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Abstract 

 

  Ultraviolet (UV) curing of polymers is a key phenomenon for several additive 

manufacturing technologies. This contribution presents a model relating the process parameters of 

UV light intensity and temperature to the thermal and mechanical properties of the polymer and 

the experimental results used to calibrate the model. Moreover, photo-differential scanning 

calorimetry (photo-DSC) measurements are performed to investigate the crosslinking reaction and 

to model the degree of cure as a function of the light intensity and temperature. The viscoelastic 

properties are measured by UV rheometry and it is shown that the classical time-cure superposition 

principle can equally be applied to the experimental results. Complete curing and mechanical 

model equations are provided to describe the material behavior as a result of our experimental 

findings. 

 

Keywords: Additive manufacturing, UV curing, photopolymer, reaction kinetics, viscoelastic 

modelling 

 

Introduction 

 

 Polymer-based additive manufacturing (AM) opens up new possibilities for the design 

freedom by enabling the rapid and high-resolution manufacturing of geometrically complex 

structures that can be tailored for a wide range of applications. Among polymer-based AM 

technologies, the photopolymerization method is widely utilized as a complex and physical process 

for the fabrication of highly crosslinked polymer products, in which a curing reaction is initiated 

by photoexcitation, typically from an ultraviolet (UV) light source. Photopolymerization-based 3D 

printing technologies differ according to the pattern formation principle, operating systems, and 

method of layer deposition, such as stereolithography apparatus (SLA) [1, 2], digital light 

processing (DLP) [3, 4], polyjet printing (PJP) [5, 6], two-photon lithography (TPL) [7, 8] and UV 

light assisted direct ink writing (DIW) [9, 10] and continuous liquid interface production (CLIP) 

[11, 12]. 

 

Photocurable resins play a significant role in photopolymerization-based 3D printing 

systems. A motivation for both academic and industrial research is the demand for functional 

materials that are compatible with existing or newly developed technologies. Fast curing under 

ambient temperature, low energy consumption, solvent-free formulation as well as spatial and 

temporal control over photopolymerization are of great interest in a variety of practical 

applications, such as dental materials [13, 14], fashionwear manufacturing [15, 16], coating [17, 

18], tissue engineering [19, 20], metamaterials [16, 21] and microfluidic devices [22, 23]. 



Despite decades of industrial use of photopolymerization-based 3D printing technology, 

there are still a number of challenges to be resolved in order to develop reliable and experimentally 

validated models for the design of printed parts. The relationships between process parameters and 

thermal and mechanical properties are still not fully established. In order to tackle the insufficient 

repeatability and consistency in the final products, the correlations of process parameters with both 

the crosslinking reaction and the mechanical response of UV-cured polymers must be accurately 

described by phenomenological and constitutive models and fitted to experimental data. 

 

The present work aims to examine the curing kinetics of a commercial photosensitive resin 

and to combine the degree of cure with viscoelastic properties. The effects of UV light intensity 

and ambient temperature on the crosslinking behavior are investigated with the photo-differential 

scanning calorimetry (photo-DSC). A phenomenological model is proposed to model the evolution 

of the degree of cure during the photopolymerization reaction. In-situ monitoring of the 

photocuring reaction is also conducted by UV rheometry in order to determine the evolution of the 

degree of cure-dependent viscoelastic properties. Time-cure superposition principle is applied to 

the experimental results. To represent the experimental data, the material model parameters for 

reaction kinetics are identified. 

 

Experimental investigation 

 

Photo-DSC measurements 

 

Crosslinking reactions initiated by heat or UV radiation transform liquid monomers and 

oligomers into solid polymers. This implies that the monomers that are linked to polymer chains 

undergo an exothermic reaction. Photo-DSC can analyze the heat released to establish a link 

between temperature and certain physical properties, allowing it to identify key parameters of the 

photopolymerization process such as degree of cure, photopolymerization rate and reaction 

enthalpy as a function of UV light intensity, exposure time and temperature.  

 

Photo-DSC measurements are performed using the TA Instruments DSC Q2000 (TA 

Instruments, New Castle, DE, USA) with an additional light source (OmniCure® S2000) to 

understand and investigate the crosslinking process of commercial photopolymers used in additive 

manufacturing processes. This UV light source has a 200 W high-pressure mercury lamp with a 

standard filter at a wavelength of 405 nm. The commercial photopolymer PR48 resin is supplied 

by Colorado Photopolymer Solutions (Boulder, CO, USA) for the measurements. The PR48 is an 

acrylate-based photopolymer resin that works with 3D printing technologies such as digital light 

processing (DLP) and stereolithography apparatus (SLA). 

 

The DSC measures the specific heat flow ℎ̇ between a sample in a pan and an empty 

reference pan during the crosslinking reaction over time 𝑡 in order to investigate the reaction 

kinetics. The specific heat flow is converted into the degree of cure using Eq. 1 [24]: 

 

𝑞(𝑡) =
∫ ℎ̇(𝑡̃)d𝑡̃

𝑡

0

ℎ𝑡𝑜𝑡
 (1) 

 



 The integration of the accumulated area between the specific heat flow and the abscissa in 

Eq. 1 represents the heat released by the photopolymer sample during the exothermic reaction, 

which can be transformed into the degree of cure. The degree of cure is a non-dimensional quantity 

ranging from 0 (liquid monomer) to 1 (fully cured solid polymer) as it is normalized to the 

maximum specific heat ℎ𝑡𝑜𝑡 during the crosslinking reaction. 

  

 During the photocalorimetry measurement, the following procedure is performed to 

determine the specific heat flow ℎ̇(𝑡̃) in Eq. 1: (i) a 2-minute stabilization step of the measurement 

cell at a specific constant temperature (𝜃 = 10, 20, 30, 40, 50, and 60 °C), (ii) a 10-minute 

isothermal step of the irradiation of the specimen at a constant UV light intensity (𝐼 = 5, 10 

mW/cm2), and (iii) a 2-minute final isothermal step at the specified constant temperature. The 

curing reaction is considered finished at each isothermal test for a given temperature and incident 

light intensity when the heat flow curve remains stable over time. After finishing the third step, the 

whole procedure is repeated with the polymerized sample to generate the baseline heat flow caused 

by UV absorption between the reference aluminum pan and the polymerized sample. To eliminate 

the effect of the UV light source, this generated baseline is subtracted from the heat flow signal of 

the first measurement. 

 

 An additional measurement at non-isothermal temperature is performed to determine the 

maximum specific heat ℎ𝑡𝑜𝑡 during the crosslinking reaction. The photo-DSC runs are kept 

isothermally at 60 °C for 2 minutes and then exposed to the UV light with a light intensity of 20 

mW/cm2 for 10 minutes under isothermal conditions. Following that, a non-isothermal step is 

performed with the same continuous and constant UV irradiation from 60 °C to 120 °C at a heating 

rate of 20 °C/min. The final step is to perform a 2-minute isothermal DSC scan at 120 °C without 

UV irradiation. Finally, the same procedure is repeated with the cured polymer. The maximum 

specific heat generated by this process, ℎ𝑡𝑜𝑡 = -404.43 J/g, is used as the reference value for all 

measurements for the conversion of the specific heat generated during the crosslinking reaction 

into the degree of cure. 

 

 After subtracting the baselines, the series of photopolymerization measurements are shown 

in Fig. 1. It is evident that, after the UV light irradiation starts, the curing reaction progresses very 

rapidly, particularly at the beginning of the UV irradiation, and that the specific heat flow only 

takes a few seconds to reach its maximum level. Furthermore, it can be seen that higher temperature 

and light intensity result in higher maximum values in the exothermic peaks and a faster curing 

reaction. Additionally, as shown in Fig. 3, complete curing is not achieved at low temperatures and 

light intensities, and the crosslinking reaction is prematurely stopped. 

 

Table 1 shows the maximum attainable degrees of cure 𝑞max for all measurements. It can 

be seen that a nearly fully cured material is obtained at a temperature of 60 °C, regardless of the 

UV light intensity. This result must be considered when developing the material model for the 

degree of cure. 

 

 

 

 



Table 1: Temperature- and UV light intensity-dependent maximum attainable degree of cure 

𝑞𝑚𝑎𝑥(𝐼, 𝜃) for all measurements. 
 

10 °C 20 °C 30 °C 40 °C 50 °C 60 °C 

𝐼 =  5 mW/cm2 0.635 0.757 0.829 0.893 0.951 0.961 

𝐼 =  10 mW/cm2 0.742 0.813 0.872 0.918 0.961 0.966 

 

 
Figure 1: Measured specific heat flows under different isothermal conditions and different UV 

light intensities. 

 

UV rheometry measurements 

  

 UV rheometry measurement is a convenient method for monitoring the evolution of 

viscoelastic properties in the gel-sol transition of a photopolymer resin in real-time. In this 

experimental setup, the liquid resin is sandwiched between glass-contained parallel plates in a gap 

of several hundred micrometers 𝑑𝑔𝑎𝑝 [25]. The sinusoidal shear excitation given in Eq. 2 is first 

applied to the photopolymer layer at constant frequency 𝑓 = 2𝜋/𝜔, constant strain amplitude, and 

isothermal condition over time [26]: 

 

𝛾 = 𝛾 sin(𝜔𝑡) (2) 

 



where 𝜔 is the angular frequency and 𝛾 % is the strain amplitude. The UV light irradiation is then 

activated from the bottom of the glass plate to crosslink the liquid resin while maintaining 

oscillatory shear excitation. The solidification process starts at the glass plate placed on the bottom 

and progresses vertically upwards. The UV rheometer can measure the time-dependent change in 

viscoelastic behavior when the cured photopolymer contacts the top plate.  

 

 The evolution of the viscoelastic properties of PR48 resin during photopolymerization 

reaction is investigated using a hybrid rheometer Discovery HR-3 (TA Instruments, New Castle, 

DE, USA) equipped with the same light source as used for the photo-DSC measurements. A 

parallel-plate measuring system with a glass plate and a disposable steel top plate with a diameter 

of 20 mm is used. The measurement gap is set to 𝑑𝑔𝑎𝑝 = 500 μm. For all tests, the UV light intensity 

is set to 𝐼0 = 10.12 mW/cm2 at the top surface of the glass plate. The rheological properties are 

measured in auto-strain mode with an initial strain amplitude of gamma 𝛾 = 0.1 %. The auto-strain 

adjustment is utilized to improve signal quality throughout the measurements because the optimal 

measurement conditions for a liquid material differ from those for a rigid solid. Time sweep tests 

are carried out for 400 seconds at various constant frequencies (𝑓 = 0.1, 1, 10, 100 Hz), constant 

UV intensity, and isothermal temperature (𝜃 = 20 °C). For all tests, the onset time of UV irradiation 

is set to 60 seconds. Fig. 2 shows the experimental results of the change in the shear storage 

modulus 𝐺′ for frequency values of four orders of magnitude. All measurements reveal a rapid 

increase in the presence of UV irradiation, as well as different evolution of the shear storage moduli 

due to frequency dependency. After about 120 seconds, the shear storage moduli reach a plateau 

for all measurements as the curing reaction progresses. 

 

 
Figure 2: Evolution of the shear storage moduli during the UV rheometry tests under the 

different frequencies. 

 

 

 

 



Results and Discussion 

 

Modelling of the crosslinking reaction 

 

An autocatalytic model is widely used to describe polymerization reaction kinetics as a 

function of time and temperature in order to model the evolution of the degree of cure 𝑞 [27, 28]. 

Rehbein et al. [24] used an (𝑚 +  𝑛)𝑡ℎ order phenomenological equation based on the autocatalytic 

kinetic model of Kamal and Sourour [29, 30] and combined it with the work of Maffezzoli and 

Terzi [31] to account for light intensity. An ordinary differential equation is used to calculate the 

degree of cure as a function of UV exposure time t, as shown in Eq. 3: 

 

𝑞̇ = (𝑘1(𝐼, 𝜃) + 𝑘2(𝐼, 𝜃)𝑞𝑚)(𝑞max(𝐼, 𝜃) − 𝑞)𝑛 (3) 

 

 In this model, the degree of cure depends on the time- and location-dependent UV light 

intensity 𝐼(𝑧(𝑡), 𝑡) in mW/cm2 and the ambient temperature 𝜃 in °C, as well as the temperature- 

and UV light intensity-dependent maximum attainable degree of cure 𝑞max . The UV light intensity 

must depend on the vertical direction 𝑧(𝑡) because it evolves during the bottom-up printing process. 

𝑘1 and 𝑘2 in this equation denote the temperature- and UV light intensity-dependent Arrhenius 

functions given in Eq. 4: 

 

𝑘𝑖 = 𝐴𝑖exp (−
𝐸𝑖

𝑅𝑇
) (

𝐼

𝐼𝑟𝑒𝑓
)

𝑏

 (4) 

 

where 𝐸𝑖  are activation energies, 𝑅 = 8.314 J/(mol.K) is the universal gas constant, 𝑇 is the 

absolute temperature in Kelvin, 𝐼𝑟𝑒𝑓 = 1 mW/cm2 is a reference value used to ensure the unit 

consistency of pre-exponential factors 𝐴𝑖 in s-1, and 𝑏 is used to more accurately match the 

experimental data. 

 

 The parameters in Eqs. 3 and 4 are identified using the combination of the nonlinear least-

squares data fitting functions of Matlab's built-in routines [32], lsqnonlin and lsqcurvefit 

with the Levenberg-Marquardt algorithm and the ode45 solver. The optimized parameter set is 

listed in Table 2. 

 

 Fig. 3 depicts a comparison between the experimental measurements and the simulations 

of the degree of cure according to the curing model defined by Eqs. 3 and 4. The proposed model 

shows a good agreement with the experimental data for all measurement conditions. In particular, 

the rapid increase in the degree of cure in the first seconds of UV irradiation and the evolution of 

the degree of cure with ambient temperature, in general, are well represented using only 7 model 

parameters.  

 

Table 2: Identified parameters of the model equation for the degree of cure 𝑞. 

𝑨𝟏 𝑨𝟐 𝑬𝟏 𝑬𝟐 𝒎 𝒏 𝒃 

0.135 s-1 0.237 s-1 2003.184 J/mol 2005.08 J/mol 1.848 2.2 0.627 



 
Figure 3: Experimental results of the photo-DSC measurements (—) and simulation with the 

model equation of the evolution of the degree of cure 𝑞 (- -). 

 

 The total of the mean squared errors (MSE) of all objective functions is determined to 

measure the quality of the identified model parameters: 

 

𝑀𝑆𝐸 =  ∑  (
1

𝑀
∑ (𝑞𝑖𝑗,𝑒𝑥𝑝 − 𝑞𝑖𝑗,𝑠𝑖𝑚(𝒙))

2
𝑀

𝑗=1

)

12

𝑖=1

 (5) 

 

where the vector 𝒙 and scalar value 𝑀 represent the design space factor, which includes the model 

parameters for the degree of cure (𝐴1, 𝐴2, 𝐸1, 𝐸2, 𝑏, 𝑚, and 𝑛) and the number of regression points, 

respectively. All 12 measurements given in Fig.1 are considered objective functions for the 

parameter identification procedure represented by the iteration index 𝑖. Each MSE is evaluated 

using a total of 𝑀 = 12000 regression points. The parameters in Table 2 provide the best result of 

the parameter identification procedure with a summarized MSE of all objective functions of 

0.0016. 

 

 

 

 



Time-cure superposition during the photopolymerization reaction 

 

 The experimental results in the time domain are linked to the model equations for the degree 

of cure for the specified test conditions once the shear storage modulus is measured. In order to 

establish this relationship, the evolution of the degree of cure during the UV rheometry test is 

calculated using Eqs. 3 and 4, 𝑞max value given for 𝐼 = 5 mW/cm2 and 𝜃 = 20 °C in Table 1 and 

identified parameters in Table 2. For the UV light intensity, the average value between the parallel 

plates is used. In order to determine the average light intensity 𝐼𝑎𝑣, the average function value as 

given in Eq. 6 is employed, with the Beer-Lambert law given in Eq. 7 [33] and the identified UV 

curing properties detailed in the previous article [34]:  

 

𝐼𝑎𝑣 =
1

𝑑𝑔𝑎𝑝
∫ 𝐼(𝑧)𝑑𝑧

𝑑𝑔𝑎𝑝

0

 (6) 

 

𝐼(𝑧) = exp (−
𝑧

𝐷𝑝
) 𝐼0 (7) 

 

where 𝐼(𝑧) is the light intensity as a function of distance 𝑧, 𝐷𝑝 = 223.2 μm denotes the penetration 

depth and 𝐼0 = 10.12 mJ/cm2 is the UV light intensity on the glass plate. The average light intensity 

is calculated as 𝐼𝑎𝑣 = 4.04 mJ/cm2. The evolution of the degree of cure is then estimated using all 

of the test parameters for UV light exposure time 𝑡, light intensity 𝐼𝑎𝑣 and ambient temperature 𝜃. 

The experimental findings in the time domain are coupled with the evolution of the degree of cure 

as proposed in the previous article [35]. As can be seen in Fig. 4, this coupling results in several 

subcurves of the shear storage modulus dependent on the degree of cure in the frequency domain. 

 

 
Figure 4: Transformation of the 𝐺′ − 𝑡 curves in Fig. 2 into the frequency domain using the 

model equation of the degree of cure (Eq. 1) at various constant degrees of cure 𝑞. 

 



 These subcurves in the frequency domain are then manually shifted to generate a master 

curve at the chosen reference degree of cure 𝑞𝑟𝑒𝑓 = 0.528, as shown in Fig. 5. The base 10 

exponents of the shift factors used to derive the master curve are presented in Fig. 6. 

 

 In order to express the shift factor mathematically, the range of the degree of cure is divided 

into two parts, before and after the transition of the photopolymer from a fluid into a solid. This 

transition state is observed at the degree of cure at the gel point (𝑞𝑔𝑒𝑙) around 0.32 (Fig. 6). This 

corresponds to the gelation point determined using ASTM standard D4473 [36] in which the gel 

point (𝑡𝑔𝑒𝑙) is defined as the point as the storage (𝐺′) and loss modulus (𝐺′′) crossover point under 

a constant frequency of 𝑓 < 1.5 Hz. The time point of the gel point is determined by measuring the 

evolution of the viscoelastic material properties (𝐺′ and 𝐺′′) at 𝑓 = 1 Hz versus UV exposure time 

using UV rheometry. The degree of cure at the gel point is calculated as 𝑞𝑔𝑒𝑙 = 0.32 using the 

model equation of the degree of cure with the test parameters, i.e. UV light intensity, temperature 

and exposure time.  

 

In the degree of cure range from 0 to 𝑞𝑔𝑒𝑙, the shift factor is represented as a function of 

degree of cure by a linear equation, similar to the work of Eom et al. [37], and after gelation, the 

dependence of the shift factor on the degree of cure is described by a quadratic polynomial function:  

 

𝑠𝑞(𝑞) = {
𝑠𝑞1𝑞 + 𝑠2 ,                             𝑞 < 𝑞𝑔𝑒𝑙

𝑠𝑞3𝑞2 + 𝑠𝑞4𝑞 + 𝑠𝑞5 ,           𝑞 ≥ 𝑞𝑔𝑒𝑙
 (8) 

  

where 𝑠𝑞1, 𝑠𝑞2, 𝑠𝑞3, 𝑠𝑞4 and 𝑠𝑞5 are dimensionless model parameters determined by Matlab and 

given in Table 3. The identification result, shown in Fig. 6, indicates a good representation of the 

time-cure shift factors using Eq. 8. 

 

 
Figure 5: Resulting master curves after shifting the subcurves of Fig. 4 at a constant degree of 

cure 𝑞𝑟𝑒𝑓 = 0.528. 



 
Figure 6: Time-cure shift factors from experimental results and fitting using Eq. 8. 

 

Table 3: Parameters of the time-cure shift functions 𝑠𝑞 (𝑞). 

𝜽  in °C 𝒔𝒒𝟏
 𝒔𝒒𝟐

 𝒔𝒒𝟑
 𝒔𝒒𝟒

 𝒔𝒒𝟓
 

20 4.247 -3.026 28.54 -16.91 0.952 

 

Conclusion 

 

 This work proposes a thermo-mechanical model for the UV curing of polymers and offers 

a new perspective on the comprehensive quantitative characteristics needed for the prediction of 

material properties during the photopolymerization reaction using experimental methods. To 

determine the material properties, the degree of cure of the material is employed as an internal 

variable. An autocatalytic relation is used to represent the evolution of the degree of cure assessed 

by photo-DSC. UV rheology measurements combined with the photo-DSC results indicate that the 

viscoelastic properties of the photopolymer are strongly dependent on the degree of cure during 

the crosslinking reaction. The developed modelling framework provides a useful insight to design 

components for photopolymerization-based 3D printing, hence improving production efficiency 

and material characteristics. 

 

 Forthcoming considerations can be exploited to examine the influence of UV light intensity, 

temperature and frequency on the viscoelastic properties and chemical shrinkage for the complete 

photopolymerization process. A finite element (FE) simulation approach can be implemented to 

improve the printing process by coupling the effects of all relevant physical, mechanical and 

chemical mechanisms. 
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