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Abstract. This study presents a static finite element analysis of the milling of a flexible unidirectional 
glass fiber–reinforced polymer (UD-GFRP) plate. The workpiece is modeled as a clamped–free 
cantilever, with cutting forces evaluated independently of structural deflections and applied along the 
machined edge. SC8R continuum shell elements are employed to accurately represent through-
thickness loading and bending behavior. A mesh sensitivity analysis is conducted to determine a 
suitable discretization, leading to a 64 × 56 × 8 element mesh. For the investigated configuration 
(𝜓𝜓 = 0∘, 𝑓𝑓𝑧𝑧 = 0.04mm/tooth), the out-of-plane displacement reaches approximately 120 µm near the 
free end of the plate, whereas in-plane displacements reach up to -75 µm. These in-plane 
displacements are greater than or equal to the nominal feed per tooth, indicating a highly significant 
influence on chip formation. This work provides a basis for understanding the structural response of 
flexible composite plates during trimming and emphasizes the need for coupled force–deformation 
formulations. 

Introduction.  
Fiber-reinforced polymers (FRPs) are increasingly employed in industrial applications due to their 

high strength-to-weight ratio, good fatigue resistance, shock absorption capacity, and strong design 
flexibility [1]. The forming processes of FRP components frequently lead to thin-walled geometries, 
making their structural flexibility a critical factor during machining operations such as trimming. 
These finishing operations are often required to achieve the final dimensional tolerances of molded 
composite parts and are still commonly performed manually. To improve process control and reduce 
reliance on trial-and-error approaches, it is therefore essential to accurately model the trimming 
process. 

On the one hand, the numerical simulation of flexible metal parts has been explored in numerous 
studies [1, 2, 3, 4]. On the other hand, research has addressed the numerical simulation of FRP 
machining through comprehensive reviews [5] and cutting force modeling [6, 7]. Furthermore, 
specific phenomena well-documented in metal machining, such as chatter, have also been 
investigated experimentally in the context of composite materials [8]. 

Despite these advancements, to the authors' knowledge, a gap remains in the literature regarding 
the numerical simulation of trimming operations for flexible composite parts. While some studies 
have examined thin-walled composite elements experimentally [9], recent research has begun to 
address this by introducing numerical simulation frameworks for thinning flexible composite 
components[10]. 
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The objective of this numerical study is to conduct a static analysis of the trimming process applied 
to a unidirectional glass fiber–reinforced polymer (UD-GFRP) composite part. The aim is to obtain 
a continuous displacement field of the plate, which represents the form error induced by the trimming 
operation. Under a simplified configuration, the workpiece is modeled as a clamped–free plate with 
a cantilever. Within this static framework, plate deformations are neglected in the computation of the 
cutting forces, which are assumed to be independent of the structural response. The plate 
displacement resulting from average cutting forces is then evaluated. This study is exclusively based 
on numerical simulations. 

The static numerical methodology is first introduced through the coupling of Abaqus with a 
Python-based scripting framework. A mesh convergence study is subsequently carried out to assess 
the numerical accuracy of the model, and the simulation results are finally analyzed and discussed. 

Method.  
The static analysis of the trimming operation, illustrated in Fig. 1, is based on several fundamental 

modeling assumptions. To simplify the numerical solution and separate the prediction of cutting force 
from the structural response, plate deformation is neglected in the instantaneous calculation of chip 
thickness. The cutting tool is assumed to behave as a perfectly rigid body, whose axis remains strictly 
perpendicular to the initial neutral plane of the plate throughout the operation. It is also assumed that 
the tool operates in a pure rolling trimming configuration, which means that only the rolling teeth are 
engaged in the cutting operation, without any plowing effects. The structure of the machine tool is 
modeled as perfectly rigid, and no parasitic displacement of the tool holder or spindle is considered. 
The workpiece is assumed to be perfectly clamped in a vise. 

 
Fig. 1. Schematic representation of the configuration 

The geometric parameters defining the numerical model are shown in Fig. 1. The sample is 
characterized by a machined length L and a cantilever length 𝑊𝑊𝑐𝑐, measured from the clamped area to 
the cutting edge. The axial cutting depth corresponds to the thickness of the sample 𝑡𝑡, while the radial 
cutting depth is denoted by 𝑎𝑎𝑒𝑒. The boundary conditions are defined by considering the shaded area 
inside the vise jaws as fully clamped, with all degrees of freedom constrained. The average cutting 
forces are applied along a vertical line corresponding to the instantaneous position of the tool 𝑥𝑥. It 
should be noted that these loads are applied to the unmachined edge of the plate. This choice was 
made to simplify the case study. The shaded volume in Fig. 1 represents the theoretical material 
removed during the cutting process. 

The numerical implementation of the model in Abaqus is illustrated in Fig. 2. The modeled 
geometry corresponds to the nominal specimen dimensions, with the specimen width defined as 𝑊𝑊𝑐𝑐; 
the actual material removal is not explicitly modeled. The plate is discretized using SC8R continuum 
shell elements, which are eight-node hexahedral elements with three translational degrees of freedom 
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per node [11]. This element formulation combines the computational efficiency of shell elements 
with a fully three-dimensional geometric description. Unlike classical shell elements such as S4R, 
which discretize only the mid-surface and represent thickness through section properties [11], 
continuum shell elements explicitly mesh the thickness using nodes distributed along the through-
thickness direction. As a result, external loads can be applied directly at discrete 𝑧𝑧-locations rather 
than being converted into equivalent membrane forces and bending moments acting on a reference 
surface. This distinction is essential for the present study. During trimming, cutting forces are 
transmitted to the workpiece along the contact edge between the tool and the material, where the load 
is intrinsically distributed across the entire thickness of the plate. The SC8R formulations allow 
cutting forces to be applied independently to nodes located at different positions across the thickness 
at the point of contact, enabling a physically consistent representation of load transfer without relying 
on equivalent mid-surface resultants. This capability is not available in conventional shell 
formulations, limiting their suitability for modeling localized loads on edges in trimming operations. 
The mesh density is controlled by the parameters 𝑁𝑁𝑥𝑥, 𝑁𝑁𝑦𝑦, and 𝑁𝑁𝑧𝑧, representing the number of elements 
along the longitudinal, transverse, and thickness directions, respectively. To reproduce the physical 
clamping conditions, the face located at 𝑦𝑦 = 0 is subjected to a fully fixed boundary condition. The 
loading case is defined by the cutting forces, which are converted into equivalent nodal forces and 
applied to the nodes distributed along the vertical edge at the tool position 𝑥𝑥, as specified in Fig. 2. 

 
Fig. 2. Finite element model showing the applied loads and boundary conditions 

As summarized in Fig. 3, the workflow begins by specifying the geometry, mesh, and boundary 
conditions. The setup process is fully automated through a Python script that generates the finite 
element model in Abaqus, allowing for total control over all modeling parameters. The resulting 
deformed shape is then calculated using the Abaqus Standard solver. 

 
Fig. 3. Diagram of the static analysis workflow 

The material behavior is modeled as a unidirectional fiber-reinforced polymer laminate. The 
elastic response is defined by the longitudinal Young's modulus 𝐸𝐸1 in the fiber direction, the 
transverse Young's modulus 𝐸𝐸2 in the plane perpendicular to the fibers, the shear modulus in the plane 
𝐺𝐺12, the out-of-plane shear moduli 𝐺𝐺13 and 𝐺𝐺23, and the principal Poisson's ratio 𝜈𝜈12, which relates the 
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transverse strain in direction 2 to the longitudinal strain in direction 1. Although the formulation of 
the laminate allows for arbitrary stacking sequences and ply orientations, the present study focuses 
on a configuration in which all plies share the same fiber direction, resulting in transversely 
orthotropic behavior of the material throughout its thickness. 

The cutting forces applied to the structure are calculated outside the finite element solver using a 
dedicated mechanical cutting model. This force model is based on experimentally identified specific 
cutting pressures and provides the full three-dimensional cutting force components. The cutting forces 
introduced into the finite element simulations correspond to the mean total force components 
(𝐹𝐹𝑥𝑥,𝐹𝐹𝑦𝑦,𝐹𝐹𝑧𝑧)  averaged over one complete revolution of the tool. Applying average forces allows the 
continuous value of the plate deformation to be obtained. [4]. The application of instantaneous cutting 
forces would require solving the dynamic response of the plate and accounting for tool–plate 
interaction, including the ploughing effect. This approach allows both in-plane and out-of-plane 
loading effects to be captured within the structural analysis. In accordance with the static framework 
adopted in this study, the deformations of the plate are not fed back into the cutting force calculation. 
Since Abaqus does not allow the direct application of continuous loads along edges, the total cutting 
force components (𝐹𝐹𝑥𝑥,𝐹𝐹𝑦𝑦,𝐹𝐹𝑧𝑧)  are converted into equivalent nodal forces and distributed among the 
nodes located along the plate thickness at the position 𝑥𝑥. Each node is therefore subjected to 
equivalent nodal force components (𝑓𝑓𝑥𝑥,𝑓𝑓𝑦𝑦,𝑓𝑓𝑧𝑧) . This load transfer procedure is handled automatically 
by the external scripting framework. Because all unidirectional plies are aligned in the same fiber 
direction, identical specific cutting pressures are applied through the thickness, resulting in a uniform 
distribution of the equivalent nodal forces. For heterogeneous laminates or laminates with varying 
ply orientations, a non-uniform force distribution through the thickness could be implemented using 
the SC8R continuum shell formulation, which would not be feasible with conventional shell elements. 

Once loading conditions are established, the Abaqus Standard solver performs a static finite 
element analysis to compute the displacement field. This allows for the evaluation of the three-
dimensional deformation of the specimen. This analysis is repeated for all tool positions 𝑥𝑥 along the 
cutting edge, with simulations performed only at the nodal locations of the mesh, which correspond 
to the discrete positions at which the cutting forces are applied. This procedure enables the 
reconstruction of the three-dimensional deflection of the plate throughout the trimming operation. 

Cutting Force Calculation.  
The cutting forces along these directions can be expressed using Eq. 1, proposed by Altintas and 

Lee [12]. This formulation distinguishes two types of coefficients: cutting force coefficients, which 
represent the specific resistance of the material to machining [13], and edge force coefficients, which 
account for the influence of the cutting-edge radius 𝑟𝑟𝑒𝑒 as well as tool–workpiece interaction effects. 

The cutting force coefficients 𝐾𝐾𝑡𝑡𝑐𝑐, 𝐾𝐾𝑟𝑟𝑐𝑐, and 𝐾𝐾𝑎𝑎𝑐𝑐 are multiplied by the axial depth of cut 𝑎𝑎𝑝𝑝 and the 
uncut chip thickness ℎ. The axial depth of cut corresponds to the depth of material engaged during a 
single tool pass, whereas the chip thickness represents the thickness of material removed by the 
cutting edge. The edge force coefficients 𝐾𝐾𝑡𝑡𝑒𝑒, 𝐾𝐾𝑟𝑟𝑒𝑒, and 𝐾𝐾𝑎𝑎𝑒𝑒 are multiplied only by the axial depth of 
cut 𝑎𝑎𝑝𝑝. 
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The cutting tool can be discretized into elementary slices along its axis of rotation. Accordingly, 
the total cutting forces can be decomposed into infinitesimal forces acting per tooth and per axial 
slice. These infinitesimal forces are expressed in Eq. 2. 

The Boolean parameter 𝑔𝑔, defined in Eq. 3, takes the value 1 when the tooth is engaged with the 
material, i.e., when the angular position 𝜑𝜑𝑗𝑗,𝑘𝑘, representing the angular location of tooth 𝑗𝑗 in slice 𝑘𝑘 
relative to the direction normal to the feed direction (also referred to as the local immersion angle), 
lies between the entry angle 𝜑𝜑𝑠𝑠𝑡𝑡 and the exit angle 𝜑𝜑𝑒𝑒𝑥𝑥. Otherwise, 𝑔𝑔 is equal to 0. 
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         (3) 

The uncut chip thickness generated by tooth 𝑗𝑗 in slice 𝑘𝑘, denoted ℎ𝑘𝑘,𝑗𝑗, is defined by Eq. 4. It is 
expressed as the product of the feed per tooth 𝑓𝑓𝑧𝑧 and the sine of the local immersion angle 𝜑𝜑𝑗𝑗,𝑘𝑘. The 
local immersion angle is determined using Eq. 5. 

ℎ𝑘𝑘,𝑗𝑗 = 𝑓𝑓𝑧𝑧 ⋅ sinφ𝑗𝑗,𝑘𝑘           (4) 

φ𝑗𝑗𝑘𝑘 = φ10 + (𝑗𝑗 − 1) ⋅ φ𝑝𝑝 + 𝑘𝑘𝑘𝑘𝑧𝑧 tanδ
𝐷𝐷/2

        (5) 

The immersion angle is expressed as the sum of the reference rotation angle 𝜑𝜑10, corresponding 
to the first contact between the first tooth and the workpiece, and the pitch angle 𝜑𝜑𝑝𝑝. The pitch angle 
is defined as 𝜑𝜑𝑝𝑝 = 2𝜋𝜋/𝑍𝑍, where 𝑍𝑍 denotes the total number of teeth. The term 𝜑𝜑𝑝𝑝(𝑗𝑗 − 1) accounts 
for the phase shift between successive teeth. An additional term is included to account for the phase 
shift induced by the helix angle 𝛿𝛿. 

Once the infinitesimal tangential, radial, and axial forces are computed, they are transformed into 
the Cartesian coordinate system(𝑥𝑥,𝑦𝑦, 𝑧𝑧). In this system, the 𝑥𝑥-direction corresponds to the feed 
direction, the 𝑦𝑦-direction is perpendicular to the feed direction, and the 𝑧𝑧-direction is vertical. This 
transformation is performed using the homogeneous transformation matrix given in Eq. 6, which is 
valid for tools with cylindrical geometry. 
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The specific cutting pressures are defined as second-order Fourier series (𝑀𝑀 = 1) depending on 
the instantaneous fiber cutting angle 𝜃𝜃, as expressed in Eq. 7 [7]. 

𝐾𝐾𝑝𝑝𝑝𝑝(𝜃𝜃) = ∑ �𝐶𝐶𝑖𝑖
𝑝𝑝𝑝𝑝 cos(2𝑠𝑠𝜃𝜃) + 𝑆𝑆𝑖𝑖

𝑝𝑝𝑝𝑝 sin(2𝑠𝑠𝜃𝜃)�𝑀𝑀
𝑖𝑖=0   avec  𝑝𝑝 = 𝑡𝑡, 𝑟𝑟,𝑎𝑎; 𝑞𝑞 = 𝑐𝑐, 𝑒𝑒  (7) 

The values of the constants, experimentally identified for the considered material and cutting tool, 
are reported in Table 1 [7]. 

Table 1. Cutting coefficients constant 

Coefficient 𝑲𝑲𝒕𝒕𝒕𝒕 𝑲𝑲𝒓𝒓𝒕𝒕 𝑲𝑲𝒂𝒂𝒕𝒕 𝑲𝑲𝒕𝒕𝒕𝒕 𝑲𝑲𝒓𝒓𝒕𝒕 𝑲𝑲𝒂𝒂𝒕𝒕 
𝐶𝐶0 255.7 353.4 48 6.2 1.6 0.1 
𝐶𝐶1 7.6 -16.4 −30.7 -1.2 7 0 
𝑆𝑆1 16.4 7.6 6.6 11.1 2.1 0 

Numerical setup.  
In the framework of this study, the cutting conditions, tool characteristics, and material properties 

used as input data for the numerical model are summarized as follows. The investigated material is a 
unidirectional glass fiber-reinforced polymer (UD-GFRP), whose orthotropic elastic behavior is fully 
characterized by six independent constants. The longitudinal Young's modulus 𝐸𝐸1 = 39,000 MPa 
reflects the stiffness in the fiber direction, while the transverse modulus 𝐸𝐸2 = 8,600 MPa characterizes 
the matrix-dominated response perpendicular to the fibers. The in-plane shear modulus 𝐺𝐺12 = 3,800 
MPa governs the shear behavior within the laminate plane, and the out-of-plane shear modulus 𝐺𝐺13 is 
assumed equal to 𝐺𝐺12. The transverse shear modulus 𝐺𝐺23 = 1,900 MPa is estimated as half of 𝐺𝐺12 
following the approach proposed in [14]. The principal Poisson's ratio 𝜈𝜈12= 0.28 relates the transverse 
strain to the longitudinal strain under uniaxial loading in the fiber direction. The laminate is composed 
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of 14 unidirectional plies, all oriented in the same direction. These material properties were provided 
by Sobelcomp. The plate geometry is defined by a length 𝐿𝐿 of 80 mm, a cantilever length 𝑊𝑊𝑐𝑐 of 75 
mm, and a thickness 𝑡𝑡 of 7.2 mm. The fiber orientation is uniform throughout the laminate and 
corresponds to an angle 𝜓𝜓 = 0∘for all plies. The fibers are oriented parallel to the feed direction. This 
configuration was selected to minimize the occurrence of defects in the surface plies [15]. Machining 
is performed using a 6 mm diameter (Dc), four-flute carbide milling cutter featuring a 10° helix angle, 
specifically designed for machining thermoset or thermoplastic G/C-FRP materials (Reference Seco 
Tools: 880060R020Z4.0-DURA). The cutting parameters, including the axial ap and radial ae depths 
of cut (ap = t = 7.2 mm; ae = Dc/2 = 3 mm), the cutting speed (vc = 125 m/min), and the feed per tooth 
(fz = 0.04 mm/th), are selected in accordance with the recommendations of the tool manufacturer, 
Seco Tools, to ensure representative and industrially relevant machining conditions. These parameters 
constitute the complete set of input data used both for the calculation of the cutting forces and for the 
subsequent static finite element simulations. 

Results.  
Mesh convergence.  
SC8R continuum shell elements are specifically designed to handle high aspect ratios between in-

plane dimensions and thickness [11]. This characteristic makes them well-suited for modeling thin 
plate-like structures where element dimensions in the plane significantly exceed the through-
thickness dimension. However, accurate resolution of bending behavior requires multiple elements 
stacked through the thickness. Since each SC8R element contains only a single integration point, 
using only one element through the thickness would lead to nonphysical results, particularly in 
bending-dominated configurations. 

The plate considered in this study has dimensions of 80 mm × 75 mm × 7.2 mm. To ensure 
consistent element quality across mesh refinement levels and to provide adequate through-thickness 
resolution, a proportional mesh refinement strategy is adopted. The mesh is refined uniformly in all 
spatial directions while maintaining constant aspect ratios between refinement levels, to limit the 
influence of element aspect ratio on the numerical results and isolate the effect of mesh density. For 
the convergence study, four refinement levels are considered, with a fixed refinement ratio of 2 
between successive levels. The corresponding mesh configurations are summarized in Table 2. All 
mesh configurations maintain moderate through-thickness aspect ratios (dx/dz = 1.39, dy/dz = 1.49) 
and in-plane aspect ratios close to unity (dx/dy = 0.93). The use of at least two elements through the 
thickness in the coarsest mesh ensures that bending gradients are captured, while finer meshes provide 
progressively improved resolution and numerical accuracy. 

Table 2. Mesh configurations for convergence study 

Level Nx Ny Nz # Elements dx [mm] dy [mm] dz [mm] 
1 – Coarse 16 14 2 448 5 5.36 3.60 
2 – Medium 32 28 4 3584 2.5 2.68 1.80 
3 – Fine 64 56 8 28672 1.25 1.34 0.90 
4 – Very fine 128 112 16 229376 0.625 0.67 0.45 

The convergence analysis is performed by monitoring the normalized displacements 𝑈𝑈1∗, 𝑈𝑈2∗, 𝑈𝑈3∗, 
and the total displacement 𝑈𝑈tot

∗ , evaluated at a reference node located at the center of the plate, on the 
middle surface, corresponding to 𝑥𝑥 = 0 mm. The displacement values are normalized with respect to 
those obtained using the coarse mesh. The results, presented in Fig. 4, show that increasing the mesh 
density has a significant influence on the in-plane displacement components 𝑈𝑈1∗ and 𝑈𝑈2∗, while 𝑈𝑈3∗ and 
𝑈𝑈tot
∗  exhibit similar convergence trends. It is important to note that the orders of magnitude of 𝑈𝑈1 and 

𝑈𝑈2 differ from those of 𝑈𝑈3 and 𝑈𝑈tot, which explains why the strong evolution of 𝑈𝑈1∗ and 𝑈𝑈2∗ has a 
limited impact on the total displacement. Beyond a certain refinement level, further increases in mesh 
density have a negligible effect on 𝑈𝑈tot, indicating that a very fine mesh is not required for accurate 
prediction of global deflection. Nevertheless, a sufficiently refined mesh remains necessary to 
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accurately capture the in-plane displacement components. It is also observed that the out-of-plane 
displacement 𝑈𝑈3 is overestimated when using the coarsest mesh, which employs only two elements 
through the thickness. This confirms that more than two through-thickness elements are required to 
properly represent bending behavior. 

 
Fig. 4. Mesh convergence of normalized displacements at the reference node 

The relative computation time associated with each mesh configuration is shown in Table 3. All 
simulations were performed on a desktop workstation equipped with an Intel Core i5-6400 processor 
(4 cores, 2.70 GHz) and 16 GB of RAM, running Windows 10 Pro 64-bit. Adding more elements in 
the longitudinal direction has a double impact on the calculation time. Not only does it increase the 
cost of each single simulation, but it also increases the total number of simulations required, since an 
analysis is performed at every nodal point along the tool path. From a computational standpoint, the 
very fine mesh is therefore not viable, as it leads to computation times approximately 200 times longer 
than those of the coarse mesh (approximately 15 seconds). Considering both numerical accuracy and 
computational efficiency, the fine mesh configuration, defined by 𝑁𝑁𝑥𝑥 = 64, 𝑁𝑁𝑦𝑦 = 56, and 𝑁𝑁𝑧𝑧 = 8, is 
selected for the remainder of the study. This choice provides an appropriate compromise between 
solution accuracy and computational cost. 

Table 3: Computational cost of mesh configurations for convergence study 

Level U1 [µm] U2 [µm] U3 [µm] |U| [µm] Relative unit time Relative total time 
1 – Coarse -34.5 -17.7 140.3 145.6 1.0 1.0 
2 – Medium -40.0 -8.7 125.9 132.4 1.2 2.3 
3 – Fine -45.4 -12.4 124.2 132.8 2.7 10.2 
4 – Very fine -50.9 -15.1 124.1 134.9 26.3 199.7 

Results.  
Figure 5.a presents the averaged cutting forces calculated for the investigated configuration. Since 

the current model does not account for plate deformation in the computation of the chip thickness, 
the cutting forces remain constant over the entire range of plate positions along the 𝑥𝑥-direction. The 
in-plane force components are dominant. The longitudinal force 𝐹𝐹𝑥𝑥is the largest component, with a 
magnitude of approximately −141 N, while the transverse force 𝐹𝐹𝑦𝑦reaches about 44 N. The out-of-
plane force component 𝐹𝐹𝑧𝑧is positive and significantly smaller, with a value of approximately 12 N. In 
this configuration, 𝐹𝐹𝑧𝑧represents only about 8.5% of the magnitude of the dominant longitudinal force. 

Figure 5.b presents the displacement components 𝑈𝑈1, 𝑈𝑈2, and 𝑈𝑈3, corresponding to the 𝑥𝑥-, 𝑦𝑦-, and 
𝑧𝑧-directions, respectively, for the investigated configuration (𝑓𝑓𝑧𝑧 = 0.04 mm). The plate exhibits a 
pronounced out-of-plane displacement 𝑈𝑈3at the free ends, which is consistent with the behavior of a 
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cantilever subjected to edge-applied loads. This out-of-plane component reaches a maximum 
magnitude of approximately 120 µm near the plate extremities (𝑥𝑥 = 0 and 𝑥𝑥 = 80mm) and gradually 
decreases toward the center, attaining a minimum value of about 70 µm at mid-span. The in-plane 
displacements, although smaller than 𝑈𝑈3, remain significant. The longitudinal displacement 𝑈𝑈1ranges 
from approximately −30 µm at mid-span to −75 µm near the extremities. The transverse displacement 
𝑈𝑈2varies between approximately −20 µm and 30 µm along the trimming path. While 𝑈𝑈3remains the 
largest individual displacement component, the total displacement magnitude is substantially 
influenced by the longitudinal deformation, which is of the same order of magnitude. 

 
Fig. 5. a) Average cutting force;  b) Displacement 𝑼𝑼𝟏𝟏, 𝑼𝑼𝟐𝟐, and 𝑼𝑼𝟑𝟑 at the loaded edge 

Despite the out-of-plane cutting force 𝐹𝐹𝑧𝑧being the smallest component (approximately 12 N), the 
resulting displacement 𝑈𝑈3remains the dominant structural response. This behavior is characteristic of 
thin cantilever plates, for which the bending stiffness is significantly lower than the in-plane 
membrane stiffness. In addition, with fibers oriented at 0∘, the bending stiffness associated with out-
of-plane deformation is governed primarily by the transverse Young’s modulus 𝐸𝐸2, which is 
significantly lower than the longitudinal modulus 𝐸𝐸1. 

The out-of-plane displacement, reaching approximately 120 µm at the plate extremities, induces 
local plate rotations that may alter the effective tool–workpiece engagement geometry. The in-plane 
displacements 𝑈𝑈1and 𝑈𝑈2have a more direct influence on chip formation. In particular, 𝑈𝑈1, which 
reaches up to 75 µm, exceeds the nominal feed per tooth (𝑓𝑓𝑧𝑧 = 40 µm) near the plate ends, potentially 
leading to a substantial modification of the instantaneous chip thickness. Meanwhile, 𝑈𝑈2directly 
affects the radial depth of cut. These observations underline the necessity of coupled formulations 
that explicitly account for the strong interaction between structural deformation and cutting 
mechanics. 

Conclusion.  
A static finite element methodology has been developed to predict milling-induced deflections in 

a flexible UD-GFRP plate. SC8R continuum shell elements provide an appropriate framework for 
modeling edge-applied cutting loads with through-thickness distribution, enabling physically 
consistent load transfer without relying on equivalent mid-surface resultants. A preliminary mesh 
convergence study indicates that a 64×56×8 element configuration offers a reasonable balance 
between numerical accuracy and computational cost, with at least four elements through the thickness 
necessary to capture bending behavior. For the studied configuration (ψ = 0°, fz = 0.04 mm/th), the 
out-of-plane displacement 𝑈𝑈3 reaches 120 µm near the plate extremities where structural stiffness is 
reduced, while in-plane displacements remain one order of magnitude smaller. Although smaller in 
magnitude, the in-plane displacements have direct implications for cutting mechanics: the 
longitudinal displacement 𝑈𝑈1 ranges from -30 to -75 µm, making it comparable to or even larger than 
the nominal feed per tooth. This directly affects the chip thickness, while the transverse displacement 
𝑈𝑈2 (up to 30 µm) modifies the radial depth of cut. The out-of-plane displacement induces local plate 
rotation that may affect the effective tool-workpiece engagement geometry. The current approach 
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neglects the feedback of plate deformation on cutting forces, assumes perfectly rigid clamping, and 
does not account for material removal or dynamic effects. Future work will address semi-static 
simulations incorporating the influence of plate deformation on chip thickness, multi-directional 
laminates with non-uniform force distributions through the thickness, and experimental validation. A 
dynamic simulation should also be considered. This would allow instantaneous forces to be applied 
to the plate instead of average forces, as is currently done. This study provides a foundation for 
predicting and controlling the structural response of flexible composite components during machining 
operations, but further experimental investigations are necessary to validate the numerical results. 
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