
1 

Online optimisation and active control of the cure process of thick composite laminates 

K. I. Tifkitsisa,*, A. Winistoerfera, A. A. Skordosb

aCarbo-Link AG, Fehraltorf, 8320, Switzerland 

bSchool of Aerospace, Transport and Manufacturing, Cranfield University, Bedford MK43 0AL, UK 

*Corresponding author: Tel: +30 6947783233. Email address: tifkitsis@carbo-link.ch 

Abstract 

This paper addresses the development of an active control tool for the in-situ optimisation of the cure process of 

thick composite parts. The methodology integrates a cure process model with real time monitoring data exploring 

potential temperature dwells that accelerate the curing while avoiding undesirable thermal gradients. The cure 

process simulation is based on a Finite Element (FE) model solution validated in the curing of a thick composite 

flat panel with an average absolute error of about 1.8°C. The active control tool interacts PID controller of an oven 

setting a new cure temperature periodically. The implementation of active control tool during the curing of a thick 

carbon fibre/epoxy cable has the capability to determine in real time optimal solutions minimising process duration 

whilst also satisfying constraints in temperature overshoot. A process duration reduction of about 70% can be 

achieved compared to a nominal cure cycle with a maximum temperature overshoot lower than 9°C. The active 

control tool can replace off-line optimisation tools exploiting in situ with real time monitoring to drive the process 

and minimise the effects of uncertainty. 
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1. Introduction 

The utilisation of continuous fibre composites has grown and expanded in different applications in the last decades 

due to their high specific stiffness and strength. Thermosetting unidirectional carbon fibre cables are widely used 

in various industry sectors such as in sail yacht rigging [1], crane pedants, and bridge hangers [2]. These 

applications require high cable diameters in the range of 10-100 mm to meet stiffness and strength requirements.  

Conservative cure processes associated with long thermal profiles are selected in practice to prevent large thermal 

gradients and exothermic effects, resulting in increased manufacturing costs. In the case of serial production, the 

curing stage becomes crucial for process duration, manufacturing costs and production rates. Multi-objective 
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optimisation methods have been developed to address conservative approaches for minimising cost and the 

likelihood of occurrence of process failures. These are based on optimisation schemes, such as Genetic Algorithms 

[3] or fuzzy logic controllers [4]investigating optimal solutions predictively resulting in minimisation of both 

process duration and potential defects [3,5,6]. Multi-objective optimisation schemes make use of numerical models 

such as cure simulation [7] or data assimilation combining observation values and simulation [8].The benefits 

offered by the exploration of the design space by numerical optimisation can be accompanied by relative instability 

of some of the solutions with respect to perturbations of nominal process parameters leading to potential risks. 

Curing involves different sources of uncertainty such as tool/air temperature, surface heat transfer coefficient and 

cure kinetics behaviour [7,9,10]. Stochastic simulation, performed prior to the process, provides predictions of 

process variability considering the full input process parameters. Consideration of boundary conditions and cure 

kinetics variations indicates significant variability in cure time reaching coefficients of variation of approximately 

22% [10]. The magnitude of uncertainty also affects the outcome of process optimisation. Higher levels of 

uncertainty results in greater optimal cure times to counteract variability [11]. The confidence intervals of process 

outcomes estimation are wide, leading to more conservative process cycles in order to prevent extreme events 

predicted by stochastic simulation. Stochastic optimisation schemes enable the consideration of inherent input 

uncertainties to minimise process outcomes variability providing more stable solutions [7].  

Current optimisation schemes are restricted to off-line use only. Process monitoring techniques have been 

developed to provide information during the composites manufacturing process identifying potential defects and 

monitoring the progress of each stage [12–16]. The production of high-quality parts with zero defects requires 

comprehensive control of the manufacturing process. The utilisation of optimisation schemes and stochastic 

models prior to the process does not include the interaction with monitoring data to enhance model prediction 

capabilities and optimisation schemes efficiency. Off line optimisation cannot deal with instabilities in the 

presence of process parameter variations during the process. Alternative curing processes such as layer by layer 

curing [17] or layered self-resistance electric heating (L-SRE) [18] control the exothermic effects minimising 

degree of cure inhomogeneities, although their maturity level in terms of industrialisation is low. Inverse schemes 

have been developed integrating process models with monitoring data for off-line characterisation of material 

properties such as preform permeability [19,20] and also real time estimation of process outcomes such as duration 

and defect generation [21,22]. The incorporation of inversion schemes in the manufacturing processes provides 

critical information about process conditions, although action needs to be taken in cases in which undesirable 

phenomena occur during the process. Such schemes have been utilised for material properties characterisation and 

estimation of cure process outcomes without taking any control action during the process. Limited studies have 
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focused on the integration of control systems into the filling stage of composites manufacture. In the filling stage 

of Liquid Composite Moulding (LCM), the flow front can be actively controlled by locally heating resin reducing 

its viscosity [23] or by varying injection pressure [24] accelerating filling while eliminating voids formation and 

dry spots. Local pressure sensors strategically placed on the tool cavity can interact with flow models enabling the 

automated control of flow process by triggering inlet gates [25] or adapting injection flow rate [26,27] accounting 

for process variations to minimise the formation of voids.  

The present study focuses on the development of an active control scheme integrating a cure process model with 

real time monitoring data for the in-situ minimisation of cure process duration with respect to exothermic effects. 

Constitutive models are developed, based on experimental data representing material properties, and utilised in a 

cure process model. A manufacturing trial is performed to evaluate the accuracy of the cure model. The active 

control scheme interacts with a cure simulation interface suggesting potential temperature dwells accompanied by 

real time surface temperature and material state data. The cure simulation interface evaluates the suggested 

temperature against applied conditional limitations and accepts or rejects the proposed temperature. The active 

control scheme is applied to the cure of a thick round carbon fibre/epoxy cable and its performance is compared 

with that of off-line multi-objective optimisation of the cure process.  

2. Methodology 

2.1. Cure simulation 

The simulation of cure was performed using the Finite Element Analysis (FEA) code FLEXPDE 7 [28]. FLEXPDE 

7 constitutes a general partial differential equation solver that uses FEA for numerical solution of one-, two- and 

three-dimensional time-dependent boundary value problems. The code allows the utilisation of non-linear 

constitutive models representing material behaviour and properties including cure kinetics, specific heat capacity 

and thermal conductivity. The cure process can be expressed by the following governing energy balance for the 

one-dimensional heat transfer problem in cartesian and cylindrical coordinates respectively: 

∂

∂z
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∂T

∂z
� = ρc�

∂T

∂t
− (1 − v�)ρ�H���

dα

dt
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Here ρ is the density of the composite, c� is its specific heat capacity, T the temperature, α the degree of cure, K the 

thermal conductivity, v� the fibre volume fraction, ρ� the resin density, H��� the total heat of the curing reaction, 
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and t���� , R����� the thickness and the radius of a flat plate and round cable respectively. The left-hand side of 

Eqs. 1, 2 represents heat conduction. The first term of the right-hand side of Eqs. 1, 2 expresses the rate of change 

of volumetric enthalpy, whilst the second term the heat generated due to the exothermic resin reaction. 

Two models were developed to simulate the cure of a flat panel and a round cable. The material is unidirectional 

(UD) carbon fibres prepreg with 12K tows and areal density of 200 g/m2 with an epoxy resin mixed with hardener 

and accelerator (System A). The cured ply thickness (t) of the prepreg is 0.18 mm. Assuming uniform heating 

across the tool cavity and around the cable, the heat transfer problem becomes one-dimensional -in the through 

the thickness and the radial directions respectively - requiring the use of only one element in the other dimensions. 

Figure 1a illustrates a schematic representation of the flat panel model geometry used for the cure model validation. 

The composite comprises [228]0 UD prepreg plies resulting in a fibre volume fraction of 60% at a thickness of 41 

mm. The model is built using 57 elements across the thickness, each representing four UD plies with 0.72 mm 

nominal thickness. The prescribed thermal profile, assigned to the surface nodes of the lower and upper elements 

of the model, coincides with the monitored cure temperature profile applied on the composite panel during the 

cure process including two dwells at 80 and 150°C for 1 h each. A perfect insulation boundary condition is implied 

at the sides of each element to represent the symmetry of the geometry. The initial degree of cure and temperature 

considered in the model are 2% and 25°C respectively.  

Figure 1b shows a schematic representation of the cure process of a carbon fibre/epoxy round cable used for the 

evaluation of the active control tool. The heat transfer problem was solved using cylindrical coordinates and is 

one-dimensional in the radial direction from cable centre to the outer surface. A perfect insulation boundary 

condition is implied at tthe cable centre to represent the symmetry of the problem, whilst forced air convection 

was applied on the top surface. The cure model consisted of [112]0 UD prepreg plies with a volume fraction of 

60% and diameter of 40.1 mm. The cure model is represented by 16 elements to enable the execution to be carried 

out in a very short time for active control. A sensitivity analysis of the dependence of cure model results on number 

of nodes highlighted the use of 16 elements results in sufficient accuracy, with an error of less than 0.5°C in 

maximum temperature compared to the results obtained with a finer discretisation using 60 elements  

The main outputs of interest of the cure simulation are the total cure duration (t����), the maximum temperature 

overshoot (ΔT���)  and the time at which this occurs after the initiation of the cure process (t����). Cure time is 

defined as the time at which the minimum degree of cure of the part is greater than 95%, which is the degree of 

cure that the resin reaches in a cure at the nominal cure temperature of 140°C as determined by Differential 

Scanning Calorimetry (DSC). When the degree of cure reaches this threshold, the simulation ends. The maximum 
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temperature overshoot is defined as the maximum difference between the prescribed temperature imposed by the 

external thermal profile on the part surface and the temperature in the composite over the whole duration of the 

process.  

Figure 1 Cure process simulation models: a) Composite flat panel b) Composite round cable.

2.2. Constitutive models and characterisation 

A Mettler Toledo DSC 1 Differential Scanning Calorimeter (DSC) was used for the characterisation of System A 

cure kinetics. Four isothermal tests at 80, 100, 130, and 140°C and one dynamic test from -25°C to 220°C at 1°C/ 

min were performed. In all experiments, the weight of the sample did not exceed 10 mg to minimise thermal 

gradients. The total normalised reaction enthalpy (H���) was measured during the dynamic run to be 362 J/g. The 

DSC results were integrated to calculate the degree of cure using a sigmoidal and horizontal baseline for dynamic 

and isothermal experiments respectively. The cure kinetics model used for the fitting of the experimental data is a 

combination of an n�� order term and an term controlling diffusion [29]: 

dα

dt
= k�(1 − α)�� + k�(1 − α)��α� (3) 

where m, n�, n� are the reaction orders and k� and k� the rate constants defined as follows: 
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A�e

��
��
��

�

1 + e�(����(�����.��)���)
, i = 1,2 (4) 

where A� is pre-exponential factors, E� the activation energy for the chemical reactions and R the universal gas 

constant. The denominator in Eq. 4 accounts for diffusion limitations to the cure kinetics as the glass transition 

temperature during the process approaches the curing temperature. This is implemented through a critical value of 

the degree of cure expressed as a function of temperature, where α�, α� are phenomenological parameters 

controlling the value of critical degree of cure as a function of temperature, whilst C is the breadth of the transition 

to diffusion-controlled reaction. 

The evolution of the glass transition temperature T� of the resin system of this study with degree of cure was 

quantified in a series of DSC dynamic experiments with a heating rate of 10°C/min. In each of the DSC runs, the 

resin sample was partially cured and the degree of cure was calculated as the ratio of measured to total enthalpy. 

Subsequently, a second dynamic run was performed to measure the glass transition temperature corresponding to 

the measured degree of cure of the first run and the glass transition was determined according to the ASTM E1356 

standard. The glass transition temperature dependence on degree of cure can be expressed by the Di Benedetto 

equation [30] as follows: 

T� = T�� +
(T�� − T��)λα

1 − (1 − λ)α
(5) 

where T�� and T�� are the glass transition temperature of the fully cured and uncured material respectively and λ

is a parameter controlling the convexity of the dependence. 

The specific heat capacity of the composite is computed making use of the rule of mixtures as follows: 

c� = w�c�� + (1 − w�)c�� (6) 

where w� is the fibre weight fraction, c�� the fibre specific heat capacity and c�� the specific heat capacity of the 

resin. The specific heat capacity of the fibre is computed using [3]: 

c�� = A���T + B��� (7) 

where A��� and Β��� control the linear dependence of fibre specific heat capacity on temperature. The specific heat 

capacity of the resin system was measured using a modulated mode of the DSC instrument. Three isothermal tests 

were carried out at 100, 120, and 130°C. The amplitude and the period of the modulation was 1°C and 1 min 
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respectively, whilst the heating rate to reach the isothermal temperature was 20°C/min. The specific heat capacity 

of the resin was approximated using a modified logistic equation: 

C�� = B��� +
Δ���

1 + e����� � �����������
+ T �A��� +

Γ���

1 + e����� � �����������
� (8) 

where A���, B��� are the slope and the intercept of the linear dependence of the specific heat capacity of the uncured 

resin on temperature, Γ���, Δ��� denote the strength of the step reduction in specific heat capacity at the vitrification 

point and its temperature dependence respectively, whilst C��, α���, α��� are the breadth and the phenomenological 

parameters controlling the degree of cure at which the transition occurs.  

The thermal conductivity of the anisotropic composite material in the transverse direction is calculated as follows 

[31]: 
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where K�� is the thermal conductivity of the fibre in the transverse direction expressed as follows: 

K�� = B�� (10) 

where B�� is a constant. The resin thermal conductivity model for the resin system can be expressed by the 

following equation [32]: 

K� =
1 + θα

β + γΤ
(11) 

where θ, γ are fitting parameters controlling the linear dependence on the degree of cure and temperature 

respectively, whilst β the contribution of structure scattering and of vacant-site scattering to thermal resistance.  

2.3. Optimisation and active control scheme 

An active control scheme was developed integrating the cure simulation model with monitoring data for the real 

time optimisation of curing. A schematic representation of the active control is shown in Figure 2. The aim of the 

active control tool is to find, in real time, dwell temperatures (T���) that do not produce problematic temperature 

overshoots in the composite part, while minimising the duration of the process. The control scheme acts in real 

time considering the cure model predictions based on the available monitoring data. More specifically, the active 
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control tool interacts with the cure simulation interface suggesting a cure temperature (T���) higher than the current 

value (T�) - measured by the control thermocouple placed on the outer surface of the composite part - by a constant 

temperature step increase (T����). The cure model interface accepts or rejects the suggested temperature based on 

a series of conditions. The active control sets the new allowable temperature (T���) - as provided by the cure model 

interface - to the oven PID controller and thus to the composite part. This way, there is real time control and at the 

same time estimation of potential temperature dwells which drive the process to faster cycles with respect to the 

applied process constraints and design parameters. The active control is triggered when the temperature reaches 

60°C at which the material is still in an inert state. 

Figure 2 Schematic representation of active control tool.

The cure simulation runs a one-dwell thermal profile with duration 30 min using as inputs the current cure oven 

temperature T�, the degree of cure α�, and the suggested temperature T���, whilst it outputs ΔT���, and t����.  The 

computational time of the cure simulation is about 12 s allowing the possibility to provide real-time feedback to 

the active control. The aim of the cure simulation is to calculate the maximum temperature overshoot and the time 

at which it happens within a window of 30 min. The limitations applied to the active control related to selection 

of temperature dwells are illustrated in Figure 3. The cure model interface executes the cure model if the suggested 

temperature (T���) does not exceed the maximum allowable temperature (T���). T��� is accepted if the maximum 

temperature overshoot (ΔT���) is not higher than the maximum allowable temperature overshoot (ΔT���) or if the 

time difference (Δt���) between the time of the maximum overshoot occurs (t����) and the time needed for the 

part to cool down (t�����) to avoid exceeding ΔT��� is higher than a safety factor time (Δt��). Δt�� is a safety margin 
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to the time difference Δt��� to avoid exothermic effects corresponding to potential process variability arising from 

the inherent time constant of the manufacturing setup. 

Δt��� = t���� − t����� (12) 

t����� =
(ΔT��� − ΔT���)

r����
(13) 

If one of the conditions is not fulfilled a second simulation run is performed using T� as the instantaneous cure 

temperature. The same constraints are applied to the second run and if the overshoot is lower than the limit, T� is 

selected as the next temperature dwell for the active control. Otherwise, the temperature setting T��� is calculated 

as follows: 

T��� = T� − (ΔT��� − ΔT���) (14) 

Table 1 reports the parameter values used in the current study. The active control tool and a cure model interface 

allowing automated execution of the FLEXPDE 7 solver were implemented in Python 3.9. 

Table 1 Active control parameters. 

Active control parameters Values 

ΔT��� 10 °C 

T��� 160 °C 

T���� 5 °C 

Δt�� 5 min 

r���� 1.5 °C/min 
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Figure 3 Cure model interface of the active control tool.

2.4. Manufacturing trials 

The cure simulation model was validated in the curing of a thick UD carbon/epoxy composite panel. The composite 

part consisted of 228 UD prepreg plies with dimensions 100 mm × 100 mm resulting in a thickness of 41 mm. 

Aluminium plates were placed on top and bottom of the panel, whilst pieces of foam were attached on the sides 

for insulation. Figure 4a shows the curing setup. The whole assembly was placed on a hydraulic press heated at 

80°C for 1 h to ensure equilibration of temperature in the thickness direction, followed by a second dwell at 150°C 

for another 1 h. Five k-type thermocouples were inserted evenly through the thickness as illustrated in Figure 4b 

to monitor the evolution of the through thickness part temperature. This setup achieves close control of boundary 

temperatures; therefore, allowing validation of the simulation operation within the body of the curing component. 

A TM500 12-Channel Datalogging Thermometer was utilised to acquire the temperature data.  
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a) b) 

Figure 4 a) Curing stage of flat composite panel b) schematic representation of K-type thermocouples mounting 

within the composite panel. 

The validation of the active control tool was performed during the cure of a round cable in an industrial oven. The 

experimental set-up is depicted in Figure 5. The round cable consisted of wound UD prepreg plies, equivalent to 

112 layers from centre to the surface consolidated by release film resulting in a diameter of 40.1 mm for the whole 

assembly. Two k-type thermocouples were placed on the outer surface and in the centre of the cable. The 

thermocouple on the outer surface was used as a control thermocouple for the PID controller, whilst the 

thermocouple in the centre to monitor exothermic effects only for validation purposes. In order to evaluate the 

material state of the cable after the completion of the cure process, a dynamic DSC run was performed with a 

heating rate of 10°C/min.  

Figure 5 Active control tool validation experimental set-up 
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3. Results and Discussion 

3.1. Constitutive models 

A fitting was performed on the experimental data as acquired by the DSC and MDSC runs to estimate constitutive 

model parameters for System A cure kinetics, glass transition temperature and specific heat capacity. The fitting 

was performed using the hybrid Genetic Algorithm implemented in the Solver of Microsoft Excel [33]. Figure 6 

illustrates the performed fitting of the cure kinetics model, presented in Eqs. 3-4, on the experimental data with an 

average absolute error of about 0.01. Figure 7a shows the experimental data of glass transition temperature and 

the fitting performed following the Di Benedetto model as described in Eq. 5. The resin specific heat capacity 

model fitting is depicted in Figure 7b alongside the modulated DSC (MDSC) results, whilst the average absolute 

error is equal to 0.01 J/g/°C. The model constants of Eqs. 3-8 obtained by the fitting are reported in Table 2. 

The thermal conductivities parameters values presented in Eq. 11 were derived from a similar epoxy resin system 

(Huntsman XU3508/ XB3473 [34]) and presented in Table 3. The densities of the epoxy resin (ρ�), and carbon 

fibre (ρ��) used in manufacturing trials and process simulation are also reported in Table 3. 

a) b) 

Figure 6 Cure kinetics model fitting a) Isothermal 130, 140°C and dynamic 10°C/min b) Isothermal 80, 100°C. 
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a) b) 

Figure 7 a) Di Benedetto equation fitting b) Specific heat capacity model fitting. 
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Table 2 Cure kinetics, Glass transition temperature and fibre [3] and resin specific heat capacity models 

constants. 

Parameter Values Units 

�� 4.67E + 09 s��

�� 5.84E + 09 s��

�� 103,631.31 Jmol��

�� 90,435.52 Jmol��

� 0.94 - 

�� 5.93 - 

�� 2.24 - 

�� 0.0064 - 

�� −1.71 K��

C 44.4

���� 362 Jg��

��� 277.26 K

��� 414.96 K

� 0.53 Jg��K��

���� 0.0023 Jg��°C��

���� 0.765 Jg��°C��

���� 1.073 Jg��°C��

���� 0.301 Jg��°C��

���� 0.00269 Jg��°C��

���� 0.00021 Jg��°C��

��� 29.4 °C��

���� 0.0061 - 

���� 0.184 °C��
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Table 3 Thermal conductivity model constants [32], resin and fibre densities. 

Parameter Values Units 

��� 0.765 Jg��°C��

� 0.44 Wm��K��

β -12.1 W��mK

γ 0.061 mW��

�� 1.16 gml��

��� 1.78 gml��

3.2. Cure simulation validation 

Figure 8 shows the 41 mm thick carbon fibre/epoxy flat panel after the completion of the cure process. The 

temperature data acquired during the process are illustrated in Figure 9a alongside the cure simulation prediction. 

The temperature profiles at the lower and top surface were used as boundary conditions. The applied cure 

temperature profile on the sample resulted in a maximum temperature overshoot at the part middle surface of about 

25°C, highlighting the aggressive character of the thermal profile used. For this manufacturing trial, the presence 

of an exotherm allows the thorough investigation of the cure model capabilities compared to the experimental 

results. The comparison shows a good agreement between the cure simulation and the experiment, proving the 

accuracy of the model in estimating the thermal gradient and especially temperature overshoot, which is of 

significance in the case of thick components. The average absolute error is about 1.8°C. This low value of error 

evidence the accuracy of the simulation to represent conduction effects, heat generation due to the reaction and 

other non-linearities in the curing material successfully. 

Figure 8 UD Composite flat panel 
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a) 

b) 

Figure 9 Cure model validation: a) temperature b) degree of cure 
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Figures 10 and 11 show the cured cable and the results of the active control tool implementation. The evolution of 
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allowable limit or if it does the predicted time to the occurrence of overshoot is sufficiently long to allow cooling 

down before the process reaches this point. It can be observed that the applied thermal profile does not present a 

typical behaviour of two or three dwell profiles. The part is initially heated up to 112°C followed by a cooling step 

at 107°C for approximately 5 min. This is because a cure temperature of 112°C at the beginning of the process 

results in temperature overshoots higher than the allowable threshold. However, this particular temperature is 

accepted by the active control tool initially, since the time at which the predicted temperature overshoot occurs is 

greater than Δt��. When Δt��� becomes lower than the allowable time limit, the cure temperature at that time 

becomes not acceptable anymore and thus a lower dwell temperature is applied compensating for the difference 

between ΔT��� and ΔT���. In this way, the thermal profile becomes more aggressive avoiding at the same time 

unacceptable temperature overshoots. Two longer dwells follow at 113°C and 117°C for 5 min and 4 min 

respectively, before the final post cure at 150°C for approximately 15 min. The cure process terminates after 77 

min, when the degree of cure reaches 0.95. The maximum temperature overshoot measured is equal to 8.8°C, 

which is lower than ΔT���. A reduction of about 70% in cure duration is achieved compared to the nominal thermal 

profile utilised for a cable with the same diameter. The nominal profile, recommended by the resin supplier, 

illustrated in Figure 12, comprises two dwells at 95°C and 150°C for 180 min and 30 min respectively, resulting 

in a cure duration of about 244 min, whilst the maximum overshoot is below 5°C.  

Figure 10 Round cable after the completion of curing stage 
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Figure 11 Active control tool results; optimal thermal profile, cable temperature and degree of cure. 

Figure 12 Nominal cure cycle results; cable temperature and degree of cure evolution.

3.4. Comparison of active control and off-line optimisation 

The solution provided by the active control tool was compared with the results of off-line optimisation based on 

an exhaustive search of the design space of possible cure model solutions. The design variables of the optimisation 

are the parameters of the two-dwell cure profile illustrated in Figure 13a, i.e. the temperature (T�) and the duration 

(Δt�) of the first dwell. The range of thermal profile parameters T� and Δt� considered was 70-150°C and 5-120 

min respectively. The second dwell duration (Δt�) was not considered as a design variable due to the definition of 
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cure time as the time at which a certain leave of cure is reached, whilst the second dwell temperature (T�) and 

heating rate were constant and equal to 150°C and 2.3°C/min respectively. The total number of cure model 

evaluations was 931.   

Figure 13b shows the outcome of the exhaustive search alongside the result for the nominal cure cycle and the 

implementation of active control. The competitive nature of the temperature overshoot and cure duration leads to 

an L-shape Pareto front of the optimal design points. A thermal profile with T� and Δt� equal to 106 °C and 15 

min respectively results in a total duration of 79 min, whilst the maximum temperature overshoot is about 10 °C, 

which is the maximum temperature overshoot allowed. The comparison highlights the capability of the active 

control algorithm to obtain a solution with performance close to that of optimal solutions obtained by the 

exhaustive search, for similar levels of temperature overshoot. Setting a different temperature overshoot constraint 

in active control would have resulted in a different cure profile than the one followed in Figure 11, but with 

performance similar to that of the point of the Pareto front of the exhaustive search that corresponds to the same 

level of overshoot. In addition, the active control algorithm can adapt to measured variations in process conditions, 

e.g. differences between the nominal and actual temperature on the surface of the part, without using an 

optimisation scheme performed off-line for a specific part. The active control algorithm requires only the thermal 

history of the curing part and uses thickness as an input. Therefore, it can be used for different cable diameters in 

a generic manner. The control scheme can also adapt to potential thermal disturbances during the process finding 

in real time the optimal solution. Therefore, active control can be used to optimise the cure process subject to in 

situ variations within the limits set by certification processes. This is a crucial advantage over an off-line solution, 

such as the one obtained by the exhaustive search, the accuracy of which would is subject controlling variations 

in surface temperature of the component.  
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a) b) 

Figure 13 a) Two dwell profile b) Comparison between exhaustive search and active control results 

4. Conclusions 

The active control tool developed in this study integrates cure model predictions with real time monitoring data 

driving the cure process to a faster cycle by selecting optimal cure temperatures while respecting to temperature 

overshoot constraints. The active control implementation in the curing of a thick round carbon fibre/epoxy cable 

has reduced the duration of the process by about 70% compared to nominal profiles keeping the maximum 

temperature overshoot below a generally considered acceptable limit of 10 °C. The solution found by the active 

control lies on the L-shape Pareto front of off-line optimisation design points highlighting the capability of the 

method to drive in real time the process to optimal solutions. The active control can be utilised for various cable 

diameters using the same cure model and deal with process uncertainty manifested as deviations in thermal 

conditions in comparison to the prescribed cure cycle. The simplification of the cure model to 1-D solution reduces 

significantly the computational time. In the case of more complex parts, where a FE model becomes 

computationally cumbersome, a surrogate cure model can be developed allowing the utilisation in real time during 

the process.  

Acknowledgments  

This work was supported by the Engineering and Physical Sciences Research Council, through the Grant 

RPOACM (EP/K031430/1). Data underlying this study can be accessed through the Cranfield University 

repository at https://doi.org/10.17862/cranfield.rd.18393920. 

Time

Te
m

pe
ra

tu
re

Δt1

r1

r1

Δt2

T2

T1

0

5

10

15

20

25

30

35

40

45

50

50 70 90 110 130150170190 210230250270

M
ax

. t
em

pe
ra

tu
re

 o
ve

rs
ho

ot
 [°

C
]

Total cure duration [min]

Off-line exhaustive search
In-situ optimisation solution
Nominal profile



21 

References 

[1] Rubino F, Nisticò A, Tucci F, Carlone P. Marine Application of Fiber Reinforced Composites: A 

Review. J Mar Sci Eng 2020;8. https://doi.org/10.3390/jmse8010026. 

[2] Meier U, Winistörfer A, Haspel L. WORLD’S FIRST LARGE BRIDGE FULLY RELYING ON 

CARBON FIBER REINFORCED POLYMER HANGERS, 2020. 

[3] Struzziero G, Skordos AA. Multi-objective optimisation of the cure of thick components. Compos Part A 

Appl Sci Manuf 2017;93:126–36. https://doi.org/10.1016/j.compositesa.2016.11.014. 

[4] Aleksendrić D, Bellini C, Carlone P, Ćirović V, Rubino F, Sorrentino L. Neural-fuzzy optimization of 

thick composites curing process. Mater Manuf Process 2019;34:262–73. 

https://doi.org/10.1080/10426914.2018.1512116. 

[5] Ratle F, Achim V, Trochu F. Evolutionary operators for optimal gate location in liquid composite 

moulding. Appl Soft Comput J 2009;9:817–23. https://doi.org/10.1016/j.asoc.2008.05.008. 

[6] Okabe T, Oya Y, Yamamoto G, Sato J, Matsumiya T, Matsuzaki R, et al. Multi-objective optimization 

for resin transfer molding process. Compos Part A Appl Sci Manuf 2017;92:1–9. 

https://doi.org/10.1016/j.compositesa.2016.09.023. 

[7] Tifkitsis KI, Mesogitis TS, Struzziero G, Skordos AA. Stochastic multi-objective optimisation of the 

cure process of thick laminates. Compos Part A 2018;112:383–94. 

https://doi.org/10.1016/j.compositesa.2018.06.015. 

[8] Matsuzaki R, Yokoyama R, Kobara T, Tachikawa T. Multi-objective curing optimization of carbon fiber 

composite materials using data assimilation and localized heating. Compos Part A Appl Sci Manuf 

2019;119:61–72. https://doi.org/10.1016/j.compositesa.2019.01.021. 

[9] Mesogitis TS, Skordos AA, Long AC. Stochastic simulation of the influence of cure kinetics uncertainty 

on composites cure. Compos Sci Technol 2015;110:145–51. 

https://doi.org/10.1016/j.compscitech.2015.02.009. 

[10] Mesogitis TS, Skordos AA, Long AC. Stochastic heat transfer simulation of the cure of advanced 

composites. J Compos Mater 2016;50:2971–86. https://doi.org/10.1177/0021998315615200. 

[11] Acquah C, Datskov I, Mawardi A, Zhang F, Achenie LEK, Pitchumani R, et al. Optimization under 



22 

uncertainty of a composite fabrication process using a deterministic one-stage approach. Comput Chem 

Eng 2006;30:947–60. https://doi.org/10.1016/j.compchemeng.2005.12.015. 

[12] Gupta N, Sundaram R. Fiber optic sensors for monitoring flow in vacuum enhanced resin infusion 

technology (VERITy) process. Compos Part A Appl Sci Manuf 2009;40:1065–70. 

https://doi.org/10.1016/j.compositesa.2009.04.022. 

[13] Carlone P, Rubino F, Paradiso V, Tucci F. Multi-scale modeling and online monitoring of resin flow 

through dual-scale textiles in liquid composite molding processes. Int J Adv Manuf Technol 

2018;96:2215–30. https://doi.org/10.1007/s00170-018-1703-9. 

[14] Schmachtenberg E, Schulte Zur Heide J, Töpker J. Application of ultrasonics for the process control of 

Resin Transfer Moulding (RTM). Polym Test 2005;24:330–8. 

https://doi.org/10.1016/j.polymertesting.2004.11.002. 

[15] Danisman M, Tuncol G, Kaynar A, Sozer EM. Monitoring of resin flow in the resin transfer molding 

(RTM) process using point-voltage sensors. Compos Sci Technol 2007;67:367–79. 

https://doi.org/https://doi.org/10.1016/j.compscitech.2006.09.011. 

[16] Tifkitsis KI, Skordos AA. A novel dielectric sensor for process monitoring of carbon fibre composites 

manufacture. Compos Part A Appl Sci Manuf 2018. 

[17] Skordos A, Kratz J. Layer by Layer (LbL) curing - Feasibility study. 2018. https://cimcomp.ac.uk/wp-

content/uploads/2017/11/Executive-Summary.pdf. 

[18] Zhang B, Li Y, Liu S, Shen Y, Hao X. Layered self-resistance electric heating to cure thick carbon fiber 

reinforced epoxy laminates. Polym Compos 2021;42:2469–83. 

https://doi.org/https://doi.org/10.1002/pc.25992. 

[19] Di Fratta C, Klunker F, Trochu F, Ermanni P. Characterization of textile permeability as a function of 

fiber volume content with a single unidirectional injection experiment. Compos Part A Appl Sci Manuf 

2015;77:238–47. https://doi.org/10.1016/j.compositesa.2015.05.021. 

[20] Konstantopoulos S, Grössing H, Patrick H, Weninger M, Schledjewski R. Determination of the 

unsaturated through-thickness permeability of fibrous preforms based on flow front detection by 

ultrasound. Polym Compos 2018;39:360–7. https://doi.org/10.1002/pc.23944. 



23 

[21] Tifkitsis KI, Skordos AA. Real-time inverse solution of the composites’ cure heat transfer problem under 

uncertainty. Inverse Probl Sci Eng 2020;28. https://doi.org/10.1080/17415977.2019.1700242. 

[22] Di Fratta C, Klunker F, Ermanni P. A methodology for flow-front estimation in LCM processes based on 

pressure sensors. Compos Part A Appl Sci Manuf 2013;47:1–11. 

https://doi.org/10.1016/j.compositesa.2012.11.008. 

[23] Johnson RJ, Pitchumani R. Active Control of Reactive Resin Flow in a Vacuum Assisted Resin Transfer 

Molding (VARTM) Process. J Compos Mater 2008;42:1205–29. 

https://doi.org/10.1177/0021998308091264. 

[24] Wei B-J, Chuang Y-C, Wang K-H, Yao Y. Model-Assisted Control of Flow Front in Resin Transfer 

Molding Based on Real-Time Estimation of Permeability/Porosity Ratio. Polymers (Basel) 2016;8. 

https://doi.org/10.3390/polym8090337. 

[25] Devillard M, Hsiao K-T, Advani SG. Flow sensing and control strategies to address race-tracking 

disturbances in resin transfer molding—part II: automation and validation. Compos Part A Appl Sci 

Manuf 2005;36:1581–9. https://doi.org/https://doi.org/10.1016/j.compositesa.2004.04.009. 

[26] Restrepo O, Hsiao K-T, Rodriguez A, Minaie B. Development of adaptive injection flow rate and 

pressure control algorithms for resin transfer molding. Compos Part A Appl Sci Manuf 2007;38:1547–

68. https://doi.org/https://doi.org/10.1016/j.compositesa.2007.01.005. 

[27] Fratta C Di, Koutsoukis G, Klunker F, Ermanni P. Fast method to monitor the flow front and control 

injection parameters in resin transfer molding using pressure sensors. J Compos Mater 2016;50:2941–57. 

https://doi.org/10.1177/0021998315614994. 

[28] FlexPDE 7®, FlexPDE Help. https://www.pdesolutions.com/help/index.html; 2019. n.d. 

[29] Karkanas PI, Partridge IK. Cure modeling and monitoring of epoxy/amine resin systems. I. Cure kinetics 

modeling. J Appl Polym Sci 2000;77:1419–31. https://doi.org/10.1002/1097-

4628(20000815)77:7<1419::AID-APP3>3.0.CO;2-N. 

[30] Pascault JP, Williams RJJ. Relationships between glass transition temperature and conversion. Polym 

Bull 1990;24:115–21. https://doi.org/10.1007/BF00298330. 

[31] Farmer JD, Covert EE. Thermal conductivity of a thermosetting advanced composite during its cure. J 



24 

Thermophys Heat Transf 1996;10:467–75. https://doi.org/10.2514/3.812. 

[32] Struzziero G, Remy B, Skordos AA. Measurement of thermal conductivity of epoxy resins during cure. J 

Appl Polym Sci 2018;47015:1–10. https://doi.org/10.1002/app.47015. 

[33] Barati R. Application of excel solver for parameter estimation of the nonlinear Muskingum models. 

KSCE J Civ Eng 2013;17:1139–48. https://doi.org/10.1007/s12205-013-0037-2. 

[34] Huntsman®. www.huntsman.com (accessed Aug 2021) n.d. 



https://dspace.org/

Online optimisation and active control of the cure 
process of thick composite laminates
Tifkitsis, Konstantinos; Winistoerfer, A.; Skordos, Alexandros A.

2023-02-03
Elsevier
https://doi.org/10.1016/j.jmapro.2023.01.027
Tifkitsis KI, Winistoerfer A, Skordos AA. (2023) Online optimisation and active control of the 
cure process of thick composite laminates. Journal of Manufacturing Processes, Volume 87, 
February 2023, pp. 221-230

Downloaded from a DSpace repository. https://dspace.org/

https://dspace.org/
https://doi.org/10.1016/j.jmapro.2023.01.027
https://dspace.org

