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Abstract 
The study reported in this paper shows the importance for taking into account the manufacturing simulation 

on the performance of a composite component. First the different type of manufacturing simulations are 

discussed after which the influence of the draping on an omega shaped stiffener is assessed. The predicted 

response is compared to experimentally measured FRFs. It is concluded that for this components the 

influence of having the accurate local thickness distribution and material properties are crucial for predicting 

the correct response. In a final step an inverse identification of the local thickness profiled is attempted by 

evaluating the predicted and measured FRF and trying to match them by changing the local thickness. 

1 Introduction 

Composites are promising materials in terms of lightweight and structural performance, although their 

manufacturing is still posing some challenges and the prediction of their structural performance is not yet 

straightforward. Manufacturing of composites is often a cumbersome trial and error process, in which 

designers learn by doing and by designing variant after variant. First benefits can be achieved by virtually 

simulating the composites manufacturing process, so that designers can optimize and understand better the 

design process, and create corresponding tooling optimally for the specific process and application at hand. 

For a thermoset composite material, this includes draping simulations, i.e. to simulate the manufacturing 

step where the reinforcement is ‘wrapped’ onto a mould, infusion modelling to predict the resin flow during 

the composites impregnation process, and curing simulation to predict the densification of the composites 

matrix under thermal treatment (see Figure 1).   
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Figure 1. Typical thermoset composite manufacturing steps, enabled by simulations: drape, flow, cure.  

Using the manufacturing simulation tools and analysing their results are only a first step in understanding 

the virtual product. A second step must still be taken: predict the product performance (in terms of stiffness, 

noise and vibration, durability, etc.) and the impact that the manufacturing parameters have on this 

performance. Only then, one can virtually optimize the manufacturing process and simultaneously optimize 

the product performance. In reality, the properties of composites are highly dependent on the manufacturing 

process parameters and hence it is crucial to include the influence of manufacturing in the design process of 

composites structures. In addition, non-deterministic effects (variability in manufacturing tolerances, 

uncertainty in material properties …) influence the composites performance, and should therefore be 

characterized and included as well in the product design process. It will be shown in this paper how we 

enable to link the manufacturing simulation and the multi-attribute functional performance engineering 

(FPE) process loops for continuous fibre-reinforced composites.  

1.1 Manufacturing simulation of composite components 

In this section a general overview of several methodologies, all related to a specific aspect of composite 

manufacturing, will be given. First the prediction of draping the reinforcement onto the mould will be 

discussed, followed by an introduction to the simulation of the impregnation with the resin of a draped, but 

‘dry’ reinforcement. The final section of this paragraph will show how to address the prediction of residual 

stresses and the associated distortion of the demoulded component due to the curing of the resin. 

1.1.1 Simulation of the draping of composite materials 

During the draping stage, an initially flat sheet, often referred to as the blank, will be forced to adjust to the 

desired configuration. The main deformation modes during the draping are (a) in-plane shear and (b) 

bending, which are indicated in Figure 2. The effect of in-plane shear is a local re-orientation of the fibres, 

while the low bending rigidity makes these type of material prone to the occurrence of wrinkles. In order to 

have a good product performance, it is necessary to be able to (i) predict correctly the local fibre orientation, 

as they determined the local stiffness and strength and (ii) to avoid the occurrence of wrinkles as these 

defects give rise to weak spots in the final product. 
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Figure 2. Key deformation mechanisms during draping a composite reinforcement are (a) in-plane shear 

and (b) bending [1] 

In the state of the art, there exist two different approaches for draping simulations: 

 The Kinematic approach: an approximate approach that allows predicting the in-plane shear and 

bending (no stretching, no forces are calculated). Siemens Fibersim [2] can simulate the laminate 

composite layup by accounting for draping and avoid manufacturing-induced defects such as 

wrinkling by introducing darts or splits in the blank. With the kinematic approach, the material is 

allowed only to distort in the shear direction, while the bending resistance is considered negligible. 

Hence, no extensive material characterization routines are required. 

 The Mechanical approach: a complex constitutive model is built, including exact boundary 

conditions also for shear forces / shear angles predictions. Leading tools for this are AniForm [3] 

and PAM-FORM [4]. A disadvantage of this approach is that you have to do an extensive material 

characterization routine, including picture frame or bias-extension, bending characterization, uni-

axial or bi-axial tensile test [1] and even friction characterization [5] to get all the parameters you 

need, which is not straight-forward.  

1.1.2 Infusion simulation of composite materials 

During infusion, the dry and draped reinforcement is gradually impregnated with the uncured resin. The 

main goal is to obtain a fully impregnated structure. During the infusion, defects such as dry spots and voids 

can occur. Components with dry spots are scrapped, while excessive void content has an influence on the 

product performance. Therefore, the void content should be as low as possible (target is 1-2 % vol).  

Simulation-based predictions of the infusion process help in predicting where such defects can occur by 

tracking the flow front, and can enable improving the manufacturing process such that the defects are 

reduced.  

Two different approaches exist for infusion simulations (see Figure 6):  

 A general CFD solver [6]: solving the Navier-Stokes equation. This just assumes that the fluid is 

incompressible, and preserves a lot of the physics of the flow in the solution sequence, such that 

physical phenomena can be predicted more accurately.  

 The CFD solver for Darcy’s law [7]: This approach comes with a number of assumptions (assume 

steady flow, low Reynolds number (Stokes flow) and no external body forces). While this approach 

is computationally less demanding, certain aspects associated to typical high-volume composite 

production require a numerical identification, e.g. race-tracking. 
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Race-tracking occurs when there is a mismatch between the edge of the draped reinforcement and the mould, 

i.e. there is a small channel that does not contain reinforcing material. As been shown by Kobayashi et al. 

[8] (see Figure 3(a)), there is an important influence in the resulting filling profile. Using a general CFD 

solver, Siemens CD-ADAPCO Star-CCM+ [6], the resulting flow front could be predicted well, without 

any additional assumptions as shown in Figure 3(b). 

  

a b 

Figure 3. Development of the flow front with the presence of race-tracking (a) according to the 

experimental measurement by Kobayashi [8] and (b) the prediction of the flow front with CD-ADAPCO 

StarCCM+ 

1.1.3 Curing simulation of composite materials 

When the polymer used has a thermoset nature, a curing reaction is needed to induce a continuous 3D 

molecular network which results in a solid structure. Due to the exothermic nature of this reaction the 

temperature control is crucial, a too fast rise in temperature might result in a (locally) degrade polymer as 

the (local) temperature has risen above the thermal degradation temperature [9].  

Additionally during curing and subsequent cooling, residual stresses are build-up within the composite 

material, the main cause of these stresses are (i) the densification of the matrix during curing, (ii) the 

shrinkage of the matrix during cooling, due to the thermal expansion mismatch between the fibres and matrix 

and (iii) the mismatch between the part and mould thermal expansion, which are coupled with a certain 

friction coefficient [10]. 

The effect of the residual stresses are two-fold, at first too high residual stresses lower the strength of the 

component as less externally applied stresses are required to reach the strength of the reinforced polymer. 

Second, during demoulding the residual stresses will cause the structure to achieve an equilibrium shape, 

where the residual stresses are in a local minimum. However, this will create a mismatch between the as-

designed shaped and as-manufactured shape. Tolerances are often in the range of millimetres while typical 

part sizes are in the order of decimetres to metres [11], any unexpected deviations will create stresses in 

the structure or connections between different structures beyond what was originally planned.  

 

Figure 4 shows an application of the method on a similar component that will be studied throughout this 

work. The local temperature profile (in combination with several material parameters) forms an input in 

order to predict the local degree of cure, which allows to predict the residual stress state inside the 

component. 
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1.2 Performance simulation of composite components 

Composites performance is linked to the application domain of interest, and may cover several attributes 

(e.g. stiffness, strength, durability) that need its mechanical behaviour under various loading conditions [18]. 

This paper deals with the vibration behaviour of composites, which is driven by its stiffness, mass and 

damping properties. In the work presented here, the focus was to compare the resonance frequencies and 

associated mode-shapes. Therefore, in the simulated predictions, only the local equivalent homogenized 

elastic properties together with the local mass were considered. The different manufacturing process steps 

alter the local material micro-structure, hence influencing the performance of the material. In this work, the 

local fibre architecture changes due to the draping process was considered. The homogenization of the 

elastic properties are either done analytically (e.g. Chamis equation [12]) or numerically by FE calculations 

(e.g. using Virtual Materials Characterization (VMC) Toolkit [13]). 

 

  

(a) (b) 

Figure 4. Curing simulation uses as input (a) the local temperature profile applied to the component and 

gives as a result (b) the local degree of cure. 

1.3 Production and experimental modal analysis of composite stiffeners 

In the previous section both the different manufacturing and performance simulation tools for composite 

components have been introduced. The remaining part of this paper will describe a case study performed on 

an omega-shaped stiffener (Figure 5(a)), where the influence of certain simulation parameters, 

manufacturing induced aspects and material parameters on the modal behaviour is assessed. 

The simulated results are compared with experimentally obtained Frequency Response Functions (FRFs), 

of which the set-up is described below. 

1.3.1 Production of composite omega-shaped stiffeners 

Two different types of omega-shaped stiffeners have been produced, namely a thermoplastic and thermoset. 

The thermoplastic fibre reinforced stiffener is made from glass fibre 2/2 twill woven reinforcement and 

polyamide matrix. The commercial name is Vizilon SB63G1 produced by DuPont [14]. The thermoset 

material is made using a dry non-crimp fabric (Carbon fibre UD 430g/m2) with a lay-up of [0/90]s and an 
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epoxy resin system from Sicomin (Sicomin SR 8500 and Sicomin SA 8525). The weight ratio between the 

resin and the hardener is 100/25. 

 

  

a b 

Figure 5. Investigated omega-shaped stiffener with (a) the CAD model and (b) a produced thermoplastic 

stiffener 

The thermoplastic component is made via thermoforming (Figure 6(a)), while for the thermoset 

component vacuum infusion has been chosen (Figure 6(b)). For both types of components the same mould 

has been used. After production of the components, they were trimmed using waterjet cutting.  

  

a b 

Figure 6. Production of the stiffener with (a) thermoforming for the thermoplastic stiffener and (b) the 

infusion of the thermoset component – see the flow front.  
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1.3.2 Modal analysis of the produced stiffeners 

After production and machining of the stiffeners, the modal response has been experimentally measured. 

To excite the component, a small modal hammer (MODEL 086E89) was used. This serves to excite the 

component at a predetermined point, in order to make it vibrate and acquire the necessary information as 

displacement, speed or acceleration. This particular hammer is equipped with an accelerometer on the head 

that impacts on the component in order to measure the impact force with the specimen. The component 

response was measured using a laser vibrometer. The choice of excitation and response measurement is 

motivated by the lightweight properties of the structures. In Figure 7, you can see the tools used and the 

chosen measurement points. 

 

Figure 7. Measurement tools and points of measurement on the sample [15] 

To reproduce the free-free boundary conditions, the component was suspended using two thin rubber bands. 

Additionally to the hammer method, the mid frequency volume source method has also been used to excite 

the specimen. This type of excitation avoids the contact between the parts and combined with the laser 

vibrometer, it allows to obtain a contactless excitation.  

In order to compare with the simulated results, it was chosen to not measure the full modal shapes of the 

stiffeners, instead FRF in the same points for different stiffeners has been identified. To determine the best 

points, a verification based on the coherence function was carried out. The average value of the coherence 

over the desired bandwidth was calculated for each measured point in a reference modal analysis from this 

measurement the point 28832 (see Error! Reference source not found., indicated with the red circle) was 

then chosen based on the maximum achieved coherence values.  
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1.4 Linking manufacturing and performance simulation of composite 
components 

In this study, the fibre orientation after draping are predicted using the geometrical approach (see section 

1.2.1) is applied with the help of Fibersim, a Siemens software package. The first step to perform a draping 

simulation is to associate an initiation point on the component surface and associated to this point the fibre 

orientation in this point, this combination is typically called the rosette (see Figure 5(a)). The rosette defines 

the reference orientation for the part and all plies composing the part. Hence, the fibre orientations elsewhere 

in the part are calculated based on that rosette. When modifications are made to the rosette, the orientations 

of all plies referencing the rosette are updated automatically, so that subsequent producibility analyses 

reflect the change. 

Besides the rosette, different draping strategies can be chosen, in this study we applied the ‘traditional’ 

simulation method combined with the geodesic approach, other approaches were assessed but no influence 

on the result has been identified. 

 

 

Figure 8. Typical result of a draping simulation using Siemens Fibersim (±45 fibre orientation) [15] 

The resulting fiber orientation can be exported in different file formats and serve as an input in Siemens 

Simcenter 3D. In Simcenter 3D the CAD model is meshed using 2D elements (CQUAD4), see Figure 9(a). 

The fiber orientations from Fibersim are imported (Figure 9(b)) and automatically create the lay-up within 

Simcenter that was generated in Fibersim. Finally, the composite material properties are assigned to the 

plies in the lay-up. These properties are calculated from Chamis equation in case of the NCF material [12] 
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and they are determined using Virtual Materials Characterization (VMC) Toolkit with Simcenter in case of 

the woven reinforcement [13]. 

 

 

a b 

Figure 9. Within Simcenter 3D the CAD is (a) meshed and (b) the Fibersim result is imported. 

After the fibre orientation is imported and the material properties have been assigned, NX Nastran will be 

used to predict the modal behaviour of a structure (using the Simcenter 3D native SOL 103 - Response 

Dynamics). As the experimental measurement aimed to reproduce free-free conditions, there are no 

boundary conditions applied in the simulation. The obtained results can be seen in Figure 10, where some 

of the predicted modal shapes are depicted. The shape of the first mode is of the torsional type, while the 

second shape is bending, while at higher frequencies the modal shapes become more complex. 

 

 

Figure 10. Indication of the different flexible mode shapes of the omega-shaped stiffener [15] 
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When comparing the measured flexible mode shapes (rigid ones are not considered) with the predicted ones 

by means of the Modal Assurance Criterion (MAC) matrix, it is noticed that the first six predicted flexible 

mode shapes agree well with the experimentally determined once. The mode shapes at higher frequencies 

however could not be captured well by the model. As seen in Figure 10, at higher mode shapes, local zones 

are contributing to the general mode shape, since manufacturing of composites and the material itself are 

prone to a mix of undeterministic effects, these start to play a role at higher frequencies. 

1.4.1 Influence of the rosette on the modal behaviour 

Using Siemens Fibersim, the fibre orientation after forming an omega-shaped component can be assessed. 

One of the key input parameters is the location of the ‘Rosette point’, i.e. the start point of the draping 

simulation.  

 

Figure 11. Influence of the variation of the rosette point on the frequency response function (FRF) of a 

thermoset composite omega shaped stiffener obtained using Simcenter and OPTIMUS. [15] 

1.4.2 Influence of the local thickness on the modal behaviour 

Additionally, the influence of the local thickness has been investigated, since during experimental 

measurements it is noticed that the thickness of the component is not constant as visualized in Figure 12(a). 

This thickness variation is introduced into the numerical model by defining 2 zones with a different 

thickness. One zone has a thickness of approximately 1.7 mm, represented by the vast blue area, while the 

orange area represented higher thickness area of the measured component, and is assigned a thickness of 

either 2.5mm or 3.0mm. The influence on the FRF can be seen in Figure 13, where it can be noticed that 

although only a relatively small area has a different thickness, the resulting FRF is affected throughout the 

whole frequency spectrum.  
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a b 

Figure 12. Local thickness profile of the thermoset omega shaped stiffener (a) as measured and (b) 

simplified within Simcenter by defining 2 zones with different thickness. [15] 

 

Figure 13. FRF obtained with the 2-zone model with variable thickness (red = 2.50mm and green = 

3.00mm), compared to the test result and the constant thickness (1.70mm) model. [15] 

A similar exercise was done for the thermoplastic case, with that difference that the thickness profile 

showed a more complex distribution. To mimic the real thickness distribution, the CAD shape was 

divide in 49 zones which are all assigned the average as-measured thickness zone. 

  

Figure 14. Local thickness profile of the thermoplastic omega shaped stiffener (a) as measured and (b) 

simplified within Simcenter by defining 49 zones with different thickness. [15] 

Similar to the thermoset case, the change in thickness also affects the FRF of the thermoplastic case. The 

modal frequencies tend to be closer to the measured values at low frequency values, the high modal 

behaviour in the higher frequency range cannot be captured correctly in spite of having the correct geometry 

and thickness distribution. 

1.4.1 Influence of the material properties on the modal behaviour 

A third feature that causes uncertainty when dealing with composite material are the material properties. As 

been indicated before the properties of the woven reinforced thermoplastic were determined by VMC 

Toolkit [13], which makes use of an idealized woven unit cell representation. Since the representative unit 

cell is prone to variability, the influence of the material properties, namely density and elastic constants on 
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the FRF have been investigated. Figure 15 shows the resulting FRF with changing the density (-10%) and 

increasing the elastic properties (E11, E22, E33, G12, G13 and G23) with 15%.  

 

 

Figure 15. FRF obtained with the 49-zone model with variable thickness and adjusted density (-10%) and 

elastic material properties (+10%) [15] 

1.4.1 Inverse identification of thickness profile 

The availability of both a parameterized model of the omega shaped stiffener and the reference FRF have 

allowed creating a procedure that is aimed at the identification of the thickness distribution that ensures the 

best match between the numerical and experimental FRF. To this end, the 49 zones variable thickness model 

has been integrated into an automated input update and output evaluation schema as indicated in Figure 16. 

The identification of the thickness in each area has been reformulated as an optimization problem, where 

the thicknesses are the design variables and the objective is the minimization of the difference between the 

numerical and experimental FRF. The depicted workflow has been implemented using the Product 

Integration and Design Optimization (PIDO) platform Optimus by Noesis Solutions. The operations 

performed within this workflow are: 

 The mapping of the thickness on the omega shaped model. 

 The analysis of the FEM model using Simcenter and the FRF extraction. 

 The post-processing of the FRF and the evaluation of the total frequency shift 

 

 

Figure 16. Optimus workflow for the evaluation of the local thickness. 
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The used performance indicator is the sum of the differences between the first 4 evaluated and measured 

resonances. The measurements taken on the build sample have indicated that the real thickness values were 

to be expected in the 1.5 to 2.5 mm range with a minimum step of 0.05 mm. The boundaries of the thickness 

design variables have been set accordingly.  

The created structure, and the software that encompasses it, are suitable both to study how thickness 

influences the FRF and what are the areas that have a greater impact on it, and to determine the thickness 

distribution associated with the best match using a selection of optimization methods. 

The first point is addressed by performing a design space exploration (DOE); due to the number of design 

variables (49) a Latin Hypercube Design (LHD) has been preferred over Factorial approaches, as in this 

methodology the number of experiments is not a function of the number of design variables [16]  and at the 

same time ensures at least partial decoupling among them. The number of experiments has been set to 300. 

A correlation analysis using the Pearson coefficient, which is a measure of the linear correlation between 

two variables between zonal thickness and total shift, is also performed.  The chart, shown in Figure 17(a), 

highlights some aspects of the thickness-to-total-shift relationship: symmetry of the model is verified, thus 

right-side elements of the model have the same influence on the outputs as their left-side counterparts; the 

contribution of each area on the frequencies can be evaluated too, as an example 1 and 15 thicknesses (flat 

flanges of the narrow part of the component) have a strong linear correlation with the first mode whereas 

the reduction of 41 and 42, central panels of the wide side, would improve the match with the second mode.  

The same analysis also confirmed the (at least partial) decoupling among inputs, as testified by the low 

correlation values, but still not zero due to the random component in the LHD behaviour. 

The DOE has been used as entry point for the optimization; due to the time required by each computation 

(about 4 minutes), a surrogate model built on the DOE data has been used as replacement for the analysis. 

The interpolated cubic Radial Basis Function model has been cross-validated before the optimization 

resulting in a R2
press value of .93, high enough to provide reliable global optimization results but predicted 

results still need validation by actual analysis [17].  

Using Differential Evolution [18] as optimization method (better suited to problems with discrete or stepped 

variables) and the best configuration found from the DOE as starting point, the candidate solution has been 

found after 25 iterations, each composed of 250 experiments. The candidate design point has been validated 

with a dedicated run, the difference between the estimated and the actual frequency shift is 3 Hz 

 

 

 

a b 

Figure 17. The Pearson chart where (a) correlation values, zonal thickness to first modes and total shift. 

Blue indicates minimum (absolute) correlation and (b) thickness distribution for the thermoplastic omega 

shaped stiffener after numerical optimization. 
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Figure 18. Thickness profile determination of the thermoplastic omega shaped stiffener through 

optimization. 

The thickness profile of the optimized model depicted in Figure 17(b) has similarities with the real thickness 

profile of the omega shaped stiffener shown in Figure 14. The displayed thicknesses are only the result of a 

global optimization performed using a surrogate model; the achieved configuration could be further refined 

performing a local search based on actual analysis. 

The results of the optimization, resumed in Figure 18, show a good match with the frequencies of the second 

and fourth mode whereas first and third are only partially influenced. As the previous analysis have 

suggested, the thickness is not the only parameter whose influence has to be accounted for in order to 

correctly model the modal behaviour.  

Conclusions 

The manufacturing process has a significant impact on the performance of modern industrial products, 

including lightweight composites components in automotive industry. Even if we can predict how a 

product's design should be and how it should be manufactured, the next step is to predict the product 

performance and its impact on the manufacturing parameters and vice versa. Only then, can you virtually 

and simultaneously optimize the manufacturing process and product performance, thus closing the loop.  

In this paper, we have done a case study derived from an industrial context for which we closed this loop. 

There is some further investigation necessary on other sources of uncertainty that have not yet been 

modelled, but the analysis process showed its value in order to identify major parameters that are subject to 

uncertainty and improve model fidelity/confidence. 
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