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Abstract 
 

A Matlab®-based numerical tool, ‘SteerFab’, is developed to predict steered fibre patterns 

and to analyse the mechanical properties of the resulting variable stiffness panels using the 

finite element software, AbaqusTM. Based on trellis shear kinematics [1], both the steered 

fibre pattern and the shape of the corresponding initial undeformed sheet can be created by 

SteerFab. Two types of rectangular plates measuring 300 mm × 400 mm are considered in this 

numerical study, one with and one without a 90 mm diameter central hole. For the plate with 

a hole, the finite element analysis predicts that the optimised steered-fibre pattern achieves 

similar improvements for both a carbon-epoxy composite (~6%) and a glass-epoxy composite 

(~7%) in terms of buckling resistance load, while failure load is increased by about 5% for a 

carbon-epoxy composite and 10% for a glass-epoxy composite compared to the best 

performing equivalent straight-fibre laminates.  

 

 



1. Introduction 
 

In order to achieve extreme lightweight design and improve fuel efficiency, manufacturers in 

aerospace and automotive industries increasingly exploit composite materials due to their 

high specific and tailorable mechanical properties. Typically, for structures subject to multiple 

loading directions, designers make use of multi-axial straight fibre laminates, often in the 

form of quasi-isotropic layups. Recently, various researchers have investigated the potential 

of continuously changing, or steered, fibre paths across laminates to manufacture Variable 

Stiffness Panels (VSPs) [2-4]. Table 1 summarises the improvement of VSPs in buckling load in 

previous studies [5-12]. VSPs offer better buckling resistance than conventional straight-fibre 

laminates of the same weight and the improvement percentage ranges from 10% to 189% 

subject to steered-fibre paths, layup sequences, benchmarks (straight-fibre composites), 

aspect ratios of the panels (Length/Width) and boundary conditions. Typically, finite element 

analysis (FEA) is used to conduct numerical optimisation of buckling load for VSPs [5-12]. This 

process can require significant computational resource, especially when a large number of 

elements is needed to achieve high prediction accuracy. However, computational efficiency 

can be significantly improved by using isogeometric analysis (IGA), a method recently 

proposed in [13-15]. The technique ensures continuity of the changing fibre angle across the 

whole panel. The high improvement of 189% was achieved in [10] via optimisation of laminate 

parameters, but the corresponding fibre orientation and layup sequence were not reported. 

Although it is possible to convert laminate parameters into curvilinear fibre path and layup 

sequence [16, 17], it is not clear whether the optimum laminate parameter in [10] is 

achievable and can be manufactured in reality. According to Table 1, the improvement of 

VSPs in buckling load are generally more significant (over 50%) when the edges of the VSPs 



are moderately constrained (i.e. only simply supported) [6, 10-12]. However, Marouene et al. 

[12] reported it was difficult to replicate this boundary condition in the laboratory. 

Furthermore, the steered fibre paths in VSPs can reduce the negative influence of a central 

hole on the structural performance of panels, by relocating failure initiation away from the 

hole [9]. These performance enhancements have led to consideration of VSPs for T-shaped 

stiffened skin and fuselage panels in aircraft [18, 19].  

VSPs are normally manufactured using Automated Fibre Placement machines. However, 

because of the resistance to in-plane bending deformation of fibre tows during layup, three 

types of defects are typically induced in VSPs: (a) tow overlaps or (b) inter-tow gaps and (c) 

tow-scale wrinkles [20-23]. Some researchers [24-26] have developed detailed finite element 

models of VSPs containing these defects (e.g. tow gaps and overlapping) in order to 

understand their effects on the mechanical behaviour of VSPs. Others have focused on 

enhancing the standard AFP production process in order to eliminate these defects altogether, 

by developing a technique known as continuous tow shearing technology [21, 22]. The main 

aim of the current paper is to investigate the potential of an entirely different production 

method to the use of AFP, namely, fibre steering via in-plane trellis shear of biaxial 

engineering fabric or cross-ply prepreg sheets. The practical problem of how to achieve such 

deformation in real materials will be addressed in a subsequent investigation. Here the focus 

is on whether advanced composite structures containing steered fibre paths, produced via 

ideal pin-jointed net kinematics (i.e. involving the kinematic constraints of fibre inextensibility, 

free rotation of the two sets of initially orthogonal fibre paths and perfect pinning at fibre 

cross-over points), can in principle confer any structural advantage in comparison with purely 

straight fibre laminates. If this turns out to be the case, then the implication is that VSPs might 

be manufactured by manipulating standard biaxial fabrics and cross-ply prepregs, potentially 



pointing to alternative and possibly advantageous production technologies. Additionally, if 

this process could be automated, it could lead to lower costs as the process begins with large 

sheets of inexpensive engineering fabric that can be steered, in contrast to AFP which is 

effectively a relatively slow additive manufacturing process.  However, the fibre paths 

produced under the more severe constraints of pin-jointed net kinematics are likely to be 

different (more limited) than those generated by standard AFP and continuous tow shearing 

AFP technology. For example, in this newly proposed manufacturing process, the achievable 

variation range of fibre orientation is limited by the maximum shear angle that can be reached 

in a fabric or cross-ply prepreg without inducing wrinkles. Consequently, the present paper 

aims to examine this possibility through purely numerical investigation. To this end, a design 

tool, SteerFab [27], able to generate 2-D steered fibre patterns based on predictions involving 

pin-jointed net kinematics, has been developed. The code is a development of a pre-existing 

Matlab® code, VariFab, the implementation of which was detailed in Section 4.1 of [1]. For 

clarity, the original algorithm is also summarised in Section 2.2 of this paper. New 

developments to the algorithm, required to generate controllable steered fibre paths, are 

also described.  

The remaining sections of this paper are structured as follows; first the working process and 

operational features of SteerFab are outlined before presenting outputs from the code. The 

optimum steered fibre path is found via a parameter study examining the buckling resistance 

of a range of VSPs generated using the code (these initial results were briefly presented in 

[27]). The investigation then considers the post-buckling performance of the best performing 

VSP identified in the preceding buckling investigation. Finally, conclusions of the 

investigations are presented. 



2. Development of SteerFab 
 

SteerFab is designed to automatically generate laminate layups containing both straight and 

steered-fibre paths (referred to in this paper as a ‘hybrid steered/straight fibre laminates’) 

and to subsequently export this information in the correct format for mechanical analysis in 

the commercial finite element software, AbaqusTM [28]. The mechanical properties of 

laminates incorporating these hybrid steered/straight fibre paths are then analysed. As 

mentioned, the code is developed froma preceding kinematic code, VariFab [1]. Whereas the 

latter applies relatively small perturbations to predict statistically representative variability of 

fibre orientation across a biaxial fabric, SteerFab is designed to create purposeful steered-

fibre patterns. Hence, the function controlling the shape of the fibre paths is designed to 

achieve intentional and beneficial shear deformations (within the fabric’s forming limits) that 

can be directly and conveniently controlled by the user. 

 

2.1 Process Flow 
 

The process flow contains four steps described below and illustrated in Figure 1 (A) to(F).  

• Step 1: Create steered fibre paths (see Figure 1B) using pin-jointed net kinematics [1, 

29] (details of the algorithm are provided in Section 2.2). The original perimeter shape 

of the unsteered material can be recovered from the steered shape, as shown in 

Figure 1A.  

• Step 2: A finite element model (described in Section 2.2) is generated in AbaqusTM (see 

Figure 1C), the coordinates of each element of the finite element mesh (see Figure 1D) 

are read and formatted (by listing the element number and coordinates of the nodes 

in a format suitable for an AbaqusTM input file) ready for post-processing in Step 3,  



• Step 3: Using the element information (element number and nodal co-ordinates) an 

algorithm, originally developed in [30], is used to map the fibre angle and ply thickness 

from the steered fibre paths created in Step 1 (see Figure 1B) to each element in the 

FE model using bi-linear interpolation,  

• Step 4: Structural simulation of the straight/steered fibre laminate (see Figure 1F) is 

performed using the prepared FE model from Step 3. The structural performance of 

the resulting laminate is predicted, in terms of both its buckling and damage resistance.  

Figure 2 shows the flow chart of the code, which can repeatedly run through Steps 1 to 4 until 

all the steered-fibre patterns controlled by the user-defined control functions are generated 

and analysed to determine the optimal mechanical performance of the laminate, when 

subject to specified loading conditions. An optional layup hybridisation function allows the 

user to create either straight, steered or hybrid steered/straight fibre laminates, as shown in 

Figure 3. The fibre angle and ply thickness across the laminate is superposed within the FE 

model. Users can define both the fibre orientations of the straight-fibre plies and the number 

of plies within the laminate. Users can either manually input the stacking sequence of the 

plies or alternatively, automatically generate all possible stacking sequences, analyse their 

performance, and ultimately determine the optimum layup.  

 

2.2 Implementation of Kinematics  
 

The mesh generation algorithm used here is the same as that used in VariFab [1]. For clarity, 

a short description of the algorithm is repeated here using the same symbols as those used in 

[1]. Variables input by the user include the side length of the elements, , (see Figure 4A), 

and the size and shape of the perimeter of the steered fibre mesh. After the mesh is generated 



by the algorithm, described in detail in the following text, it can be cropped in various shapes. 

For example, to create Figure 1B, a rectangular mesh has been specified; circular and 

polygonal perimeter shapes can also be generated. Due to the fibre inextensibility constraint, 

stretching/contraction of elements along the horizontal centreline of the mesh fully 

determines the fibre directions across the rest of the mesh, i.e. once the nodal positions along 

the centreline are determined, the positions of all other nodes in the mesh can be calculated. 

Figure 4B shows how coordinates of nodes on the outermost upper left edge (indicated by 

filled red points in Figure 4) are determined using Equations (1) and (2):  
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where X and Y are arrays that are added to the nodal position matrix. n is the number of 

elements from the centre of the blank to either the right, left, top or bottom edge of the mesh, 

i is the node number when counting outwards from the centre of the blank towards the outer 

edge of the mesh along the vertical or horizontal mesh centerlines, an is an array containing 

the half lengths of the horizontal diagonal element lengths, while bn is an array containing the 



half lengths of the vertical diagonal element lengths. The relationship between an and bn is 

determined by Equation (3): 

𝑏𝑛 = √2 − 𝑎𝑛
2                                                                                                                                 (3) 

After the coordinates of nodes on the outermost upper left edge are determined, the 

coordinates are shifted right by an(n) and shifted down by bn(n) to create an inner layer of the 

nodes. Then the coordinates of these new nodes are shifted right by an(n-1) and shifted down 

by bn(n-1) to create a new inner layer of the nodes. This process continues to create all the 

nodes of the steered mesh.  

Hence the array, an, can control the generated mesh pattern and was used together with 

other factors controlling off-axis deformation in [1] to introduce realistic variability in the 

resulting meshes. an [1] is controlled using a mathematical function, χ=f(𝜃), where 𝜃 is the 

shear angle of the elements of the mesh along the horizontal generation line. In this 

investigation, the relationship between an and χ is expressed by Equation (4), a trigonometric 

function.  

𝑎𝑛(𝑛) =  sin[90 − χ(𝑛)]                                                                                                                                (4) 

The function χ can take an arbitrary form to create a wide range of steered patterns. Figure 5 

demonstrates three distinctly different steered patterns created by three alternative 

functions for χ. These functions are intentionally selected to create different variations in the 

shear angle along the horizontal mid-height axis, from the centre to the vertical edge of the 

pattern. They show the capability to explore the mechanical properties of a wide variety of 

steered-fibre patterns. Figure 5A uses a parabolic function χ = 73 − 6000 × (t − 0.07)2 , 

Figure 5B uses a third-order polynomial function χ = 1.6 + 1523t − 12947t2 + 42272t3 , 



and Figure 5C uses a trigonometric function χ = 38.5 − 20 cos(52𝑡). Many other functions 

could be chosen. 

In this investigation χ is given by Equation (5), simply because this equation can create 

steered-fibre patterns similar to those created using AFP in [7] in a convenient format. The 

motivation is to demonstrate that VSPs made using Fabric Steering Technology are 

comparable with those made using AFP.  

χ = 45 − t2 × 𝜃𝑚𝑎𝑥/0.045                                                                                                          (5)         

where t is the distance from the centre of the steered pattern to a given point along the 

horizontal mid-height axis and 𝜃𝑚𝑎𝑥  is the maximum shear angle at the end of the horizontal 

mid-height axis of the steered fabric, as shown in Figure 6 (note that 𝜃𝑚𝑎𝑥   is not necessarily 

the highest shear angle generated across the entire sheet). In the present work, the values of 

𝜃𝑚𝑎𝑥  used in the simulations is [10°; 25°; 30°; 35°; 40°; 45°]. The upper limit of 𝜃𝑚𝑎𝑥   is set 

here at 45° which makes the highest shear angle of the entire pattern about 49°, this is a 

conservative value that should avoid potential manufacturing issues when aiming to form the 

steered sheet. In [31], the measured wrinkle onset shear angles of both glass and carbon-fibre 

fabrics were greater than 50°. Note that the practical manufacture method will be discussed 

in a future investigation, here we simply assume that manufacture is possible.   

As mentioned in Section 2.1, the tow angle and thickness of the generated steered patterns 

needs to be mapped to a finite-element model for stress analysis. Each steered pattern 

provides orientation information for two distinct steered fibre plies, denoted here as (±SFP). 

The approximation is therefore closer to the behaviour of a steered non-crimp fabric than a 

woven fabric, as effects of tow undulation due to crimp are neglected in the current structural 

analysis. While it may be possible to apply a detailed meso-scale model for woven steered 



fabric composites using tow-level architectures (e.g. tow spacing and crimps), the complexity 

and computational cost of this approach is very high, especially if the effects of shear on the 

meso-structure are considered. Thus, here we aim simply to understand whether the fibre 

steering is beneficial without considering the added complexity of a woven fabric architecture. 

In order to map thickness, the material is treated as incompressible with a constant fibre 

volume fraction (a reasonable approximation for a cross-ply prepreg composite) [32]. Hence, 

the local thickness of the steered sheet, T, is calculated as:   

T = T0/ cos θ   (6) 
  

where T0 is the thickness of the undeformed sheet and θ is the shear angle.  

3. Method of investigating the buckling behaviour of steered -fibre 

laminates 
 

The method of investigating the buckling behaviour of VSP’s is summarised here and follows 

two stages: Stage 1 is a screening investigation, designed to understand the influence of 

stacking sequence, geometry and material behaviour on buckling performance. Numerous 

straight and steered fibre laminates are generated by SteerFab and their buckling resistance 

loads are predicted in AbaqusTM. Individual ply properties, obtained from [9] and [33] for 

simulations, are listed in Table 2. Table 3 lists the nine types of laminate considered in this 

investigation (see the layup hybridization function described in Section 2.1) for structural 

analysis. The selection of laminates is inspired by previous studies on VSPs [7, 9]. The steered 

patterns of the SFP plies are created using Equation (5) and the side length of the kinematic 

elements () is 7 mm. A shorter kinematic element length ( = 3 mm) was also tested, 

however, the subsequent accuracy when mapping fibre orientations and ply thickness onto 



shell elements of the finite element models unaffected. Hence, the kinematic element length 

of 7 mm was selected to improve computation speed. The steered-fibre pattern is specified 

as a rectangular shape with a size of 300 × 400 mm, matching the geometry of the finite 

element model created in AbaqusTM. In Stage 2, the best performing hybrid steered/straight 

fibre laminates and straight fibre laminates determined in Stage 1, are selected for further 

non-linear post-buckling simulations where the failure mechanics of the laminates are 

predicted.   

The finite element models generated in AbaqusTM employ thin S4R shell elements with 

‘composite’ section properties. The stiffness of the shell elements is predicted using classical 

laminate theory. The buckling performance of two 300 × 400 mm VSPs were evaluated, one 

with and one without a 90 mm diameter central hole. Figure 7 shows the corresponding FE 

models comprised of 4800 elements, each element measuring about 5×5 mm. A mesh 

sensitivity study using a finer mesh comprised of 19,200 elements (each measuring about 

2.5×2.5 mm) revealed a change of just 0.6% in the predicted buckling load, suggesting the 

4800-element mesh is a reasonable compromise between speed and accuracy. The boundary 

conditions of the buckling simulation are schematically shown in the Figure 7. An ‘Encastre’ 

boundary condition is applied along the bottom edge, whilst for the top edge, only 

displacement in the Y direction is allowed and a load of -1N is applied on each element along 

the length of the top edge. Both out-of-plane displacement and rotation about the X direction 

on the two side edges (indicated by thick black lines in Figure 7) are constrained. The buckling 

simulation uses the linear ‘Perturbation – Buckle’ method available in AbaqusTM. The buckling 

load is calculated as the 1st buckling mode eigenvalue, multiplied by the loads applied on the 

top edge [28]. 

For post-buckling analysis, the applied boundary conditions are the same as for the buckling 



analysis, but here the ‘General - Riks’ method [34, 35] is used instead. The nodal information 

of the buckled shape from the linear buckling simulation is imported into the ‘Riks’ post-

buckling simulation as the imperfection of the geometry. AbaqusTM strength predictions are 

made using two different damage models already implemented in the software, namely the 

Hashin [36] and LaRC05 [37, 38] models.  

Because the thickness (and therefore the areal density) of a steered fibre laminate is expected 

to increase after shearing, the mass of the resulting steered-fibre laminates will be slightly 

higher than the straight-fibre laminates and has to be modified in the simulations to provide 

an equal mass scenario for comparison purposes. To do this, a ‘compensation factor’, C, is 

introduced. This is equal to the ratio between the area of the initial sheet prior to shearing 

(see, for example, Figure 1A, the perimeter is highlighted by a thick blue line) and the final 

target steered fibre sheer, after shearing (see for example Figure 1B, 300×400 mm in this case, 

the perimeter is again highlighted by a thick blue line). These area values and the subsequent 

area ratio, C, are automatically determined by the code. The thickness of straight-fibre 

laminates, Ts, is adjusted as follows 

Ts = T0 × Np × C (7) 
  

where T0 is the thickness of the straight fibre plies, Np is number of plies and C is the 

compensation factor. The bulk density of the material within the sheet is assumed to remain 

unaltered by the 2-d steering process. 

4. Results and discussions 
 

Figure 8 shows fibre orientations of a steered pattern mapped into two distinct plies within 

the shell element’s composite laminate section, created in AbaqusTM. Figure 9 provides a 

summary of the buckling resistance of the carbon fibre laminates listed in Table 3 for the 



300×400 mm plates (Figure 7a) by showing the normalised buckling loads against 𝜃𝑚𝑎𝑥  (see 

Equation 6). The ideal equal-mass scenario, as described in Section 3.2, was used in the 

buckling investigation. The buckling load of the [(±45)4]s laminate is selected as the 

benchmark for the normalisation. Because the horizontal axis of the graph, 𝜃𝑚𝑎𝑥, applies only 

to those laminates containing steered-fibre plies, the load curves of all the straight-fibre 

laminates appear as a single point at 0 shear angle (unsheared plies). However, horizontal 

dashed straight lines extending from these points have been added to the graph simply to 

facilitate comparison with predictions for the VSPs. The relative improvements in the buckling 

load of layups containing steered-fibre plies initially increases with increasing maximum shear 

angle on the vertical edge of the horizontal generator path and then starts to drop after 

reaching a peak at a maximum shear angle of around 30°.  

To facilitate discussion, the laminates can be classified into two categories: double-angle 

laminates containing only two sets of fibres and multi-angle laminates containing 4 sets of 

fibres. For double-angle laminates, when 𝜃𝑚𝑎𝑥 ≈ 30𝑜  the steered fibre laminate [(±SFP)4]s 

(brown line) shows an improved buckling load, about ~5% higher than the [(±45)4]s straight-

fibre laminate (light orange line), though it offers very little improvement compared with the 

[(90/0)4]s laminate (light grey line). The buckling loads of all the multi-angle laminates are 

improved compared to the benchmark [(±45)4]s laminate, presumably because the fibres 

strengthen the whole structure in multiple directions. As expected, the layup sequence is 

important to buckling resistance, e.g. the [(±45)2/(90/0)2]s (light blue line) produces the best 

buckling-resistance of all the investigated straight-fibre laminates, significantly better than 

the [(90/0)2/(±45)2]s layup (dark orange line) which is approximately 10% lower. Apparently, 

placing  the (±45) plies at the outer surface of the [(±45)2/(90/0)2]s laminate provides 

improved resistance to the torsional deformations associated with buckling of the panel [8]. 



The [(±45)2/(±30)/(±45)/(±15)]s laminate (dark grey line), was previously reported to offer the 

optimum buckling resistance in [5, 7, 9], though here is found to rank second amongst the 

purely straight-fibre laminates considered in this investigation, i.e. behind the quasi-isotropic 

[(±45)2/(90/0)2]s laminate.  

The most significant results are found when the steered-fibre plies are combined with 

straight-fibre plies to create hybrid steered/straight fibre laminates. The hybrid laminate 

([(±SFP)2/(90/0)2]s) (red line) offers an improvement of 5.4% in the buckling load, compared 

with the best conventional straight fibre laminate, i.e. [(±45)2/(90/0)2]s (blue line), and by 9.3% 

compared to the ‘optimum’ straight-fibre laminate proposed in [5, 7, 9] i.e. the 

[(±45)2/(±30)/(±45)/(±15)]s laminate (dark grey line). To provide context, using the previous 

investigation results summarised in Table 1, it is worth noting that the buckling load of the 

VSP proposed in [9] was found to be approximately 10% higher than that of the 

[(±45)2/(±30)/(±45)/(±15)]s straight fibre laminate, and so this result compares very closely to 

the 9.3% improvement by the ([(±SFP)2/(90/0)2]s) (red line) laminate generated in this study. 

Considering panels containing a central hole (see Table 1 and Table 4), the improvement in 

buckling load of the steered/straight fibre hybrid laminates becomes even more significant; 

7.4% and 14.0% higher compared to the [(±45)2/(90/0)2]s and [(±45)2/(±30)/(±45)/(±15)]s 

laminates respectively. The effect of the central hole is to decrease the buckling resistance of 

all the panels, as indicated in Table 4. However, fibre steering is found to reduce the relative 

magnitude of this negative effect. The presence of the steered fibre plies in the laminate 

reduces the drop in performance to about 5%, less than half the drop of about 11% 

experienced by the straight-fibre laminates containing a central hole. 

According to these results, the optimal steered pattern produced by 2-d pin-jointed net 



forming kinematics is that with 𝜃𝑚𝑎𝑥 ≈ 30𝑜 . Hence, the steered/straight fibre hybrid 

laminate, [(±SFP)2/(90/0)2]s, was selected for the Stage 2 investigation, i.e. post-buckling 

performance, and was compared with the second best laminate analysed in this investigation; 

the quasi-isotropic straight-fibre laminate [(±45)2/(90/0)2]s. The layup sequence of half of the 

symmetric laminate [(±SFP)2/(90/0)2]s is schematically shown in Figure 10. Note that, because 

the maximum shear angle, 𝜃𝑚𝑎𝑥 ≈ 30𝑜 as shown in Figure 6, the orientation of the fibres is 

≈ 45𝑜at the centre of steered pattern and gradually reaches ≈ 60𝑜 at the vertical edge along 

the horizontal centreline. Therefore, as an addition to the Stage 2 investigation, an extra 

straight-fibre laminate, namely [(±60)2/(90/0)2]s, is also included in the comparison, in order 

to further examine the effect of fibre steering. Both carbon and glass fibres are considered 

and use the properties listed in Table 2. Post-buckling properties were examined by 

employing boundary conditions, as discussed in Section 3.   

Table 5 summarises the loads at the 1st buckling mode and also at the failure predicted by 

both the Hashin and LaRC05 damage models, for the straight fibre laminates and the hybrid 

steered/straight fibre laminate (for both carbon and glass). Figure 11 demonstrates the 

typical geometries for the 1st and 2nd buckling modes of the hybrid steered/straight carbon 

fibre laminate predicted by post-buckling simulations. Corresponding force versus 

displacement predictions are shown in Figure 12. The change in gradient and the 

corresponding transition from linear to non-linear force versus displacement curves indicate 

the onset of the 1st and 2nd buckling modes. The failure load is determined by the point that 

the damage factors of the Hashin and LaRC05 damage models rise above 1.  

From Table 5, it can be seen that the hybrid steered/straight fibre laminate has a better 

buckling and failure load, compared to the straight-fibre laminates. For the carbon fibre 

laminates, the load at the onset of the 1st buckling mode of the hybrid laminates is improved 



by 7.4%, compared to the QI straight fibre laminate. Predictions of both the Hashin and 

LaRC05 damage models reflect similar levels of improvement for the failure load of 4.8% and 

4.4% respectively. The difference in the predicted failure loads from these two damage 

models can perhaps be ascribed to the fact that the Hashin model omits the effect of in-plane 

shear on fibre failure and also neglects the increased shear stress caused by transverse 

compression [39]. It is also worth noting that the hybrid laminates have slightly higher 

buckling loads than the straight-fibre laminate, [(±60)2/(90/0)2]s, and also an improvement of 

about 10% for the failure load. This comparison is of particular interest because the optimal 

VSP analysed in this investigation also has fibre orientations are ±60° near the edge of the 

panel. This improvement emphasizes the positive effects of a curvilinear fibre path, 

particularly in terms of strength, compared to that obtained when using conventional 

straight-fibre laminates.   

Figure 13 indicates the damage initiation locations within the [(±SFP)2/(90/0)2]s hybrid 

laminate. The failure occurs initially from the outer layers (+SFP), while the inner (90) and (0) 

plies are unaffected. Post buckling, out-of-plane deformation of the panel means that the 

outer plies suffer more stress and strain due to torsion and bending [7]. Figure 14 shows the 

distribution of the stress (S22) along the compressive loading direction on the outer (+45) ply 

in the [(±45)2/(90/0)2]s laminate and the outer (+SFP) ply in the [(±SFP)2/(90/0)2]s laminate, at 

their buckling loads. It can be seen that the continuously changing fibre orientations in the 

(+SFP) ply lead to a more uniform stress distributions and lower stress levels, compared to 

the straight-fibre (+45) ply in the quasi-isotropic laminates. Furthermore, the steered fibre 

path redistributes loads from the highly loaded central region to the edges, which are stiffer 

both due to the boundary conditions (no out-of-plane displacement on the vertical edges) 

and the fibre orientations. Hence, the hybrid laminates ([(±SFP)2/(90/0)2]s) achieve improved 



buckling and failure loads. Similar effects were reported in previous studies [7, 9].  

According to the simulation results produced using the properties for glass-epoxy laminates 

in Table 5, the steered/straight hybrid laminates achieves similar improvement in buckling 

load at 5.7%, compared to the carbon-epoxy laminates. On the other hand, the increase in 

failure strength produced by the steered laminates becomes more significant when moving 

from carbon to glass composites; about a 5% increase for carbon-epoxy compared to 10% 

increase for glass-epoxy.  



5. Conclusions 
 

The design tool, SteerFab, has been used to demonstrate the numerical design and analysis 

of steered-fibre laminate panels. Predictions from the first stage screening showed the 

[(±SFP)2/(90/0)2]s layup demonstrated significant improvements in buckling load. For a panel 

with a hole at the centre, the steered-fibre plies reduce the negative effect of the cut out and 

lead to further relative improvements in the buckling load of VSP’s in comparison with 

equivalent straight-fibre laminates containing a central hole. More specifically, compared to 

conventional quasi-isotropic laminates [(±45)2/(90/0)2]s containing a hole, or the ‘optimum’ 

layup suggested in  [7, 9] i.e. ([(±45)2/(±30)/(±45)/(±15)]s) containing a hole, the buckling load 

of the steered hybrid laminate is improved by 7.4% and 14.0% respectively, at the equal-mass 

scenario. Post-buckling simulations revealed that the steered carbon-fibre hybrid laminates 

improve failure load by about 5%, compared to conventional QI layup. Furthermore, in 

comparison with the carbon composites, the glass composites show less improvement (~6%) 

in buckling response and more significant improvement (~10%) in damage response. These 

numerical results provide guidelines by which to examine these ideas in practice via 

experimental investigation. The manufacture and testing of actual fabric steered-hybrid 

laminates will be the subject of a subsequent investigation. 
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Figures 

 

Figure 1: (A) mesh of initial unsteered sheet showing original perimeter shape prior to 2-d forming, (B) 
steered-fibre pattern after 2-d forming within the target perimeter shape, (C) finite element mesh of 
same perimeter size and shape as the target perimeter shape, (D) coordinates of the centroid of each 
finite element are calculated for use by the mapping algorithm, (E) fibre angle and sheet thickness of 
the fibre directions are mapped at the position of each element centroid from the steered fibre 
pattern to the finite element mesh (the fibre directions of those fibres running from lower left to upper 
right in the steered pattern are shown here), (F) numerical simulation in AbaqusTM, here the colour 
map represents a typical stress distribution resulting from a steered fibre laminate.  



 

Figure 2 The flow chart of the SteerFab code in this design study 



 

Figure 3 Schematics of laminates consisting of: (A) multiple-steered fibre sheets and (B) both steered 
and straight fibre sheets 

 

 

Figure 4. Schematic showing: (A) the different diagonal lengths of the undeformed and sheared 
elements, (B) elements and nodal coordinates generated by SteerFab (reproduced from [1]) 



 

Figure 5 Different steered patterns generated in SteerFab by various forms of control functions, χ, 
including: (A) a parabolic function, (B) a high-order polynomial function and (C) a trigonometric 

function 

 

 

 

Figure 6. A steered pattern with the indication of max shear angle on the vertical edge of the 
horizontal generator path (𝜃𝑚𝑎𝑥  ≈ 30°). Note that 𝜃𝑚𝑎𝑥 is not necessarily the highest shear angle 

generated across the entire sheet, as can be seen in this colour map of the shear angle. 



 

Figure 7. Meshes of the FE models and schematics of the applied boundary conditions for the 
300mm × 400mm plates, (A) without a central hole and (B) with a central hole (diameter 90mm) 

 

 

Figure 8 Comparison between  (A) a (300mm X 400mm) steered fibre pattern generated by SteerFab 
and (B) orientations of fibres running from lower left to upper right mapped to one ply within 

element section and (C) orientations of fibres running from upper left to lower right mapped to 
another ply within element section  



 

Figure 9. Normalised buckling load versus 𝜃𝑚𝑎𝑥, the ‘maximum shear angle at the end of the 
horizontal generator path’, for all the investigated laminates (a 300 mm × 400mm plate).  Each data 

point was normalised by the buckling load of the [(±45)4]s laminate. Straight fibre layups are 
indicated by the dashed lines. 

 

Figure 10. The layup sequence of the half of the symmetric [(±SFP)2/(90/0)2]s laminate. Black lines 
indicate the fibre orientation of each ply. This orientation information is directly output from the 

material orientations of elements in the finite element model.  



 

(A) (B)  

  
 

Figure 11. (A) 1st and (B) 2nd mode buckled geometries of the hybrid steered/straight fibre laminate 
([(±SFP)2/(90/0)2]s) specimens from post-buckling simulations in AbaqusTM.  

 

Figure 12 Typical Force-Displacement curves from post-buckling simulations (LaRC05 damage model) 
of the carbon fibre [(±45)2/(90/0)2]s, [(±60)2/(90/0)2]s, and [(±SFP)2/(90/0)2]s laminates  

(m) 



 

Figure 13. The coloured images show the damage factor distribution in each ply of the hybrid 
laminate [(±SFP)2/(90/0)2]s (for just one side of the laminate). The damage initiation locations 

predicted by the LaRC05 model within each ply are shown in red at the failure load of 29.30 kN. The 
distribution of fibre orientations in each ply is also shown, represented by black lines in the adjacent 

images. 

 



 

Figure 14 The stress (S22) distributions at compressive loading direction on: (A) the outer (+45) ply in 
the [(±45)2/(90/0)2]s laminate at its buckling load of 5.7 kN and (B) the outer (+SFP) ply in the 

[(±SFP)2/(90/0)2]s laminate at its buckling load of 6.1 kN.  

 



Tables 
 

Table 1. Improvement ratio of buckling load for rectangular VSPs from previous studies and the present paper 

Data 
source 

VSP 
Benchmark straight-

fibre laminates 
(buckling load) 

Boundary conditions 
Aspect ratio  

(Length/Width) 
Improvement 

ratio 

[10] VS(x,y) 
[±45/0/90]s 

(n/a)Δ 
Four edges are simply supported. 

1:1 
  (n/a)Δ 

189% 

[6] [90±<0|75>]3s 
[±45]3s 
(n/a)Δ 

Four edges are simply supported. 

1:1 
 (n/a)Δ 

80% 

2:1 
 (n/a)Δ 

66% 

[8] 
L: (0±<45|0|(a/2)>) 

T: (90±<45|0|(b/2)>) 
[L/Lmirror/T/Tmirror]s 

[±45/0/90]s 
(15.58 kN) 

Lower edge is in ‘Encastre’ condition; Upper edge can 
only have movements at loading direction; Two side 
edges are constrained for out-of-plane displacement 
and for rotation about transverse directions. 

2:1 
(400mm/200mm) 

18% 

[11] [±<45|26>]4S 
[+45/0/-45/90]2S 

(n/a)Δ 
Four edges are simply supported. 

8:5 
(406mm/254mm) 

56% 

[12] 
[±<49|41>/±<48|61>/ 
±<57|73>/±<72|77>]s 

[+45/0/-45/90]2S 
(11.52 kN) 

Four edges are simply supported. 
8:5 

(406mm/254mm) 
45% 

[9] 
[±45/0±<45|60>2/ 

0±<30|15>/0±<45|60>]s 
[±452/±30/±45/±15]s 

(14.80 kN) 

Lower edge is in ‘Encastre’ condition; Upper edge can 
only have movements at loading direction; Two side 
edges are constrained for out-of-plane displacement 
and for rotation about transverse directions. 

4:3 
(508mm/381mm) 

10% 

Present 
paper 

[(±SFP)2/(90/0)2]s 

[±452/±30/±45/±15]s 
(5.96 kN) 

Lower edge is in ‘Encastre’ condition; Upper edge can 
only have movements at loading direction; Two side 
edges are constrained for out-of-plane displacement 
and for rotation about transverse directions. 

4:3 
(400mm/300mm) 

9% (14%*) 

[(±45)2/(90/0)2]s 
(6.17 kN) 

5% (7%*) 

*The values in the brackets are from a same-size panel with a centre hole.  
Δ There are no detailed values reported in the corresponding literature. 



 

Table 2 Mechanical properties of the carbon and glass composites  

Materials AS4/9773 carbon fibre-epoxy system E glass fibre-epoxy system 

Data source [9] [33] 

Material 
properties* 

E11: 129.8 GPa E22: 9.2GPa ν12: 0.36 G12: 5.1GPa  
Xt: 2070MPa Xc: 1160MPa Yt: 29MPa Yc: 157.9MPa 

S: 91MPa 

E11: 41.0 GPa E22: 10.4GPa ν12: 0.28 G12: 4.7GPa  
Xt: 1140MPa Xc: 620MPa Yt: 39MPa   Yc: 128MPa 

S: 89MPa 

* E is Young’s modulus; G is shear modulus; ν is Poisson’s ratio; Xt and Xc are the tensile and compression strengths at fibre longitudinal direction; Yt and Yc are the tensi le 

and compression strengths at fibre transverse direction; S is shear strength. 

 

Table 3 The investigated types of straight-fibre, steered-fibre, and hybrid laminates  

Laminates 
type 

Straight-fibre  Steered-fibre Hybrid laminates 

 [(90/0)4]s 
[(±45)4]s 

[(±45)2/(90/0)2]s  
[(±60)2/(90/0)2]s  
 [(90/0)2/(±45)2]s 

[(±45)2/(±30)/ (±45)/( ±15)]s 

[(±SFP)4]s 
[(±SFP)2/(90/0)2]s 
[(±45)2/(SFP)2]s 

Ply thickness 0.1188 mm 

 

 

 



Table 4 Buckling resistance loads of the carbon fibre laminates in ideal equal-mass scenarios. The data show the percentage reduction in buckling load due 
to the introduction of a hole in the plate for each laminate. 

 
300mm × 400 mm 

panel (no hole) 
300mm × 400 mm panel 

 (90mm diameter centre hole)  
Decrease 

ratio 

[(90/0)4]s 5.69 kN 4.94 kN 13.18% 

[(±45)4]s 5.51 kN 4.96 kN 9.98% 
[(±45)2/(90/0)2]s 6.17 kN 5.69 kN 7.78% 
[(90/0)2/(±45)2]s 5.60 kN 4.90 kN 12.50% 

[(±45)2/(±30)/(±45)/(±15)]s 5.95 kN 5.36 kN 9.92% 
[(±SFP)4]s 5.55 kN 5.33 kN 3.96% 

[(±SFP)2/(90/0)2]s 6.51 kN 6.11 kN 6.14% 
[(±45)2/(±SFP)2]s 5.62 kN 5.31 kN 5.52% 

 

Table 5 The predicted buckling resistance properties of carbon and glass fibre laminates (containing a hole) for an equal-mass scenario 

Carbon Fibre 
Buckling load 

(kN) 
Failure load (kN) 

Hashin LaRC05 

 [(±45)2/(90/0)2]s 5.69 43.60 28.07 

[(±60)2/(90/0)2]s 6.04 (+6.1%) 42.07 (-3.6%) 26.09 (-7.1%) 

 [(±SFP)2/(90/0)2]s 6.11 (+7.4%) 45.76 (+4.9%) 29.30 (+4.4%) 

Glass Fibre 
Buckling load 

(kN) 
Failure load (kN) 

Hashin LaRC05 

[(±45)2/(90/0)2]s 2.28 15.56 12.61 

[(±60)2/(90/0)2]s 2.38 (+4.4%) 15.23 (-2.2%) 11.86 (-5.9%) 

 [(±SFP)2/(90/0)2]s 2.41 (+5.7%) 17.05 (+9.5%) 13.84 (+9.8%) 
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