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Abstract 

Optically cured polymer composites can offer numerous advantages over thermally-

processed composites. This is especially applicable with large beads generated using Large 

Area Additive Manufacturing (LAAM) extrusion. This paper proposes a low-cost, semi-

automated, off-the-shelf desktop system to quickly and precisely cure 8 mm thick, glass-filled 

(di-)methacrylate composite specimens for three-point flexural testing. In the absence of a 

clear preparation method for specimens of this thickness, we integrate aspects of two existing 

ISO Standards: ISO 178:2019, and ISO 4049:2019, to provide a rapid and reliable basis for 

specimen preparation and flexure testing. We propose two distinct curing strategies and 

compare these in terms of the flexural performance of prepared specimens, and the total cure 

time. Flexural data is critical to understanding the structural performance of light-activated 

composite pastes; and the curing methodology can be applied to potential future technologies 

which involve high-speed in-situ curing, from direct part/feature repair to functional 

production. 

Introduction 

Large Area Additive Manufacturing (LAAM) is an exciting and evolving application 

of AM technology. LAAM processes generally consist of either material extrusion (i.e. 

concrete, cement, or thermoplastic feedstock), or Vacuum-Assisted Resin Transfer Moulding 

(VARTM). These techniques have been implemented to fabricate large, functional structures 

such as boat hulls [1], turbine blade moulds [2], car bodies [3], and houses [4]. Most LAAM 

approaches involve reinforced thermoplastic extrusion (and a good deal of post-processing), 

mainly due to the design freedom offered when compared to VARTM, which relies on pre-

build moulds and a significant amount of skilled human interaction during processing. 

Regardless, while VARTM-based LAAM can achieve good results, extrusion-based systems 

are considered to provide superb design agility, improved mechanical properties, and much 

higher manufacturing throughput than the VARTM process. It is proposed that LAAM using 

reinforced extrusion systems such as the Big Area Additive Manufacturing (BAAM) could 

reduce certain manufacturing costs and time by seventeen and fifty times respectively [5]. 

There are, however, some significant challenges presented in the use of reinforced 

thermoplastic extrusion in LAAM, including an inability to utilise support structures, poor 

surface quality and non-uniform bead geometries, lack of suitability for high-stiffness 

applications, geometric restrictions such as overhang angles and hole production, poor 

interlaminar strength, the presence of large voids between layers and between adjacent beads, 

and perhaps most importantly the observation of fibre skins on extruded beads [6], [7]. While 
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there are substantial efforts to improve the results of LAAM technologies, such as infrared 

heating and UV post-curing, there is still significant progress to be made [8]. Many of the 

issues outlined – particularly the geometric problems – are synonymous with thermally-

processed AM methods, whether in large or small format. Therefore, one possible method of 

mitigating some of the deficiencies with these AM systems may be to utilise a rapid, 

optically-cured method of production. 

Optical Curing 

Optically-cured AM technologies are 

already under investigation for small scale 

extrusion, most notably in Kretzschmar et al 

[9]. There, a Ø0.84 mm nozzle was used to 

extrude an acetate/acrylic resin blend 

reinforced with cellulose and silica to form 

an extrudable paste, while a diffuse UV-

curing system cured the paste in-situ as 

shown in Figure 1 [9], as well as in post-

processing. This led to printed overhang 

angles of 60°, which is a significant 

achievement compared to the usual 45° 
maximum angle in FDM/FFF printing. 

However, due to the small scales, and the 

observation in LAAM that dimensional 

upscaling introduces its own problems, it is 

not yet clear how a UV-cured LAAM 

system would perform. In addition, resin-

based systems can be sensitive to 

spontaneous polymerisation under ambient conditions, and so care must be taken to ensure 

that a suitable inhibitor is used in conjunction with the physical shielding of resins against 

unwanted irradiation. This can be achieved, for example, by blackening or ambering the 

storage containers, storing materials at reduced temperatures, and utilising a ‘just-in-time’ 

production system. Fortunately, these are not particularly significant production challenges, 

as long as they are identified and appreciated. It is notable that, unlike other resin-based 

systems, extrusion does not require resin to be accumulated in vats or baths during the 

production process, and can be selectively extruded via completely shielded systems such as 

blackened syringes, plungers, and within enclosed augur print heads. As well as offering 

extraordinary features and geometries, and a very high rate of polymerisation, optically cured 

resins are varied, with some showing the potential to combine the benefits of a thermoplastic 

with a thermoset, and thus potentially addressing concerns around the relatively poor 

mechanical properties often associated with resin-based composites in structural or load 

bearing terms [10]. Finally, the ability to produce more exotic geometries can open the door 

to mechanical improvements as a result of the geometries, for example by introducing lattice-

based structures, such as functionally-graded or conformally-graded lattices, which have been 

shown to significantly improve the mechanical properties of structures while providing a 

favourable cost-effort ratio [11], [12]. 

Figure 1: A functional UV-curing extrusion system for small-

scale bio-composite pastes [9] 
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Materials Selection 

Recent global supply chain issues resulting from the COVID-19 pandemic and 

electronics shortage have made obtaining the same range of materials and equipment as pre-

COVID difficult. There are some highly promising resins and materials undergoing research 

(and in retail), but obtaining them can be challenging at best. Therefore, selecting readily 

available and common composite materials, capable of being optically cured, appears wise. A 

good example of this is the utilisation of materials commonly encountered in the dental 

restoratives industry, including co-monomers, photoinitiators, and filler, with a purpose-built, 

off-the-shelf dental curing light to initiate polymerisation. Since dental restorative 

components have a high and consistent level of availability alongside their relative low cost, 

they are an attractive proposition for investigation, as well as being manufactured within 20 

miles of the Research Centres. Curiously, in clinical situations, dental composites would 

usually be cured in-situ, with this curing normally performed in a layerwise fashion. Since 

each layer must adhere sufficiently to the next subsequent layer when used as a dental 

restorative, it stands to reason that using the same materials and the same curing methods 

extra-orally would likely result in the same level of adhesion; this is an incredibly promising 

phenomenon if extrapolated to a manufacturing environment1. 

Base Resins 

The choice of base resins in an optically-cured polymer system is of fundamental 

importance. One key factor is that the base monomer(s) must be readily processable in terms 

of viscosity, miscibility with other components, and preferably have a long storage life. They 

must be able to provide sufficient mechanical performance for the application, be chemically 

stable, ideally non-toxic, and allow for the reliable integration of other process components 

such as initiators and inorganic fillers. High molecular weight (MW) monomers, especially 

those containing aromatic phenol rings, such as bisphenol A-glycidyl methacrylate (BisGMA, 

Figure 2, top), MW = 512.599 kg mol-1, tend to have high viscosities. As a consequence, they 

can be difficult to handle, but offer greater tensile and flexural strength than lower viscosity 

materials, and can help to reduce polymerisation shrinkage [13]. The most common method 

 
1 While the work discussed in this paper deals only with bulk material, it forms part of a larger 

layerwise investigation taking place within the research collaboration of the authors. 

Figure 2: Chemical structure of the BisGMA (top) and TEGDMA (bottom) molecules 
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of reducing viscosity is to combine the high MW base monomer with a lower MW, 

synergistic, ‘diluent’ monomer, for example triethylene glycol dimethacrylate (TEGDMA, 

Figure 2, bottom), MW = 286.324. kg mol-1. With the combination of high and low viscosity 

co-monomers, the final viscosity (assuming other rheological factors such as temperature and 

shear etc are ignored) can be fine-tuned. This allows researchers to balance 

viscosity/processability with desired mechanical performance, especially if a diluent is 

chosen that can increase the rate or degree of polymerisation [14]. A potentially negative 

consequence of a high degree of polymerisation is that this increases the degree of shrinkage 

[15], which in clinical practice is a major consideration, but in LAAM, this shrinkage would 

be diminishingly small when compared to the bulk specimen or extruded bead. The 

viscosities of BisGMA and TEGDMA respectively, are 700 Pa s and 0.05 Pa s, at room 

temperature. However, the viscosity of the received 80/20 wt% combination of these showed 

a viscosity of 1.176 Pa s (measured by the manufacturer using a cone and plate system) and 

so the viscosities do not scale when found in a co-monomer blend. Some measure of 

experience, and empirical-based optimisation, is usually required to tune the viscosity of the 

finished resin. 

Inorganic Filler 

The addition of an inorganic solid phase into the resin matrix provides strength to the 

final composite, as well as further reducing polymerisation shrinkage, however it is shown to 

reduce impact strength [16]. Inorganic fillers, usually borosilicates, come in a variety of 

morphologies which can be selected depending on the costs vs. benefits: smaller particle sizes 

are generally more expensive to purchase than larger particles, though other influential 

factors exist, such as radio-opacity, coatings, etc. Smaller fillers have larger surface area per 

unit mass, and if coated with a coupling agent such as 3-(trimethoxysilyl)propyl methacrylate 

(a ‘silane’) to chemically bond the organic and inorganic phases, this high surface area can 

provide significant strength increases compared to smaller surface area particles as more 

coating is introduced per unit mass/volume. However, using a filler often introduces 

inhomogeneities within the composite, and can lead to agglomerations, air bubbles, and a 

difference in the degree of shrinkage between filled and unfilled regions, all of which can 

contribute to weaknesses in the final mechanical performance of the polymer composite [17]. 

Photoinitiator 

The final key component of an optically-cured composite material is the use of an 

appropriate photoinitiator system, i.e., initiator and energy source, to trigger free-radical 

polymerisation. Photoinitiators are sensitive to light within specific spectral regions. For 

example, the most common photoinitiator in a dental composite is camphorquinone (CQ). 

This, in conjunction with a tertiary amine co-initiator such as ethyl 4-dimethylaminobenzoate 

(4EDMAB), has an absorption peak at around 460 nm. Others, such as phenylbis(2,4,6-

trimethylsbenzoyl)phosphine oxide (BAPO) peak at around 395 nm (Figure 3). 
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The magnitude of the absorption is one reason why researchers and manufacturers might 

select one initiator over another; lower wavelengths tend to give higher absorbances, but 

require more energy to activate, and the incident light does not penetrate as deeply as with 

longer wavelengths. Also, not all initiators operate by the same mechanism, and the degree of 

conversion can differ greatly. BAPO, for example, is a Norrish Type-I (α-cleavage) initiator 

and can have a very high polymer degree of conversion of up to 80%, depending on the setup 

[18]. CQ/4EDMAB on the other hand is a Norrish Type-II (γ-hydrogen abstraction) initiator 

which results in a much slower reaction. However, the fact that CQ is sensitive at longer 

wavelengths can in some cases counteract the sluggish rate of initiation due to the higher 

penetration depth of the incident light at longer wavelengths. Matching the absorption 

spectrum of the photoinitiator to the energy source is also a critical consideration. Many 

commercial dental light sources offer high intensity energy over a wide range of wavelengths, 

often with multiple emission peaks and ranges. This allows multiple initiators to be used 

either discretely or in combination. For example, the BASE290 curing light from BA 

International has dual peaks and overlapping emission ranges to coincide with the CQ peak as 

well as the BAPO peak. Both of these peaks have fairly shallow cut-on/cut-off regions and so 

can encompass a wider wavelength range, and thus improve matching (Figure 4). This is a 

further key benefit of using equipment specifically designed for the materials in question. 

Figure 3: Absorption profile of selected photoinitiators [33]  

Figure 4: Relative emission spectrum of BASE290 LCU, courtesy of BA International Ltd 
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International Standards for Specimen Production and Mechanical Testing 

When testing the mechanical properties of materials or structural elements, 

descriptive Standards are a good starting point. Unfortunately, as has been highlighted 

frequently within the AM industry, there are few guiding Standards by which to guide 

researchers, innovators, or manufacturers. While this situation is improving, and the bodies 

who publish and design Standards, such as the International Standards Organisation (ISO), 

Japanese Industrial Standards (JIS), and American Society for Testing and Materials 

(ASTM), are reviewing existing AM Standards fairly regularly, there is major room for 

improvement [19]. Often, the Standards are dependent upon the final application of AM 

products, for example whether they are designed for Aerospace, Medical, or Dental, etc, or 

by the method of production (i.e., FDM/FFF, SLS, etc). It has been frequently highlighted by 

AM specialists that there is a strong appetite and industrial requirement for dedicated AM 

Standards; in one study, only 12% of AM/RM centres considered existing Standards to be 

sufficient [20]. ISO/ASTM 52920 is currently being developed to specify requirements 

(independent of material and method) for AM-produced parts, although this is focussed 

around quality control and industrial processes. Existing Standards such as BS EN 

ISO/ASTM 52902:2019 addresses the production of 3D-printed parts, as relating to the 

printing systems themselves and their geometric capabilities [21], and BS EN ISO/ASTM 

52903-2:2020 further defines the requirements of 3D-printed plastic parts [22]. None of the 

Standards reference large diameter nozzles, nor do they account for large format AM 

printing. ISO 17296-3:2016 requires that flexural strength of AM-produced parts is tested by 

ISO 178:2019 [23], however on consulting this ISO, reference is made to the corresponding 

material Standard, should it exist [24]. For polymer-based restorative materials, this material 

Standard is ISO 4049:2019 [25]. Although these two loosely-related Standards are 

compatible with one another, they do not account for large format test specimens. The 

preferred nominal dimensions outlined in ISO 178:2019 are 80 x 10 x 4 mm (length x width x 

thickness), and in ISO 4049:2019 these are 25 x 2 x 2 mm, which are not compatible. ISO 

4049:2019 does not account for alternative dimensions, though ISO 178:2019 does recognise 

this option, albeit in a non-descriptive manner other than supplying guidance, which will be 

covered later in this paper. Flexural specimen length and width are both functions of 

thickness, and while ISO 4049:2019 offers a method for optically curing the specimen 

dimensions given within the document, the method is not appropriate for curing large, thick 

specimens specifically due to the increase in both width and thickness. In summary, no 

existing Standard, nor combination of Standards, can sufficiently inform the optical curing of 

large format composite flexural specimens. 

As Cincinnati Incorporated/Oak Ridge National Laboratory’s Big Area Additive 

Manufacturing (BAAM) system is able to achieve 4 mm thick extruded beads from 7.62 mm 

diameter nozzle (8.4 mm wide), with the capability to utilise even larger nozzles [6], [26], it 

sets the standard for large format printing, albeit with the problems associated with upscaling 

thermally processed polymers. Therefore, if bulk composite specimens of around 7 or 8 mm 

could be cured and tested, it opens the door for further investigation into potential AM 

applications. Material classification given in ISO 4049:2019 places the composite material 

under investigation as being ‘Class 2, Group 1’ (i.e., “Materials whose setting is effected by 

the application of energy from an external source, such as blue light or heat” (Class 2), and 

“Materials whose use requires the energy to be applied intra-orally;” (Group 1) [25]. The 

same document states a minimum flexural strength (assuming Type 2) of 50 MPa. However, 

as referred to earlier, the specimen dimensions are not aligned with high thicknesses. ISO 

4049:2019 suggests that irradiation of the samples should be based on an irradiation window 

which is 3.5 times the diameter of the specimen, including overlaps between each cure, and in 
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one single curing row (Figure 5). This is impossible for wide specimens using off-the-shelf 

curing sources. Specimen thickness of 8 mm result in a width of 15 mm, according to ISO 

178:2019, and for an irradiation window of Ø11 mm (i.e., smaller than the specimen width), 

irradiation of the specimens must be performed over multiple rows to achieve cure across the 

specimen area – again, this is not covered in any existing Standards. 

 

Discrete curing is extremely tedious, time consuming, and susceptible to experimental 

errors. While a semi-automated system is proposed in this work, the lack of Standards and 

guidance for large specimens leaves room to investigate two curing strategies for comparison 

of flexural performance (modulus and strength). The first of these strategies consists of two 

rows of overlapping cures, with each row at an ‘optimally’ determined distance from the 

narrow edge centreline; and three rows of overlapping cures, with each row at a single 

irradiation window radius separation from the next. A single material formulation is 

implemented, and the curing regime kept constant (each cure cycle is defined as 1 x 5 second 

exposure at a nominal irradiance of 3000 mW cm-2
 to ensure that curing is rapid), using an 

off-the-shelf dental curing system2. A benefit/effort calculation is performed between both 

curing strategies to determine which of the two strategies is preferable, provided that the 50 

MPa minimum flexural strength is achieved. The three-row curing system (henceforth known 

as ‘3r’) requires 50% more cost/effort than the two-row system (2r), and thus, if the final 

performance metrics fall short of this difference in cost/effort, then the 3r system will be 

rejected in favour of 2r. 

Materials & Methods 

The material formulation consisted of an inorganic silanated glass filler (30 wt%) 

suspended within a high molecular weight methacrylate resin matrix, including inhibitor to 

prevent spontaneous polymerisation in storage. Silanisation (by 3-(trimethoxysilyl)propyl 

methacrylate) of the filler provides a significant improvement in adhesion within the 

composite, and reduces air bubbles which commonly form around solid phase components 

suspended within viscous fluids. The photoinitiator was incorporated at 1.7 wt% in relation to 

the resin matrix. 

 
2 As many pre-built, off-the-shelf components of the holistic system were used in this work due to the 

aforementioned supply chain challenges. Full systems have proven to be significantly more accessible and 

obtainable than the parts which constitute these systems. Open research is also encouraged in this way. 

Figure 5: Schematic diagram showing a suggested orientation and order for multiple irradiation zones [25] 
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Resin Matrix 

The resin matrix was comprised of an 80/20 (%) premixed co-monomer blend of 

bisphenol A-glycidyl methacrylate (BisGMA) and triethylene glycol dimethacrylate 

(TEGDMA), used as received from the supplier (Esschem Europe, UK). The inhibitor was 

monomethyl ether hydroquinone (MEHQ), at 440 ppm, premixed within the resin by the 

supplier. The photoinitiator (phenylbis(2,4,6-trimethylsbenzoyl)phosphine oxide, Apollo 

Scientific, UK) was introduced into the resin using a Thinky ARV-310P planetary vacuum 

mixer (Thinky, Japan). Finally, an inorganic filler (0.7 µm silanated 30% barium borosilicate 

ground glass, Esschem Europe, UK) was similarly mixed in order to produce the composite 

paste. Mixing was performed at 1 atmosphere pressure, rotating at 1000 rpm for 420 seconds, 

followed by a further 300 seconds at 1500 rpm and 0.3 atmospheres. This ensured good 

incorporation of the different phases, degassed the mixture, and (temporarily) reduced the 

viscosity to aid transfer into the storage media (110 mL ambered glass bottles, Scientific 

Laboratory Supplies, UK). Batch details were logged, and bottles sealed with Parafilm 

paraffin tape (Bemis, US) and then refrigerated. 

Light Curing Unit (LCU) 

Polymerisation of the composite paste was performed 

using a cordless, LED-based dental Light Curing Unit (LCU), 

the Ultimate BASE 290 from BA International, UK. The LCU 

was a dual-cure Class I medical device with an Ø11 mm 

diameter lens, capable of operating at a radiant intensity of 

600, 1000, 2000, and 3000 mW cm-2, with discrete cure times 

ranging from 1 second to 20 seconds (600 and 1000 mW cm-2 

only, or 5 seconds for 2000 and 3000 mW cm-2). In order to 

provide sufficient depth of cure, while maintaining a fast 

cure, the LCU was operated so that each discrete cure cycle 

was defined by a single 5 second cure (𝑡𝑐𝑢𝑟𝑒) at a nominal 

intensity of 3000 mW cm-2. The radiant intensity of the 

output light from the LCU was measured using a dental 

radiometer (Ivoclar Bluephase Meter II, Ivoclar Vivadent, 

USA), set to Ø11 mm (Figure 6). Prior to each measurement, 

the detector was covered with a precision-cut section of 75 

µm thick polyester sheet (Melinex 401/O, Preservation 

Equipment Ltd, UK) to simulate the conditions during 

experimental curing. The LCU was always fully charged 

prior to any specimen curing taking place.  

Test Specimen Dimensions 

Test specimens were directly moulded in rectangular plate/bar format. The final 

dimensions were determined using a modification to the preferred flexural test dimensions of 

ISO 178:2019. These dimensions were calculated to be: 160.0 ±0.5 mm (length, l), 15.0 ±0.5 

mm (width, b), and 8.0 ±0.4 mm (thickness, h). 

The thickness of the test specimens was verified by modifying an existing material-

based depth of cure test as specified in ISO 4049:2019 (§7.10) [25]. This was performed on 

the material formulation in question, and a value for the depth of cure was used to support the 

Figure 6: LCU intensity testing using 

Ivoclar Bluephase Meter II radiometer 
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maximum thickness of flexural test specimens. This maximum depth of cure for a single cure 

cycle was rounded down to the closest integer. 

Two strategies to cure flexural test specimens of the given dimensions were devised. 

The first consisted of two rows of overlapping discrete cure cycles (‘2r’), and the second of 

three vertical rows (‘3r’), both lengthwise along the specimen. For both strategies, the 

lengthwise separation between the LCU centrepoints for each cure cycle was: 

 

(1) 

The y-coordinates of the curing rows (i.e., the distance of each curing row from the 

specimen centreline at y = 0 to the LCU centrepoint) was different for 2r and 3r. For 2r, this 

separation sy,2 was: 

 

(2) 

Therefore, each curing row in 2r was targeted at ±3.75 mm from the centreline y = 0, 

i.e., y = -3.75 mm and y = +3.75 mm. The factor e in (2) was an error safety factor to ensure a 

full cure within the specimen volume. A more in-depth commentary on this and details 

behind each strategy is provided in the  

 

Discussion section. The y-coordinates for 3r i.e., sy,3 were more straightforward, and 

were at y = 0 surrounded by two further rows at: 

 

(3) 

Thus, the curing rows in 3r were targeted at y = 0, y = +5.5 mm, and y = -5.5 mm. 
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Curing and LCU Control 

To avoid facing the problems associated with manual photopolymerisation using an 

LCU (i..e. lack of precision, lack of accuracy, and lack of repeatability), a desktop CNC 

router (Genmitsu 3018-PROVer, Sainsmart, USA) was installed to facilitate the precise 

movement and cure positioning of the LCU (Figure 7). The router footprint was 420 x 340 x 

280 mm, with a work area of 300 x 180 x 

45 mm. This work area consisted of 3018 

aluminium extrusion, allowing for simple 

custom of off-the-shelf modifications, 

such as a threaded spoilboard or spring 

clamps to keep workpieces secured. The 

router was controlled by way of the open-

source Grbl software, with commands 

given via laptop/PC through Candle, or a 

supplied offline controller. Movement 

was induced by stepper motor-driven lead 

screws, and the accuracy of movement in 

the XY-plane was verified with no 

adjustments required out of the box. The 

supplied spindle was removed and 

disconnected from the Arduino-based control board, and replaced with a 3D-printed PLA 

holder for the LCU. The holder secured the LCU in place using a set of nylon grub screws to 

fine-tune the depth and angle of the LCU. Precision-manufactured PTFE moulds were 

fabricated, consisting of a lower mould with three rows of four M6x1 mm threaded holes in 

the underside, and an upper mould with a central pocket (160.0 ± 0.5 x 15.0 ± 0.5 x 8.0 +0.1/-

0.4 mm) with eight counterbored clearance holes around the perimeter. These holes coincided 

with M3x0.5 mm threaded holes in the lower mould upper surface and provided the clamping 

forces necessary to avoid leakage as well as reduce oxygen-induced polymerisation 

inhibition, particularly on the lower specimen surface.  The nominal mould assembly 

dimensions were 180 x 35 x 20 mm. A CAD representation of the mould is given in Figure 8. 

 

The lower mould was fixed to the installed spoilboard by four M6 nylon grub screws to 

provide a consistent position on the work plane, and to avoid undesirable relative motion of 

the mould during operation. To ensure a reliable origin, 1:1 scale templates were produced 

using AutoCAD, showing the dimensions of the upper mould and pocket, the centrepoint and 

surrounding Ø11 mm circle, and a square enclosing this circle. The template was then 

attached to the upper mould, and markings on the LCU were aligned with the XY template 

Figure 8: CAD representation of specimen curing mould assembly 

Figure 7: Genmitsu 3018-PROVer desktop CNC router 
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centrelines, the purple circle was obscured, and the blue square corners were visible, as 

demonstrated in Figure 9. 

 

A calibration and alignment GCode script was subsequently run to check for twist or 

misalignment between the LCU and template at the extreme XY-travel coordinates, and to 

highlight the need for any adjustments to the grub screws which control the angle of the 

LCU. The calibration script then moved the LCU to a safe region to allow the mould to be 

filled. Firstly, the viscosity of the mixed composite was decreased by heating in a water bath 

(Grant SubAqua Pro 5, Grant Instruments Ltd, UK) until the composite temperature reached 

37.0 °C, as determined by an 8-point, calibrated IR thermometer (Ebro TFI 260, Xylem 

Analytics, Germany). The composite was then poured into the mould pocket to a slight 

overflow, and a pre-cut sheet of Melinex then positioned slip-side down over the upper 

mould. A thick PTFE block of similar dimensions to the mould was placed on top of the 

Melinex sheet and depressed by hand until the entire mould pocket was filled, i.e., when no 

further overflow reduction was apparent. The PTFE block was removed and Melinex retained 

in place to provide a protective, transparent layer between the LCU lens and composite. This 

also allowed the LCU lens to maintain as small a separation from the resin surface as 

possible, not only as a requirement of ISO 4049:2019, but because an increase in the 

separation between light source and resin surface is known to have a negative effect on the 

polymerisation of the material [27]. Following the composite resin preparation, the LCU 

intensity and cure time (nominal intensity of 3000 mW cm-2 for five seconds cure time) was 

set and the LCU recentred and then jogged down until in contacting – but not indenting – the 

Melinex sheet. This ensured a 75 µm separation between the LCU and the surface to be 

cured, within the 50 ±30 µm range specified in ISO 4049:2019. The coordinate origin was 

reset so that x = y = z = 0 mm. 

The relevant curing GCODE program was loaded, depending on whether the 

specimens were 2r or 3r. This GCODE moved the LCU into a specific position followed by a 

machine pause to allow the operator to manually activate the curing cycle3. After the single 

five second cure, the operator resumed the GCode and the LCU was automatically moved to 

its next coordinate. During the move, the LCU was inactive for five seconds per cure cycle. 

 
3 It was for this reason that the system was considered semi-automatic as opposed to fully automatic – a 

fully automatic curing system would include automated control of the curing as well as the motion. Such a 

system would be possible, but was not in the scope of this work. 

Figure 9: LCU aligned with mould template 
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This rest was hard-coded into the LCU software and prevented the LCU from internally 

overheating. The procedure was repeated until the entire specimen was cured. Following 

completion, the GCode moved the LCU to the safe point to allow for removal of the 

specimen. 

Specimen Inspection and Verification 

Cured specimens were ejected from the mould by unscrewing the eight M3 bolts to 

free the upper mould. Specimens were pressed through the mould pocket from the irradiated 

surface to break off the thin, cured, overflow material around the edge of the specimens. The 

details were marked on the sides of the specimen, including specimen code, orientation, 

dates, etc. The dimensions were measured according to ISO 178:2019, using 200 mm 

callipers for the length (500-172-30 Absolute Digimatic, Mitutoyo, Japan), and UKAS-

calibrated micrometre (293-240-30, Mitutoyo, Japan) for width and thickness. A 75 x 50 mm 

DIN 875 Grade 00 set square (4790-075, Insize, China) was used to check for parallelism 

across all corners. Any individual specimens falling outside of the specified dimensions were 

rejected and remade. The x = 0 plane was identified and marked on the irradiated surface, as 

well as the front and back surfaces. The specimens were placed into the 37.0 °C water bath 

until mechanical testing was commenced. Five suitable specimens were accepted for each 

curing strategy. 

Mechanical Testing 

The primary properties used to determine the performance of the two curing strategies 

were the flexural modulus Ef, and the flexural strength at break σfB. These properties were 

tested using a 1 kN Shimadzu AGS-X desktop precision universal testing machine (Shimadzu 

Europa, Germany) in flexural test mode. The test conditions were set according to ISO 

178:2019, at room temperature, and were classified as Type III tests (i.e., capable of 

measuring stress, strength, strains, and providing a repeatable and precise modulus). To 

produce information on the modulus, a compliance correction was implemented using the 

procedure laid out in ISO 178:2019 Annex C [24]. The correction was calculated post-testing, 

and was generated using a highly rigid steel bar of known modulus and dimensions, up to a 

maximum load of 500 N. When changes to the (shared) test machine were made between 

tests, the compliance correction was repeated and applied to current and future tests. The 

span, L, was determined by: 

 

(4) 

The radii of both the support rollers and the loading roller was 5.0 ±0.2 mm. Preload 

speed was set at 1 mm min-1, and the test speed, v, was calculated by first determining the 

geometric test speed using the guiding equation from ISO 178:2019, and based on the 

requirement that the flexural strain rate, r, should be as close to 1% min-1 as possible: 
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(5) 

When applying the above geometric test speed of 3.41 mm min-1 to Table 1, the 

closest test speed (and the one used in this work) was 2 ±0.4 mm min-1. 

Table 1: Recommended values of the test speed, v [24] 

 

The same test speed was used for both the modulus determination region (for strains 

between 0.05% and 0.25%) and the remainder of the test, continuing until breakage of the 

specimens, known as ‘Method A’ in ISO 178:2019. As preliminary specimens failed soon 

after testing, but before yielding, Method B (50-times increased test speed following modulus 

determination) was deemed to be unnecessary. Increasing the crosshead speed is known to 

lead to an increase in reported flexural properties, which would introduce an added 

complication [24]. Specimens were positioned on the support rollers with the irradiated 

surface facing upwards, with the loading roller aligned with the specimen’s marked 

centreline. A 5 N preload was applied, and the displacement (Trapezium X, Shimadzu, Japan) 

zeroed. The test was immediately commenced and was ended automatically once each 

specimen failed. Recorded outputs were time, load, stroke, stress, and strain. Raw data was 

then uploaded into a spreadsheet log which automatically identified and calculated the 

maximum load at break, the flexural modulus, 𝐸𝑓 measured between 0.05% and 0.25% strain 

(Modulus Determination Region), the maximum flexural strength, 𝜎𝑓𝑀, and the flexural strain 

𝜀𝑓𝑀 at 𝜎𝑓𝑀. Specimens with 𝜎𝑓𝑀 < 50 𝑀𝑃𝑎 were immediately discarded to comply with the 

minimum flexural strength requirement outlined in §5.2.9. of ISO 4049:2019 [25]. Further 

specimens were to be rejected on a statistical basis, refabricated, and retested. Flexural strain, 

𝜀𝑓, flexural stress, 𝜎𝑓, and flexural modulus, 𝐸𝑓, were determined using the following set of 

equations: 
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 (6) 

 
(7) 

 
(8)

 

Where: s  was the crosshead deflection [mm] 

 F  was the applied load [N] 

 L  was the support span [mm] 

 b  was the specimen width [mm] 

 h  was the specimen thickness [mm] 

 
σf2, εf2 were the flexural stress and strain values respectively at the 

deflection corresponding to a flexural strain of 0.25% 

 
σf1, εf1 were the flexural stress and strain values respectively at the 

deflection corresponding to a flexural strain of 0.05% 

 

Results 

Dimensional Stability of Test Specimens 

All ten specimens were accepted for testing, based on physical observations and 

measurements. For example, the width and thickness of each specimen was required to fall 

within ±2% of the set mean. This was true for all specimens produced. Student’s t-test (α = 

0.05, equal variance, two-tailed) showed no significantly statistical difference between 2r and 

3r specimens across the three spatial dimensions (p = 0.621, 0.055, and 0.662 respectively for 

length, width, and thickness). Therefore, it was accepted that the two curing strategies did not 

meaningfully affect the dimensional accuracy of the specimens. It was further concluded that 

the curing system as a whole was able to reliably produce feasible test specimens regardless 

of the method of curing. 

Specimen Failure 

All specimens were tested to break, with each specimen experiencing a brittle failure 

on, or close to, the loading line of action. The onset of failure was sudden, and there were no 

visual or audible indications to suggest that the specimens were approaching their break 

point, such as cracking or creaking. Half of the specimens failed in more than one position 

within the central third of the length, while the other half failed centrally. Regardless of how 

the specimens failed, the majority included a small central section that was fractured from the 

main specimen body. This section coincided with the loading roller position, and was widest 

at the upper, directly loaded surface, necking into a narrower profile at the lower surface. 
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This brittle failure most likely results from the high degree of cross-linking within the 

composite (including the organic filler, due to its silanisation), due to the copolymer blend of 

difunctional monomers [28]. It is also possible that deficiencies exist within the cured 

composite (such as air bubbles, filler amalgamations, or impurities as a result of the open 

nature of the curing), which can result in stress concentrations and premature failure of test 

specimens. Despite rigourous degassing at the point of formulation, the composite resin still 

tends to accumulate air bubbles and pockets once disturbed, for example when poured or 

otherwise applied into moulds. 

Mechanical Properties 

Stress-strain curves for all specimens tested are shown in Figure 10.  The dashed line 

represents the limit for the minimum allowed flexural stress. All specimens tested displayed a 

flexural stress at break, 𝜎𝑓𝐵, greater than the 50 MPa limit, therefore all were considered to 

have exceeded the minimum strength benchmark, and thus none were rejected on the basis of 

that metric. All individual 3r specimens exhibited a greater flexural strength than 2r 

specimens, and as demonstrated in Figure 11, the same followed for the flexural modulus. 

There were no overlaps between specimens on the stress-strain curves, at least above the 

0.05% strain limit, although specimen 3rs1 (3 row, specimen number 1) did experience a 

slight amount of drift between around 0.05% and 0.06% strain; still, its flexural stress values 

did not fall below that of any 2r specimens.  

Figure 10: Stress-strain curves for 2r and 3r flexural specimens (dashed line represents the minimum acceptable flexural 

strength limit) 
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 The averaged mechanical properties, are provided for each curing strategy in Table 24. 

Tolerance values were taken as being 1 standard deviation about the mean (n = 5). A positive 

difference in the final column signified that 3 row curing outperformed 2 row curing, and 

vice-versa. 

Table 2: Summary of mechanical properties for all 2- and 3-row cured flexural specimens 

Mechanical 

property 

Curing Strategy 
Difference (3 rows 

vs. 2 rows) 

[%] 
3r 2r 

Mean Flexural 

Modulus, 𝑬𝒇
̅̅̅̅  

[MPa] 

47.1 ±0.906 42.1 ±0.939 + 10.7 

Mean Flexural 

Strength, 𝝈𝒇𝑴̅̅ ̅̅ ̅ 

[MPa] 

68 ±7.1 68 ±3.6 + 1.1 

 
4 It was not possible to generate average curves due to the different number of data points for each 

tested specimen. Any such curves would be disproportionately influenced by the maximum flexural strength. 

Figure 11: Stress-strain curves within the Modulus Determination Region for 2r and 3r flexural specimens 
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Table 2 demonstrates an increase in mechanical performance for 3r compared to 2r 

for both flexural modulus and flexural strength. Outliers within the dataset were defined as 

taking values outside of 1.5 times the interquartile range. Therefore, outliers were determined 

by the following inequalities: 

 (9) 

 (10)
 

 (11) 

and  

 (12) 

 

As such, no specimens were identified as outliers using the criteria above, and so all 

were accepted. 

Precision and repeatability of the mechanical properties was determined using the 

standard deviation for precision, and the 95% confidence interval (CI) for repeatability. Both 

factors were compared to the mean and converted into a percentage, which was then 

subtracted from 100% to give a final measure of precision/repeatability. These values, 

alongside the difference between 3r and 2r are presented in Table 3. 

Table 3: Statistical precision and repeatability for flexural modulus and strength for 2r and 3r 

Statistical property 

Curing Strategy 
Difference (3r 

vs. 2r) 

[%] 
3r 2r 

Flexural 

Modulus 

Precision 

[%] 
98.1 97.8 - 0.3 

Repeatability 

[%] 
97.8 97.2 - 0.5 

Flexural 

Strength 

 

Precision 

[%] 
89.7 94.6 + 4.9 

Repeatability 

[%] 
87.2 93.4 + 6.2 
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With respect to the precision and repeatability of the modulus, Table 3 suggests that 

there was little difference between the two curing strategies. However, specimens produced 

using the 2r strategy were around 5-6% demonstrated greater precision and repeatability in 

terms of flexural strength compared to those produced with the 3r strategy. This, alongside 

the observation that the range of flexural strength values for 2r were around 50% narrower 

than 3r, implies that the 2r specimens were less susceptible to manufacturing discrepancies 

such as moulding and/or curing, at least when tested to failure. Since the modulus is only 

valid at small deflections (taken here between 0.05 and 0.25% strain), these differences are 

far less pronounced. The wider range for 3r flexural strength values also places the 3r median 

(66.2 MPa) lower than the 2r median (67.9 MPa). 

Benefit vs. Effort: 2r vs. 3r 

The increase in mechanical properties for 3r over 2r does not account for the effort 

and resources required to produce such specimens. The time to cure a single 3r specimen is 

50% longer than for a 2r specimen of exactly the same material formulation and dimensions 

(16 minutes for 3r, 12 minutes for 2r). Therefore, since all other production times and 

resources were the same regardless of the curing strategy implemented, the only 

differentiating metric was the mechanical performance benefit vs. the time taken to cure. If 

the comparative benefit of one strategy outweighed its comparative cost, i.e., giving a 

benefit/effort ratio greater than 1, then that strategy should be preferred. As Table 2 

demonstrated, the comparative benefit realised by 3r curing over 2r curing was + 10.7% for 

modulus, and +1.1% for strength. However, the cost of producing 3r specimens is 50% 

greater, so the benefit/effort ratio for both flexural modulus (BEmod), and flexural strength 

(BEstr) are less than 1: 

  

(13) 

and 
 

 

(14) 
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Discussion 

The results of comparing the two curing strategies, for all else equal, lead to the 

conclusion that three rows of discrete cure cycles does not offer a sufficient flexural 

performance increase to justify its use over two rows. A single row is impossible as it will not 

cure the specimens across the width. However, there are a number of limitations with the 

holistic system, and some unknowns, that bear discussion. 

Potential Influence of Material Batch Production on Final Specimen  

While all material batches were prepared in the same way and to the same formula, it 

is unknown whether using different batches has an effect on the mechanical performance of 

cured composites. In this work, three batches were used. Batch A produced on 25/05/22 was 

used to prepare four of the 3r specimens tested. Batch B produced on 25/05/22 was used to 

prepare the final 3r specimen and three of the 2r specimens. The remaining two 2r specimens 

were produced from a batch (A) produced on 09/03/22. Due to the lack of overlap between 

specimens produced using these three batches, a multivariate analysis (i.e., two-way 

ANOVA) could not be implemented. 

Photocuring 

The curing strategies outlined were worked on a theoretical basis only, and did not 

account for the stochastic nature of polymerisation, nor for the fact that the source LCU does 

not provide homogeneous irradiance over the entire exitance area. In fact, an LCU with 

radiant intensity 1,822 mW cm-2 (averaged across the exitance region) may impart radiant 

energy at intensities of 12,600 mW cm-2, as shown in Figure 12 [29]. Overlapping, at least in 

the x-direction, by 
𝑑𝑙𝑒𝑛𝑠

2
 mm, was expected to go some way to mitigating the complications of 

the inhomogeneous relative radiant intensity at the LCU lens. The LCU used in this work 

consists of a four-LED array, similar to that in Figure 12. One of these emits in the violet/UV 

region and the other three emit in the blue spectral region. A similar profile, albeit shifted for 

the presence of dissimilar LEDS, would be expected. 

 

As curing took place using violet/UV emission/absorption, and recalling that Figure 4 

showed a peak in this region (395 nm) corresponding to a relative emission of around 38% 

compared to the emission at the 460 nm peak, it is not possible to consider the total irradiance 

Figure 12: Anticipated averaged beam profile for an LCU taking radant power over exit area (left), and actual beam profile 

from the same LCU showing distinct regions of high and low irradiance across the same area (right) [29] 
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at the nominal. Therefore, the maximum theoretical radiant intensity exposed to the 

composite at a nominal intensity of 3000 mW cm-2, and at the 395 nm peak, 𝐼𝑛,𝑚𝑎𝑥, should be 

approximately:

 

 

 (15) 

The LCU lens has a diameter of 11 mm, so the area under the lens, 𝐴𝑙𝑒𝑛𝑠, converted to 

cm-2, is: 

 

(16) 

Therefore, over the course of each 5 second curing cycle, the nominal energy imparted at 395 

nm per cycle, 𝐸𝑛,𝑚𝑎𝑥, would be: 

 

(17) 

The radiant intensity of LED-based LCUs was found to attenuate with consecutive 

curing cycles, however the intensity reduction with the LCU used was around 15% maximum 

across the full life of the battery (approximately 400 cure cycles, 5 second automatic 

regeneration between cycles). Repeated normalised tests, with or without the Melinex cover, 

confirmed these results. In this work, the decrease in intensity was not a concern, since it 

accounted for an attenuation of only around 5% (~140 mW cm-2) over the first 30 cure cycles 

required to fully cure each specimen. While differing radiant intensity can potentially affect 

the degree and rate of polymerisation, and thus the depth of cure of the material, depth of 

cure discrepancies were undetectable in any tests performed. The full behaviour of the LCU 

is not completely clear, and this is certainly one of the drawbacks with the off-the-shelf 

approach taken in this work. 

Specimen Thickness Validation by Depth of Cure Testing 

Validation of the specimen thickness was performed by testing the depth of cure using 

a modified method as compared to that given in ISO 4049:2019 (§7.10) [25]. The original 

ISO method is shown schematically in Figure 13, and summarised below: 
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1. Place a 50 ± 30 µm thick transparent polyester sheet (usually Mylar/Melinex) 

above a standard microscope slide 

2. Set a stainless steel curing block, with a Ø4 x 6 mm central bore on top of the 

slide and sheet 

3. Fill the bore to a slight overflow 

4. Place a further polyester sheet on top of the steel block 

5. Position a second microscope slide above the sheet, and squeeze all 

components together to remove air bubbles and displace the resin/composite to 

fill the bore 

6. Remove the upper slide and cure the resin/composite cured as advised or as 

necessary, with the LCU lens centred at the bore and in direct contact with the 

polyester sheet 

7. Eject the cured sample from the bore when curing is complete 

8. Remove any uncured material by scraping with a plastics spatula 

9. Measure the remaining cured material and then divide the value by two to 

obtain an accepted depth of cure5 

This approach limits the maximum depth of cure to 3 mm, assuming that no material 

was removed after curing. As this work considers 3 mm to be an unsuitably low thickness for 

larger extruded beads, the approach to determining depth of cure was modified. Instead of a 

small stainless steel mould, an incremental PTFE mould apparatus was designed (Figure 14)6. 

 
5 This technique is known informally as the ‘scrape test’. 
6 A layerwise apparatus was preferred to a solid-bore setup because of its use in a parallel investigation 

into the layer-on-layer adhesion of the cured material. This falls outside of the scope of the current work. 

Figure 13: Cutaway schematic representation of the ISO 4049:2019 depth of cure equipment 

Figure 14: Layerwise PTFE depth of cure mould (l, c), and cutaway schematic(r), showing clearance (‘C’) and threaded 

holes (‘T’) 

T 

C 
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The apparatus consisted of a solid base disc (Ø38 x 5 mm), with three equidistant 

counterbored clearance holes for M3 bolts (labelled ‘C’ in Figure 14), and a further set of 

curing discs of the same dimensions, this time with a Ø9.5 mm central bore and an additional 

three M3 x 0.5 mm threaded through holes positioned at 30° from the clearance holes 

(labelled ‘T’ in Figure 14). The regular angular offset allowed for unrestricted stacking of 

cure discs simply by rotating each adjacent disc by 30° to align the clearance holes in one 

disc with the threaded holes in the next. A critical advantage of using bolts between the cure 

discs and the base, was that clamping could be maximised; this prevented leakage between 

layers and most importantly the base, and reduced the negative effect of trapped oxygen, 

whose presence is known to adversely impact the degree of polymerisation within the 

material [30]. Nylon bolts were used to avoid damaging the threads of the soft PTFE, thus 

prolonging their life and ensuring the clamping forces between discs were suitable. The 

inclusion of a single solid base disc resulted in the ISO-guided lower microscope slide and 

Mylar/Melinex sheet becoming redundant. Furthermore, the non-stick nature of the PTFE 

material facilitated the removal of specimens, and avoided the use of mould-ejection 

chemicals which may have influenced the test results. 

The depth of cure of the material formulation was determined using the modified 

system and measured by the ISO 4049:2019 ‘scrape test’. Four sample types were produced: 

single-cured, double-cured, triple-cured, and quad-cured, numbered 1 – 4 accordingly. This 

approach indicated not only an acceptable depth of cure for a single cure cycle (i.e., how deep 

the flexure testing moulds could be), but the effect that further consecutive cure cycles would 

have on the depth of cure. Figure 15 shows the ISO 4049:2019 depth of cure for the material 

formulation and irradiation system used in this work, and demonstrates that even for a single 

cure cycle, a depth of cure of more than 8 mm was achievable. 

Finally, to determine whether any irradiance shielding was occurring due to the fast 

curing time and high rate of energy delivery and absorption, a final sample was produced at a 

lower irradiance but for a longer cure time, with the total energy being the same as with the 

single-cured sample. This ‘low and slow’ sample was irradiated with a single cycle of 5 

seconds at 1000 mW cm-2 followed immediately by a second cycle of 10 seconds at 1000 
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Figure 15: Depth of cure of composite samples irradiated over the number of cure cycles performed 
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mW cm-2. This gave an equivalent energy density of 15 J cm-2, the same as with 5 seconds 

cure time at 3000 mW cm-2. No significant difference in thickness (20 µm) – and thus depth 

of cure – was detected between these comparative samples, and so it was agreed that there 

was no concerning upper-level shielding of lower composite depths in effect. 

Each depth of cure test was only performed once, officially, though unrecorded 

preliminary tests did agree with the results presented. The degree of polymerisation via 

spectroscopy was not performed. There are also commentators who have criticised the ISO 

4049:2019 scrape test as overestimating the depth of cure as compared to microhardness tests 

[31], with some using acetone to remove uncured material as opposed to physical methods 

laid out in the Standard [32]. 

Cure Distribution Using Discrete Curing Maps 

Although a discrete curing system is not by any means a necessity, for reasons 

previously outlined, it was the one chosen for this work. Taking aspects of multiple ISO-

based curing and specimen preparation techniques presented numerous uncertainties, and 

many criticisms of the ISOs themselves are justified. For example, it was not clear how the 

absolute positioning of the LCU lens would affect the curing distribution throughout the 

specimen volume, nor how to handle specimen dimensional scaling. 

In the ISO 4049:2019 curing regime shown previously in Figure 5, some regions 

within a specimen would receive only a single cure cycle, usually situated at the edges and 

corners of the specimen, while the majority would receive two cure cycles, with no part 

exposed to more than two cycles. It is of note that Figure 5 does not use the recommended 

specimen length; rather it appears to show a specimen of length 28 mm. This length falls 

outside of the tolerance limit as expressed in the ISO itself (25 ±2 mm). The 28 mm specimen 

shown in Figure 5 would result in a single-cure coverage of 2.8%, and a double-cure 

coverage of 97.2%, however, a specimen of the maximum length according to §7.11.1.1. of 

ISO 4049:2019 (i.e., 27 mm), would give a single-cure coverage of 24.4%. This 1 mm 

difference in length leads to an almost 22% increase in single-cure coverage, with a 

corresponding reduction in double-cure coverage. Furthermore, the 25 mm suggested 

nominal specimen, cured as advised, has a single-cure coverage of 18.3% and a double-cure 

coverage of 81.7%. This range of cure coverages not only suggests that the homogeneity of 

cure is highly dependent upon the length of specimens (and potentially the initial position of 

the LCU), but it also implies that ISO 4049:2019 accepts this phenomenon as a consequence 

of discrete curing. Finally, these assumptions only consider the length of a specimen; 

introducing width as a further factor requires a similar acceptance on the added effect that 

width will have on the cure coverage. 

Original 2r and 3r maps: 

  The two-row and three-row strategies used in this work were mapped in AutoCAD 

2022 (Autodesk, USA) to determine the theoretical coverage of incident light onto the 

composite. This assumed that the light was completely collimated and did not diffuse out 

from the circumferential boundary of the LCU lens, which, due to the LCU having a convex 

lens, would not be true. Mapping both strategies allowed the number of cure cycles required 

for full coverage of each specimen to be established. From this, a total cure time could be 

deduced prior to any experimental timings being taken. It was this timing factor that was used 

as the determining factor informing the BE values expressed in this work. Also, the maps 
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provided a visual indicator to identify any regions at risk of being under cured. The mapped 

outputs are given in Figure 16, for 2r (top, a), and 3r (bottom, b). 

  

The x = 0 plane is marked on both images, and the dimensions to the left are the 

separations in the y-coordinate between the next curing row(s) and the centreline. The red 

lines in Figure 16 signify the circumference of the LCU lens (Ø11 mm), and the various 

colours symbolise the number of cure cycles each region of the specimen would theoretically 

be expected receive. The centreline at x = 0 is of great potential interest, since it indicates the 

central line of action of the testing roller, and gives an idea of how the loading might align 

with the various depth of cure levels in the central region of the specimen. 

As we know, 3r utilises a central (y = 

0) cure row, followed by two further 

equidistant cure rows at 𝑠𝑦,3 = 𝑠𝑥 = ±5.5 𝑚𝑚 

from the first. This results in a cure map as 

shown in Figure 17, whereby the outer corners 

of the specimens were expected to be single-

cured, and further single-cured slivers 

anticipated at regular intervals along the 

specimen edges, replicated across the length of 

the specimens. This predicted cure coverage 

appears to consist of densely-packed multi-

cured (mainly triple- or quad-cured) regions in 

the central ±5.5 mm region with relation to the 

y-axis, and single- and double-cured regions 

primarily being restricted to the edges (±2.74 mm maximum from each edge). The proportion 

of the specimen covered by each number of cure cycles is given in Table 4, and demonstrates 

that this strategy would produce specimens with just over 2.4% of the area cured once, with 

the remainder of the surface having almost equal distribution. This indicated that the three-

cure specimen might have a high degree of inhomogeneity in terms of the depth of cure of the 

material. The overall expected curing time for three rows of curing was calculated to be 7 

a

) 

b

) 

Figure 16: Theoretical maps of irradiation zones including the number of cure cycles received, with the LCU 

geometrically centred in x, for 2r (a) and 3r (b). Key (bottom-right), represents the number of cure cycles received per 

discrete curing region 

x 

y 

10 mm 

Figure 17: Curing map of the rightmost edge of a 

specimen undergoing 3r curing, from Figure 17(b) 
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minutes 15 seconds, based on 29 x-axis cures, and 3 y-axis cures, with each cure lasting 5 

seconds. 

Table 4: Distribution of cure cycles received by specimens produced by three-row curing (no offset) 

 

 

 

 

 

 

 

 

 

For 2r, we know from (2), that the distance between curing rows from y = 0 (width 

centreline) is 𝑠𝑦,2 =  ±3.75 𝑚𝑚. This includes a ± 1 mm margin of error (2 mm total) which 

was introduced following an analysis of the 2r cure map which had identified possible gaps 

in the cure profile across the width of the specimens. The ±1 mm error was found to be 

optimal for ensuring that the edges were cured, and that any unnoticeable misalignments in 

the curing system would be accounted for. The representative cure map is shown in Figure 

18, and, as with the 3r map, contained regions of single-curing at the corners and edges. 

These single-cured regions were visibly larger, 

and were also present within the central area in 

terms of the y-axis; this was not observed in the 

three-row curing map.  In addition, the 

proportion of double-cured area was shown to 

be much greater than in the three-row example, 

and both the triple- and quad-cured regions were 

much smaller. This was confirmed in Table 5, 

where the proportion of double-cured material 

constituted over 75% of the total area. This 

indicated a much more homogeneous cure 

distribution as compared to the 3r map.  

 

 

 

 

 

 

 

 

No. of cure cycles 

received 

Specimen area 

covered [%] 

1 2.44 

2 39.23 

3 36.09 

4 22.24 

Figure 18: Curing map of the rightmost edge of a 

specimen undergoing 2r curing, from Figure 17(a) 

1154



Table 5: Distribution of cure cycles received by specimens produced by two-row curing (no offset) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The overall expected curing time for 2r was calculated to be 4 minutes 50 seconds, 

based on 29 x-axis cures, and 2 y-axis cures, with each cure lasting 5 seconds. This 

established that the 3r curing strategy would be 2 minutes 25 seconds (50%) slower than 2r 

curing strategy. 

Modified x-offset 2r and 3r: 

While single-cured regions were confirmed to give an adequate depth of cure (≥ 8 

mm), a strategy was designed to avoid these regions being present at the loading edge when 

in flexural testing7. This involved changing the initial x-position of the LCU from x = 0 to 

another starting point on the x-axis. The x-offset, sx,offset that best avoided single-cure loading 

was found, using cure maps, to be: 

 

(18) 

 

The resulting full maps of these offsets are given in Figure 19, showing that the line 

of action excludes single-cured regions, while it includes double-, and quad-cured regions 

only. It is accepted that in practice, the line of action will encompass a wider area than 

represented by a line segment, but it forms a reasonable and logical starting point. 

 
7 As this work forms part of a larger project, some formulations were not as convincing in terms of 

their depth of cure when single-cured, and so were avoided in loading wherever possible. This was the 

motivation for the offset requirement 

No. of cure cycles 

received 

Specimen area 

covered [%] 

1 12.27 

2 75.26 

3 9.15 

4 3.32 
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Figure 20 highlights the differences within the central areas of the specimens 

including and excluding an x-offset. This demonstrates very clearly what degree of curing (in 

terms of the number of cure cycles) is likely present in the loading region. 

The cure distribution was clearly altered with the inclusion of the x-offset, and these 

observations are presented in Table 6 and Table 7. The differences in distribution (< |2%|) 
across all cure cycles were deemed to be insignificant when taken across the full area of the 

specimen. 

Figure 20: Curing maps of central specimen sections for: a) 3r, no x-offset; b) 2r, no x-offset; c) 3r, x-offset; and d) 

2r, x-offset. The grey dashed line represents the line of action of the flexure test roller 

a) 

c) 

b) 

d) 

Figure 19: Theoretical maps of irradiation zones and number of cure cycles received: LCU offset by r/2 mm in x, for 2r (a) and 3r (b) 

a) 

b) 

x 

y 
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Table 6: Expected distribution of cure with three-rows, for offset and no offset 

 

 

 

Table 7: Expected distribution of cure with two-rows, for offset and no offset 

Two cure rows 

Specimen area covered [%] 

No offset x-offset (2.75 mm) 
Difference 

[%] 

No. of cure 

cycles received 

One 12.27 10.38 - 1.89 

Two 75.26 74.59 - 0.67 

Three 9.15 10.79 + 1.64 

Four 3.32 4.24 + 0.92 

A negative consequence of introducing an x-offset was a slight increase in cure time. 

This was due to requiring an extra column of curing to ensure full coverage in the x-

dimension. The extra column was located at only 0.25 mm from the outermost edge(s) of the 

specimen, and was included to avoid the risk of undercuring, particularly when considering 

the tolerances on the length dimension. The calculated curing time for 3r with an x-offset 

rose by 15 seconds, whereas the time for two rows increased by 10 seconds. For the purposes 

Three cure rows 

Specimen area covered [%] 

No offset x-offset (2.75 mm) 
Difference 

[%] 

No. of cure 

cycles received 

One 2.44 1.28 - 1.16 

Two 39.23 38.30 - 0.93 

Three 36.09 37.38 + 1.29 

Four 22.24 23.04 + 0.80 
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of this work, the x-offset was implemented in all tests. It is not empirically clear how the x-

axis offset might affect mechanical performance, nor is there scope to pursue this currently. It 

may be feasible to compare the performance as part of a smaller project or exercise, such as 

an education project (i.e., Batchelors or Masters). 

Quality of Mould Application 

Working with the resin and composite material is quite difficult, even in a lab 

environment. Its high viscosity and incredibly high surface tension, especially at room 

temperatures, makes it tricky to prepare reliable and repeatable ‘ideal’ specimens. The most 

difficult aspect of specimen preparation is not the curing, but the application of viscous 

composite into the mould. Although resin samples are heated to reduce their viscosities, they 

are quick to cool, and despite degassing during mixing, they incorporate air bubbles 

extremely easily. These air bubbles are impossible to remove (and in the case of filled resins, 

almost invisible) without further use of an in-situ vacuum chamber. The system proposed 

does not allow for an enclosed chamber, and so while every attempt has been made to 

improve manual mould filling, air bubbles are still present within the material. From the 

author’s experience in applying the composite into the mould, most air bubbles (at least at the 

surface) form as a result of movement of the composite within the mould, for example when 

spreading or distributing the material. This is because of the high surface tension between 

molecules, meaning that the material ‘drags’ when a force is applied to one volume element. 

Compressing the composite within the mould is useful for dispersing the material, but its 

effectiveness at removing bubbles is unclear. It is not yet known how the presence of air 

bubbles affects the performance of test specimens. It is worth noting, however, that the end 

application (AM extrusion) technology may be able to mitigate the effects, or reduce the 

presence of air bubbles within the extruded composite, and it was always the intention of this 

work to retain an element of practicality and understand the limitations of the system. 

 

Conclusions and Further Work/Opportunities 

All of the considerations laid out in this paper lead to the conclusion that the two row 

curing strategy 2r, assuming that the minimum flexural strength restriction of 50 MPa is 

sufficient for the end use, would be the preferred option when implemented as part of the 

semi-automatic curing system in operation. 

The use of as many off-the-shelf components as possible in the system was partly 

intended to facilitate open research, and to advance progress without obstruction. Work on a 

variety of alternative material formulations is underway, and the end goal will be to compare 

the flexural performance of bulk-cured specimens against two-layer cured specimens. For 

example, this work results in flexural data for a single-formulation, bulk-filled 8 mm 

specimen. In the upcoming months, the 2r strategy will be used to prepare specimens which 

are the same length and width as these 8 mm specimens, but in a cured layer of 4 mm thick, 

followed by a further cured layer which is 4 mm thick. Flexural testing will then allow the 

researchers to compare the mechanical performance of the layered specimens against the bulk 

specimens. It is hoped that there will be little or no mechanical performance loss with the 

layerwise specimens. If this is the case, it could form a good basis for demonstrating the 

feasibility of large format printing using this particular composite paste. 
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A further possible application for optically-cured pastes could be in studies of 

leading-edge turbine erosion. The leading edge of a turbine blade sees the most impact force 

and cyclical stresses, and a great deal of research is going into coatings and protection of this 

surface in order to prolong the quality and lifetime of turbine blades. Also, if composite 

pastes can be applied onsite for blade repair by way of extrusion and rapid optical curing, this 

may have significant benefits to the Renewables industry and beyond. 

Finally, using pastes which retain their shape during extrusion, and cure with good 

dimensional integrity may lead to the production of exotic geometries without the need for 

multi-axis extruders and multi-axis print beds etc. As has been demonstrated on the small 

scale, overhang angles can be improved using light cured composites, and with this comes the 

potential to introduce geometries which significantly add to the structural integrity of printed 

parts, such as Triply Periodic Minimal Surfaces and others. It is hoped that some results and 

methods within this paper can contribute to further development of these opportunities. 
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