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Introduction

Continuous fiber composites are used in many industries due to their outstanding mechanical properties. In recent years, there has also been an increasing interest in 3D printing of continuous fiber composites which enable complex component geometries, as reviewed by van de [START_REF] Van De Werken | Additively manufactured carbon fiber-reinforced composites: State of the art and perspective[END_REF] and [START_REF] Brenken | Fused filament fabrication of fiber-reinforced polymers: A review[END_REF]. A known approach to exploit the anisotropic material properties is load-optimized fiber placement, in which the fiber direction is aligned with the computed stress field, as reviewed by [START_REF] Li | Design for additive manufacturing from a force-flow perspective[END_REF]. This can be further combined with established geometry optimization methods within a unified design approach [START_REF] Li | Path-designed 3D printing for topological optimized continuous carbon fibre reinforced composite structures[END_REF]). Both are based on numerical models, which are used to simulate the component behavior. Therefore, the predictive capability of numerical models directly impacts the quality of the derived optimized components and thus influences how well the superior material properties of composites are exploited.

A well-known issue with 3D printing is the occurrence of various uncertainties, including variability of physical (geometry) or material properties, which are likely to increase as technology is moving towards non-planar 3D printing [START_REF] Sepahi-Boroujeni | Efficient uncertainty estimation of indirectly measured geometric errors of five-axis machine tools via Monte-Carlo validated GUM framework[END_REF], [START_REF] Tam | Fabrication-aware structural optimisation of lattice additive-manufactured with robot-arm[END_REF]). Multiple research works addressed the accuracy of 3D printing as reviewed by [START_REF] Turner | A review of melt extrusion additive manufacturing processes: II. Materials, dimensional accuracy, and surface roughness[END_REF]. [START_REF] Nath | Optimization of fused filament fabrication process parameters under uncertainty to maximize part geometry accuracy[END_REF] reported an optimization method to reduce geometric variability in 3D printed parts. The effect of 3D printing material pretreatment and 3D printing process parameters on mechanical properties was widely studied, for instance, by [START_REF] Li | Rapid prototyping of continuous carbon fiber reinforced polylactic acid composites by 3D printing[END_REF] and [START_REF] Chacón | Additive manufacturing of continuous fibre reinforced thermoplastic composites using fused deposition modelling: Effect of process parameters on mechanical properties[END_REF]. However, a rarely discussed problem of 3D printing is the high level of variability of mechanical properties. For the determination of mechanical properties by material testing, general test standards for polymers or fiber composites are often used (e.g., ASTM 3039/3039M and ASTM D3039/D3039M), as there is a lack of more specific test standards for 3D printed fiber composites. Hence, most studies only use 3-5 test specimens to determine mechanical properties, which leads to an insufficient quantification of material variability (e.g., in [START_REF] Hao | Preparation and characterization of 3D printed continuous carbon fiber reinforced thermosetting composites[END_REF]. When the mechanical properties determined by material testing are subsequently used for numerical modeling purposes, the variability of the mechanical properties, if at all considered, cannot be accurately represented. This reduces the quality and robustness of the optimized structures, with respect to 3D printing related uncertainties.

In addition to the required improvement of material testing standards, we propose a novel approach to take physical and material variabilities into account, in the numerical modeling. Using this approach, the influence of variability on structural behavior can be investigated. On the one hand, the influence of well-quantified variability on the structural behavior can be studied. On the other hand, a broader study of the influence of various variability levels on the structural behavior can be conducted, when the occurring variability is not sufficiently quantified. In the following sections, we first explain the computationally economical Certain Generalized Stresses Method (CGSM), which is used in our approach. Then, we apply the CGSM to compare the sensitivity of (almost) equally optimum cantilever trusses to the variability of mechanical properties. It is an uncoupled approach as the influence of variability is studied after optimization. Considering variability in numerical modeling improves the predictive capabilities of the numerical model and directly impacts the quality of results obtained by numerical optimization.

Numerical modeling of variability

The CGSM is based on a stochastic finite element analysis. It makes it possible to consider material and physical variability within the numerical modeling. The method can be used, for instance, to study the variability of displacement, at a point of a structure depending on uncertain material parameters such as the Young's modulus. [START_REF] Lardeur | The Certain Generalized Stresses Method for the static finite element analysis of bar and beam trusses with variability[END_REF] first proposed the CGSM formulation for static analysis of bar trusses, which is used here. Fig. 1 shows a flowchart of the CGSM for bar trusses. The CGSM assumes, that the generalized stresses are independent of the uncertain material and physical parameters. As a result, only two finite element analyses (with nominal values of the uncertain parameters) are needed to calculate the strain energy for any number of uncertain parameters. This makes the method fast and computationally inexpensive. The use of the Castigliano's theorem leads to the CGSM metamodel, by means of which the quantity of interest (e.g., the displacement) can be calculated. With a Monte Carlo Simulation, the quantity of interest is obtained for any values of the uncertain parameters, without the need of additional finite element analyses. Then the mean value and the standard deviation of this quantity of interest can be calculated. The CGSM method can be used for any statistical distribution of uncertain parameters and is suitable for large-sized problems due to the reduced number of finite element analyses. 

Design Study: comparison of almost equally optimum designs

The influence of uncertain material and physical properties on the behavior of the structure can be studied using the CGSM, which was described in the previous section. In this work we studied the behavior of structures, which are almost equally optimum for a defined optimization problem. This investigation is of interest because optimization of a structure does not automatically lead to a robust structure. The Young's modulus of the truss members is the selected uncertain parameter, used to study and compare the variability of the maximum displacement of different structures.

The truss structures are created using the minimum volume layout optimization tool LayOpt by [START_REF] Fairclough | LayOpt: A truss layout optimization web application[END_REF]. The optimization objective is to minimize the volume of the structure, with the cross-sectional area of the members as optimization variables. Fig. 2 shows the specification of the design domain, the loads and supports to define the optimization problem. The layout optimization involves the discretization of this design domain by a regular grid of nodes. In the most extreme case, the design contains as many truss members as necessary so that each node is connected to all other nodes. However, such a fully connected ground structure would be far from optimum. Within the layout optimization, a subset of potential members is identified. Fig. 3 shows a fully connected ground structure with different distances between the nodes, leading in a) to 15 and b) to 105 potential members (including overlapping members). Depending on the optimization settings, such as the distance between the nodes, almost equally optimal designs with quite different numbers of truss members and cross-sectional areas can be obtained. In our case, we define a threshold of 2%, within which all designs are considered equally optimum. A maximum compression to tension stress ratio of 1:2 is assumed, which roughly corresponds to the mechanical properties of a continuous carbon fiber composite. The domain size is 16x8 and the magnitude of the loads is 1. Fig. 4 shows the obtained optimized structures, in which members under tensile stress are red and members under compression stress are blue. The designs differ significantly in the number of members, which range from 12 to 161. The lowest obtained structure volume is V = 61.958, and the largest volume is V = 63.136.

The CGSM is used to investigate the variability of displacement for all designs, at point P where the maximum displacement of the cantilever truss occurs. As described previously, only two finite element analyses are required, in the nominal configuration. Then uncertain displacements are obtained for a large number of trials, using a metamodel. The metamodel is built with the CGSM assumption and the nominal axial member forces extracted from the two finite element analyses. For each trial, the metamodel is used to calculate the displacement, instead of re-studying the entire structure using one finite element analysis each time. This makes the method computationally inexpensive in comparison to the direct Monte Carlo simulation (direct MCS), which requires one finite element analysis per trial. Due to the assumptions of the CGSM, the method is not exact for statically indeterminate structures. However, experience has demonstrated the high quality of the method compared to the direct MCS, even for truss structures with up to 120 bars (see [START_REF] Lardeur | The Certain Generalized Stresses Method for the static finite element analysis of bar and beam trusses with variability[END_REF]). Still, the use of an error indicator with 10 trials, as proposed by [START_REF] Yin | Performances assessment of the Modal Stability Procedure for the probabilistic free vibration analysis of laminated composite structures[END_REF], is helpful to estimate the error level of the obtained results. The error indicator compares the results obtained by the CGSM and direct MCS, using identical values for the uncertain parameters, in both methods. The level of variability is given by the coefficient of variation (c.o.v.), which is the ratio of standard deviation to mean value. For a c.o.v. of 10% of the Young's modulus, we obtain errors below 0.1% for the mean value and standard deviation of the displacement U at point P. This demonstrates the quality of the results achieved by the CGSM.

The CGSM is valid for low and high variability levels of the input parameters. A Gaussian distribution (± 3σ) of the uncertain parameter is considered. A range of values for the c.o.v. from 5% to 30% is also considered. A c.o.v. of 30% corresponds to an extremely high variability of the Young's modulus, which then ranges from 10% to 190% of the nominal value. A Young's modulus value of E = 60GPa is used for a continuous carbon fiber composite in the longitudinal direction. The finite element analyses are performed with Abaqus, one finite element being used for each truss member, as the axial force is considered to be constant in a given member. We further assume that the Young's modulus of the truss members varies, but stays constant within each member. In general, different cases for the correlation between the uncertain parameters can be considered. The uncertain parameters can be assumed as independent, partially correlated or completely dependent. Here, a fully independent case is considered, leading to a number of uncertain parameters equal to the number of truss members in a given design. For the optimized structures, which we compare here, the number of uncertain parameters ranges from 12 to 161.

The variability of the displacement at point P, which depends on the uncertain Young's modulus, is evaluated using Matlab. Once the uncertain parameters are introduced, the influence on the displacement can be evaluated using the CGSM. Almost no difference is found between the designs for the mean value of the displacement, for all levels of variability. In contrast to the mean value, the standard deviation shows a clear difference between the designs. Fig. 5 shows the variability of displacement c.o.v.(U) for all studied designs. For a c.o.v.(E) of 10%, the variability of the displacement ranges from 1.97% to 3.34%. For an extremely high variability level (c.o.v.(E) = 30%), the variability of displacement ranges from 9.09% to 15.44%.

In summary, uncertainty in the material properties (in this case Young's modulus) affects the variability of the displacement at point P. In all cases, the displacement variability level is smaller than the input parameters variability level. The findings suggest a correlation between the number of cantilever truss members and the variability of the displacement. The lowest value for the output variability is obtained for a truss structure with 161 members, while the four highest values of output variability are obtained for designs with 32 or fewer members. Thus, the designs with more elements are more robust to the variability of the Young's modulus. This is due to a compensation phenomenon, which often occurs when the number of uncertain parameters increases, which is the case here when the number of members increases. 

Conclusion

In this work, we presented a novel approach for taking variability of mechanical and physical properties into account, in numerical modeling. Our uncoupled approach was applied to evaluate the sensitivity of (almost) equally optimum cantilever trusses to input variability. The results showed variations in the robustness of the designs, whereby trusses with a larger number of members were more robust to the input variability than trusses with smaller number of members. Based on the obtained result, the most robust truss can be selected. In non-planar 3D printing, various uncertainties occur due to material and manufacturing, which can add up and lead to a decreased mechanical performance of optimized parts if these uncertainties are not considered in the numerical model for optimization. The consideration of uncertainties through our approach increases the quality of the numerical model, from which numerical design optimization methods can directly benefit. Our future research will address the following issues:

 Extension of the CGSM formulation to 3D problems and consideration of other uncertainties that occur in nonplanar 3D printing. These include, for instance, variability in the geometry and/or other mechanical properties.  Consideration of beam finite elements to represent the physical behavior of 3D printed continuous fiber composite structures more accurately.  Enrichment of the optimization problem formulation, to represent the physical material behavior of continuous fiber composites more accurately. This includes, for instance, Euler-buckling of the truss members.  Direct coupling of the numerical modeling of variability with a design optimization method, to improve the uncoupled approach presented here towards a real robust optimization method.
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 1 Fig. 1. Flowchart of the CGSM
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 2 Fig. 2. Design domain and boundary conditions for the cantilever structure with two loads.
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 4 Fig. 4. Equally optimum truss designs for the cantilever structure with two loads (the line thickness corresponds to the cross-sectional area).
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 5 Fig. 5. Cantilever structure with 2 loads: variability of the maximum displacement for different levels of variability of Young's modulus.
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