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ABSTRACT 

 
Mould free manufacturing of composite structures describes the decoupling of the mould surface to 

part geometry. These technologies endeavour to reduce the capital tooling expenditure and add design 
flexibility to composite production. Recent advances in four-dimensional (4D) printing have shown the 
development of mouldless fibre reinforced polymer (FRP) manufacturing technologies. These could 
produce three-dimensional parts off a flat mould by leveraging intrinsic thermal imbalance in 
asymmetric laminates. This paper presents eccentric prestress, which is described as the application of 
pretensioned fibre offset to the neutral bending axis, as an alternate mould free methodology. The 
structural benefits of this approach is independent of asymmetric laminate design. Euler-Bernoulli beam 
theory (EBBT) and finite element (FE) methods validated the performance of laminates produced using 
a bespoke prestress jig. These demonstrated strong alignment between the predicted and manufactured 
geometry. Agreement between both embedded chirped fibre bragg grating (CFBG) sensors and external 
surface stain measurements to the FE model gave further confidence that the process was well described 
by the analytical approach. The study concluded that eccentric prestress was a viable method to produce 
mould free composites, critically from structurally superior, symmetric laminate configurations.  

 
1 INTRODUCTION 

Composite materials are renowned for their high specific stiffness and strength. However costs 
associated with manufacturing prevent broad adoption of FRP technology. This limits their application 
to high performance industries such as aerospace, marine, and motorsport where absolute performance 
outweighs component economics [1, 2]. One key driver for total manufacturing cost is the mould tooling 
[3]. In traditional composite manufacturing, a male or female mould surface is required to represent the 
inner or outer surface of a skinned laminate respectively. These mould parts are typically precision 
machined, and in cases of mass production, from metallic billets. The process is expensive and demands 
that a geometry be “locked in” with no changes made after the mould is commissioned. It is this 
expenditure and inflexibility that creates a key bottleneck in composite production.  

Four-dimensional printing seeks to decouple the final geometry from the mould surface by 
deliberately inducing internal stress to instigate deliberate warpage of the part into a predetermined 
shape [4]. This is typically achieved by selective distribution of stimuli reactive material within a 
component such that exposure to these stimuli results in localised expansion and contraction in the 
component which results in a global geometric reconfiguration. These stimuli are commonly heat, light, 
moisture, or magnetic field however many alternates also exist [5, 6].  

Historically, 4D printed structures were comprised of soft polymeric components as traditional 3D 
printing methods gave good control over the spatial distribution of responsive materials and so have 
seen application in medical devices, flexible electronics, and smart textiles [7, 8]. More recently, it has 
been demonstrated that 4D behaviour could be induced within FRP composites by using automated fibre 
placement (AFP) to perform the spatial distribution operation. Here, selective fibre orientation created 
internal stresses during thermal cure cycles due to the asymmetric laminate condition. This process has 
been used to create components such as automotive leaf springs, omega stiffeners, twisted structures, 
and ornamental letters of the alphabet all off a flat mould with good success [9-12].    
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The key restriction to this AFP style of 4D printing is the intrinsic coupling of the deformed geometry 
and laminate sequence. The restriction is best explained by example, as shown in the leaf spring study. 
To create the required asymmetry to achieve the correct radius of curvature, a [016/9024] laminate was 
employed [10]. Here 60% of the fibres were oriented transverse to the longitudinal bending stresses 
which characterise the only significant stress during the loaded condition of a leaf spring. This resulted 
in a component that was significantly heavier than required and nullified some of the key benefits FRPs 
offer over their metallic counterparts.  

In adjacent fields, researchers have used eccentric prestress as a technique to control laminate 
geometry or induce bistable behaviour [13-15]. Here, select fibre was pretensioned eccentric to the 
neutral axis. After the curing process, this pretension was released, causing the laminate to deform as it 
sought equilibrium with the competing internal stresses. Critically, the studies focusing on geometric 
control looked at reducing warpage in asymmetric laminates and not creating a mould-geometry 
independence. To the knowledge of the authors, this area has been overlooked by the current body of 
research and could present the potential to induce 4D type behaviour, without requiring asymmetric 
laminate configurations.  

Considering this, the paper seeks to demonstrate the feasibility of eccentric prestress to induce mould 
free behaviour within symmetric FRP laminates. A bespoke fibre pretension jig was developed to 
experimentally validate the analytical and FE models on a series of [02], unidirectional carbon FRP 
laminates, with varied prestress, and give confidence that eccentric prestress was a viable process to 
induce deformation.  
 
2 ANALYTICAL QUANTIFICATION OF ECCENTRIC PRESTRESS 

Eccentric prestress has been represented analytically using classical laminate theory. However, 
EBBT presents a capable, “low-cost” model for determining the deformation effects in scenarios where 
the isotropic loading and material conditions dominate. The equilibrium equation for an unloaded 
eccentrically prestressed laminate is shown in Eqn. (1) and presented diagrammatically in Fig. 1 (a): 

 

�𝑀𝑀 = −𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑒𝑒 (1) 
 

where M is the induced moment within the laminate, 𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 is the force applied to the fibre, and 𝑒𝑒 is 
the eccentricity from the neutral axis. From EBBT, the deflection profile is then shown in Eqn. (2), 
where 𝑥𝑥 is a variable along the beam’s length such that 0 ≤ 𝑥𝑥 ≤ 𝑙𝑙, 𝑣𝑣(𝑥𝑥) the deflection function, and 𝐸𝐸𝐸𝐸 
the flexural rigidity.  

 
 

 
Figure 1: (a) Free body diagram of eccentric prestress side view orientation and (b) 3PB setup with 

deformed specimen. Prestressed fibre shown in orange and neutral fibre in grey. 
 
 

𝑣𝑣(𝑥𝑥) =
1
𝐸𝐸𝐸𝐸
��𝑀𝑀 𝑑𝑑𝑥𝑥𝑑𝑑𝑥𝑥
𝑙𝑙

0

 (2) 

 

The stress distribution across the length of the prestressed specimen was assumed to be constant and 
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so the resulting profile assumed circular. To calculate the radius of curvature, the vertical deflection at 
the midspan of an arc with length 𝑙𝑙, being 𝑣𝑣 �𝑙𝑙

2
�, gives the radius calculated in Eqn. (3). This is shown 

in Fig. 1 (b).  
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3  MANUFACTURING METHODOLOGY  
A bespoke pretension jig was designed to accommodate the model developed through EBBT. A 

schematic of this is shown in Fig. 2. After calibration of the jig, it was found that the combined stiffness 
of the spring system was 143.2 N/mm. By considering the stiffness of the fibre as 𝑘𝑘𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝐸𝐸11𝐴𝐴 𝑙𝑙⁄  
where the terms 𝐸𝐸11, 𝐴𝐴 and 𝑙𝑙 refer to the modulus of the fibres, cross-sectional area, and effective length 
of the fibre strip respectively, Eqn. (4-6) could be used to calculate the load transferred into the fibre 
from the jig. 

 

{𝑃𝑃} = [𝐾𝐾]{𝑢𝑢} (4)  

�
𝑝𝑝1
𝑝𝑝2
𝑝𝑝3
� = �

𝑘𝑘𝑠𝑠𝑠𝑠𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠 −𝑘𝑘𝑠𝑠𝑠𝑠𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠 0
−𝑘𝑘𝑠𝑠𝑠𝑠𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠 𝑘𝑘𝑠𝑠𝑠𝑠𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠 + 𝑘𝑘𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 −𝑘𝑘𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

0 −𝑘𝑘𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑘𝑘𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
� �
𝑢𝑢1
𝑢𝑢2
𝑢𝑢3
� (5)  

𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝐸𝐸11𝐴𝐴(𝑢𝑢3 − 𝑢𝑢2) (6) 
 

Here 𝑃𝑃 represents the nodal forces, 𝐾𝐾 the global stiffness matrix and 𝑢𝑢 the nodal displacements. Eqn. 
(8) is solved by setting 𝑢𝑢1 to the spring extension and 𝑢𝑢3 = 0 whilst leaving 𝑢𝑢2 unconstrained.  

 
 

 
Figure 2: Schematic of the bespoke fibre pretension jig. 

 
 
The specimens were produced using Toray T300 unidirectional carbon fibre and Allnex R180 epoxy 

resin mixed in a 5:1 ratio with H180 hardener. Traditional manufacturing methods were used under 
controlled laboratory conditions. The process is described in Fig. 3 and the resultant mechanical 
properties shown in Table 1.  



Christopher J. Jenkins, Matthew J. Donough, B. Gangadhara Prusty 

 

 
Figure 3: Specimen manufacture process: (a) tabs bonded to dry fibre tows, (b) fibre tows are 

prestressed in jig, (c) hand lamination with resin and (d) consolidation with top and bottom tool plates. 
 
 

Laminate Parameter Value 
Standard Modulus Carbon 

T300 (dry) Elastic Modulus 230 GPa [16] 

Epoxy Resin R180 (20% H180 
hardener) Elastic Modulus 2.96 GPa [17] 

Carbon Epoxy (T300/R180) Elastic Modulus 58.7 MPa 
 

Table 1: Material properties. 
 
 
Additionally, CFBG sensors were embedded within select laminates adjacent to the prestressed fibre 

during lamination. After cure but prior to release from the jig, surface mounted strain gauges were placed 
above and below the 10mm CFBG sensing element to facilitate a strain gradient measurement after 
release from the jig. This configuration is depicted in Fig. 4.  

 
 

 
Figure 4: Experimental setup and placement of strain sensors on specimen in pretension jig. 

 
 
On release from the jig, the deflection of the specimen was assessed by using a three-point bend 

fixture and a 3369 Instron universal testing machine. As shown in Fig. 1 (b), the vertical deflection 𝑣𝑣 



23rd International Conference on Composite Materials 
Belfast, 31st July – 5th August 2023 

measurement could be extracted by referencing the crosshead displacement at first contact with the 
specimen from a flat datum and subtracting the specimen thickness. A span 𝑙𝑙 of 25.4 mm was used for 
the lower supports, facilitating the calculation of the radius using Eqn. (3).  

Specimens were manufactured at 0 mm, 5 mm, 10 mm, and 15 mm of spring extension, which 
corresponded to approximately 0 MPa, 152 MPa, 292 MPa, and 451 MPa respectively.  

 
4 FINITE ELEMENT QUANTIFICATION OF ECCENTRIC PRESTRESS 

A non-linear, two-dimensional plane strain model was developed in ANSYS to simulate the prestress 
condition as defined in the manufacturing methodology. Assessment of the model’s sensitivity to 
orthotropic properties showed that the isotropic characteristics dominated the problem, allowing the 
isotropic material properties presented in Table 1 to be used, only. The prestressed and neutral layers 
were modelled using PLANE 183 elements, achieving mesh convergence at an element size of 0.5mm.  

The problem was solved using a three-step model that paralleled the manufacturing process as shown 
in Fig. 5.  

 
 

 
Figure 5: FE modelling steps. (a) apply load to the pretensioned layer, (b) apply bonded contact 

between neutral and pretensioned layer & (c) remove out of plane boundary conditions respectively. 
 

 
5  RESULTS AND DICUSSION  

Deflection was measured and calculated for six unique specimens and compared to FE and EBBT 
predicted values, shown in Fig. 6. Average prediction variation stood at 11.3% and 8.6% respectively 
with a reduction in standard deviation observed at increased prestress levels. This indicated that higher 
consistency in prestressed specimens was obtainable at high prestress and proposed to be a result of the 
internal stress state dominating inconsistencies within the laminate. Overall, the FE and EBBT models 
predict highly similar results, both recognising the non-linearity of the problem. This have confidence 
that the EBBT model was a suitable, “low cost”, alternative for accurate prediction of deflection.  
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Figure 6: Experimental deflection of prestressed specimens against EBBT and FE predictions. 

 
 
High circularity was observed in the specimens too, indicating the circular assumption appropriate, 

further reinforced by the strong alignment between the predicted and experimental deflection values. A 
sample of the produced specimens is shown in Fig. 7 that demonstrate this circularity. 

 
 

 
Figure 7: Prestressed specimens (lower three) and control (top). 

 
 
To reinforce the accuracy of the model, the experimental strain profile was compared to the predicted 

FE values for both a linear and non-linear model. It was found that the linearity condition made little 
difference to the FE strain profile. The experimental strain is shown over time in Fig. 8. 
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Figure 8: Experimental strain over time as specimen is removed from fixture. The 2-ply specimen 

was 150 × 30.7 × 0.55 mm and prestressed to 2061.3N. Referenced against FE target strain. 
 
 
All three sensors showed excellent agreement to the FE surface and midplane strain targets which 

indicated that the model well predicted the physical experimental condition. Here the FE strain 
prediction was superior to EBBT, presenting a small, 3.3% average discrepancy across all three sensors 
whilst the EBBT method resulted in 8.6% for the same metric. The EBBT model does not consider the 
non-linearity of the problem, nor the subtler mechanics of the contact problem, and it is proposed that 
this is what drives the difference. It is recommended that an FE model be employed for strain assessment 
of eccentrically prestressed specimens whilst both EBBT and FE models are suitable for predicting the 
deflection.  
 
9 CONCLUSIONS 

The study has demonstrated that eccentric prestress can induce deformed laminates in a controlled 
manner from a flat mould. Importantly, these laminates were symmetric in nature and so provided a 
decoupled laminate-geometry methodology which rivalled AFP type 4D composites. Analytical and 
numerical models showed good agreement with specimens produced from the bespoke prestress jig, 
suggesting that eccentric prestress was a feasible method for inducing 4D type behaviour. Deflection 
was well predicted using both methods whilst a comparison of the internal and external strain profile, 
made possible by using CFBG optical sensors, showed that a FE approach was superior in extracting 
the final strain of a laminate. Future research in eccentric prestress will seek to assess the structural 
implications of the process, along with laminate optimisation by considering alternate fibre materials 
and combinations. 
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