condition is satisfied, the best solution in the current 

population is selected [30]. This whole procedure is repeated 𝑛 times, which means 𝑛 generations. 
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The flowchart of the whole framework is presented in Figure 10, in which the genetic algorithm has 

been developed in a PYTHON environment. 

 

Figure 9. Definition of the parameters used for coding the GA. Each gene is represented by a 

different random color for better identifying them. 

 

The selected individuals to form a new solution (offspring) are selected following their fitness. 

The better the solution, the higher are the chances for reproduction. This procedure is illustrated in 

Figure 10. After performing a convergence analysis, the optimization converges for the following 

parameters: population of 120 individuals (10 times the number of design variables), 100 generations, 

probability for mutation of 20 %, and probability for crossover of 50 % using a two-point crossover 

for reproduction of the next generation. These parameters have been defined after a preliminary 

analysis looking for providing a set of parameters able to find the global optimum in the lowest 

possible optimization time. 

Initially, two children are randomly selected from the population after the reproduction operation. 

A random number is drawn in order to determine if the crossover has to be executed. Whether the 

number is smaller than the probability for crossover, the crossover operator is executed, and the pair 

of genes is swapped at a randomly chosen point. This process is repeated until the size of the child 

population is equal to the size of the parent population. 
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Figure 10. Schematic flowchart of the optimization process for the CSO_TO brake booster. 

 

The GA is used to solve unconstrained maximization problems, hence a constrained minimization 

problem is established as follows: 

𝐶 = 𝑚
Κ⁄        (9) 

where 𝐶 is the compliance, 𝑚 is mass [g] and Κ [N/mm] is the structural stiffness. Analogously, the 

inverse of the compliance relies on the fitness function 𝑓(𝑥) = Κ𝑠 = Κ
𝑚⁄ , which means that the 

fitness function is maximization of the specific stiffness (Κ𝑠). Consequently, the whole optimization 

problem can be formulated as per in Eq. 10(a-d). 

𝐹𝑖𝑡𝑛𝑒𝑠𝑠 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛:  𝑓(𝒙) = max
Ω

Κ𝑠     (10.a) 

𝐷𝑒𝑠𝑖𝑔𝑛 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒𝑠:  𝒙: [𝜒1 … 𝜒𝑖 … 𝜒12]    (10.b) 

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜:   i) 0 < 𝜒𝑖 < 5  𝑖 = 0, … , 𝑛, … 12 (10.c) 

   ii) 𝑟 > 5 𝑚𝑚     (10.d) 

where 𝜒𝑖 represents the number of rovings (chromosome) to be placed at each truss section of the BB 

and 𝑟 is the fiber curvature radius, which is an imposed manufacturing constraint to ensure that the 

optimum fiber pattern is feasible to be manufactured via TFP. Since the manufacturing constraints in 

TFP are so low, with fiber curvature radius larger than 5 mm the automatic distribution of rovings in 

each truss element does not violate this criterion and, hence, it was not violated in the whole 

optimization. Another manufacturing restriction is the thickness constraint. The total number of 

rovings in each truss is limited to a maximum of 5 in order to avoid too thick and too wide laminates 
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(important for keeping the optimized topology). Consequently, in the GA algorithm, the number of 

genes (rovings) at each chromosome (truss section) has been limited to a maximum of five. 

 

6.1 Results 

The current cross-section optimization has the same outer shape of the TO brake booster, however 

both thickness and fiber angle may locally change along the structure. Even more important, the 

number of rovings to be placed at each truss section will be herewith optimized. At last, with this 

framework, the whole design process will be fully automated and optimized. 

Figure 11b) shows the optimum fiber path for the CSO_TO brake booster, in which the initial 

guess provided in the cross-section optimization process is shown in Figure 11a). It is noticed that 5 

rovings are placed at the contour of the structure, 3 rovings at the 7 intermediate segments, 1 single 

roving at the bottommost segment and 2 rovings at the top fiber segment. This fiber layout provides 

a specific stiffness ≈ 6 % higher than the manually-design pattern for the topology-optimized layout. 

The genetic optimization proof itself very efficient, especially analyzing the bottommost segment, 

which is composed by a single roving instead of three (like the other above segments), since close to 

the load application area there is another 5-rovings TFP layer that supports a more portion of the load. 

In order to better understand how the GA maximizes the fitness function by finding the best 

chromosome in each generation, Figure 12a) presents the evolution of the fitness along the 

optimization, whereas Figure 12b) depicts the best chromosome for some generations, particularly 

generations 1 (#gen_1), 2 (#gen_2), 3 (#gen_3) and 57 (#gen_57). These generations have been 

selected in order to visualize how the best individuals of these generations are determined. A 

substantial increase on the fitness was already on the first generation, once the evaluated population 

has 120 individuals. Comparing the best individual of the 1st generation (#gen_1) in Figure 12b) with 

the initial guess (Figure 11a) – 3 rovings placed at each truss section), the algorithm rapidly reinforces 

the outer truss area (see layers in black and blue in Figure 12a)), which is loaded in tension and 

compression. However, the GA takes more time to find the optimum in the middle trusses, which are 

aimed at reducing the shear stresses to avoid twisting of those truss sections. Evaluating further the 

best chromosomes over the generations, it is observed that the upper area is reinforced with more 

rovings in order to provide an optimum balance between tensile and compressive stresses while the 

load application area in the top of the structure has only one roving because the outer bands provide 

enough strength to the tensile load, consequently it is not necessary to reinforce further that area. 

Moreover, the highest fitness is found on the generation 57, where the best chromosome is shown in 

Figure 12b). 
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Figure 11. Initial guess (a) and optimum fiber path (b). 

 

An enhancement on the specific stiffness of 22 % is found when comparing the CSO_TO with the 

TO specimen. This improvement is achieved because the CSO_TO configuration has a specific 

stiffness of 18.23 N/(mm g) and a mass of 13.1 g. This enhancement justifies the establishment of a 

subsequent mathematical optimization after the topology one, especially when the computation time 

is compared to an empirical determination of the number of rovings to be placed at each truss section, 

which takes much longer and the global optimum is neither reasonably nor truly reached. Thus, a 

cross-section optimization employing a GA of a topologically optimized structure provides an 

efficient design process to fully optimize the structure. 

Moreover, it is worth mentioning that in the BB structure with transversely isotropic material 

properties originated from the GA optimization, the influence of critical stressed zones becomes more 

important. In order to check whether the optimized solution is sounding from an engineering point of 

view, local zones have been qualitatively and quantitatively evaluated through a stress analysis. In 

this assessment, no critical areas have been found throughout the structure, hence localized critical 

zones effects have negligible influence on the stiffness of the structure. 
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Figure 12. Fitness evolution over the generations highlighting the best chromosome for generations 

1, 2, 3 and 57 a) and the visual representation of these chromosomes b). 

 

7. Discussion 

The discussion of the results obtained in this investigation can be delineated based on the specific 

stiffness for evaluating the developed framework. For that, Figure 13 presents the specific stiffness 

for all brake boosters. As can be noticed, the final global optimum brake booster, which is achieved 

via material optimization (PS), topology optimization (TO), and cross-section optimization 

(CSO_TO), has the highest stiffness-to-mass ratio amongst all family of BBs. For example, the 

CSO_TO variation has an increasing in Κ𝑠  of 330 % when compared to the quasi-isotropic (QI) 

laminate. If CSO_TO is compared to the TO variation, the enhancement is of 22 %, which is higher 

than expected. 

A key fact to justify why the CSO_TO variation performs better than the TO one is based on the 

fact that the GA mathematical optimization locally optimizes the number of rovings placed at each 

truss section respecting the boundaries imposed by the topology optimization. Consequently, the 
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unique global optimum is only reachable with the herewith proposed design process together with the 

optimization framework. 

 

Figure 13. Specific stiffness for all brake boosters herein investigated. 

 

The outer and inner areas of the BB are loaded in compression and tension, whereas the middle 

area mainly in shear and compression. These stress fields generated according to the applied load are 

satisfied when placing fibers along the two principal stress directions, where more fibers are aligned 

along the loading direction. Therefore, fibers in the outer and inner areas are placed in the 

circumferential direction and fibers in the middle at ±45° (see Figure 6). These are the main reasons 

that the brake booster with fibers oriented along principal stress directions outperforms the QI one. 

Although the PS specimen is not much lighter than the QI one, the stiffness is much higher, once the 

reinforcing fibers minimize stress concentrations around the load application area. Furthermore, 

placing fibers along 1st and 2nd principal stresses at the outer and inner border (see Figure 6b-c) of the 

BB prevent excessive deformation, where fibers along 1st principal stress (see Figure 6b) adapts fibers 

to minimize tensile stresses, whereas fibers at the 2nd principal stress (see Figure 6c) adapts fibers to 

minimize compressive stresses. 

Given the aforementioned importance of determining and placing curvilinear fibers along principal 

stresses, the topology optimization further maximized the performance of the BB. Making use of the 

output from PS brake booster, the topology was optimized and the performance of the TO specimen 

also outperformed the PS variation. At last, as previously mentioned, the mathematical optimization 

using a genetic algorithm, automatically calculated the number of rovings to be placed at each truss 

section, avoiding any manual steps in the design process. 
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For the sake of clarify, the proposed two-level optimization approach are interdependent. This 

introduces complexity to the approach, since incorporating anisotropy within an isotropic topology 

optimization is not trivial. Nevertheless, the current work proposes a powerful approach to obtain 

producible results from topology optimization design proposals of any kind. Usually, results obtained 

from TO, either with isotropic or even with anisotropic material properties, are not directly producible 

with fibrous materials. Manual intervention is needed, and this step not only drastically changes the 

optimum but also introduces many efforts and subjectivity into the process. With this approach, 

within the transition from the TO result to the producible pattern, this is objectively and optimally 

carried out for the given topology. This is the strategy adopted for effectively introducing anisotropy 

into an isotropic topology optimized structure, which is only possible via a two-step optimization 

approach, which plays the main motivation of the presented investigation. 

 

8. Conclusions 

The aim of this investigation was to propose a two-level optimization framework for variable-axial 

carbon fiber-reinforced composite structures. A brake booster structure was taken as the target of this 

investigation. The applied methodology comprises on optimize the topology of the structure followed 

by cross-section optimization employing an evolutionary genetic algorithm. The objective of the 

cross-section optimization was to maximize the specific structural stiffness by optimizing the number 

of fiber rovings to be placed at each truss section. In both optimization levels, manufacturing 

constraints are taken into account, which implies that the output generates fiber patterns feasible to 

be manufactured, especially via TFP technique. 

The results showed that each sub-sequential step of the framework provided an enhancement on 

the specific stiffness of the structure. Nevertheless, from the very initial guess, a BB with a quasi-

isotropic (QI) composite layup to the final fully optimized CSO_TO brake booster, the improvement 

on the specific stiffness was of 330 %. This study also showed that tailoring curvilinear fibers along 

principal stresses is an effective way to reduce stress concentrations around holes, i.e. the load 

application area. In addition, cross-section optimization of a topologically optimized structure was 

crucial to optimize the shape by removing “non-efficient volume” and automatically and effectively 

determining the number of fiber rovings placed at each truss section. A future plan for this study 

includes experimental validation and development of an anisotropic topology optimization approach. 

Preliminary results achieved so far show that the difference between numerical and experimental 

results is not higher than 6 %, which provides reliability to the current study. 
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