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I. INTRODUCTION 

Manufacturing procedures in many different industries have been transformed by three-dimensional (3D) 

printing, which provides unmatched design flexibility and customization [1-3]. Resin systems that are 

specifically formulated for a given application are essential to the success of 3D printing. In this instance, the 

mechanical properties of the products produced via 3D printing mostly determine their suitability for end-use 

applications [1, 4]. The mechanical performance of the products obtained by 3D printing is influenced by several 

factors, including main resins and reactive diluents [5, 6]. The major resins have a high viscosity, making them 

challenging to use alone. Reactive diluents are added to main resins to achieve the ideal viscosity for ease of use 

and improved mechanical performance [7-9].  

The reactive diluents that was used in this study are di(propylene glycol) diacrylate (DPGDA), 1,6-Hexanediol 

Diacrylate (HDDA), trimethylolpropane triacrylate (TMPTA), and TMPTA10 (derivative of TMPTA). While 

DPGDA and HDDA are two functional acrylate monomers, TMPTA is a three-functional acrylate monomer. 

DPGDA provides flexibility and high strength due to its characteristic structure with ether bondings. HDDA has 

very high compatibility with almost all resins and present high rigidity [10-12]. TMPTA, besides its three-

functional acrylate, offers high curing reactivity. Moreover, it is highly possible to provide more enhanced 

mechanical properties with the resin systems having reactive diluents with three-functional acrylate groups 

compared to those with two-functional acrylate groups [13, 14]. Despite its benefits, the resin systems with 
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 The mechanical properties of the products obtained by 3D printing heavily depend on the choice of main 
resins and reactive diluents. In this study, we investigated the influence of different reactive diluents on the 
mechanical properties of the products derived from polyester acrylate (PEA), urethane acrylate (UA), and 
silicone acrylate (SiA) resins using DLP/LCD type 3D printing. As reactive diluents, 1,6-Hexanediol 
Diacrylate (HDDA), di(propylene glycol) diacrylate (DPGDA), trimethylolpropane triacrylate (TMPTA), 
and TMPTA10 were used in main resins. TMPTA10 was prepared in this study, which includes TMPTA, 
DPGDA and HDDA in its composition. While TMPTA is a reactive diluent with three acrylate functional 
groups, DPGDA and HDDA have two acrylate functional groups. Our results revealed that while the 
products with TMPTA reactive diluent significantly enhanced the ultimate tensile strength (UTS) and 
Young's modulus, they led to a decrease in Izod impact strength. To address this, TMPTA10 was formulated 
and incorporated into the main resins, resulting in improved Izod impact strength while maintaining or 
enhancing UTS and Young's modulus. Notably, the products prepared by using UA resin with TMPTA or 
TMPTA10, and PEA resin with TMPTA10 exhibited exceptional mechanical properties compared to the 
other products. These findings highlight the importance of reactive diluent selection in optimizing the 
mechanical performance of the products obtained by DLP/LCD type 3D Printing. 
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TMPTA have highly possibility to provide low impact resistance due to the providing highly crosslinking 

amounts [15, 17]. Because of this, the last reactive diluent, TMPTA10, was developed to reduce the decline in 

Izod impact resistance while maintaining or enhancing other mechanical properties. DPGDA, HDDA, and 

TMPTA reactive diluents constitutes of TMPTA10. After reviewing the literature, Kim and Seo [17] 

investigated the effects of several reactive diluents, such as hexanediol diacrylate (HDDA), tripropylene glycol 

diacrylate (TPGDA), and trimethylol propane triacrylate (TMPTA), on the mechanical characteristics of EB80 

UV-cured commercial polyester acrylate resin by UV curing. They were able to achieve tensile strengths of 12.5 

MPa, 14 MPa, and 18 MPa, respectively, with HDDA, TPGDA, and TMPTA. However, they did not investigate 

Young’s modulus and Izod impact resistance values. Hevus et al. [18] employed furanic acrylate and 

methacrylate monomers as 3D printing reactive diluents. In comparison to HDDA, a common petroleum-based 

difunctional diluent, they found that furanic acrylate and methacrylate monomers exhibit noticeably better 

thermal and mechanical properties (glass transition temperature, Young's modulus, tensile strength, and fracture 

toughness). The impact of the contents of HDDA and Photocentric 27, which are difunctional acrylates, 

Photocentric 34, which are trifunctional acrylates, and PPTTA and PE(EO)nTTA, which are four functional 

acrylates, on mechanical characteristics was examined by Oezkan et al. [19]. The molecular weights of PPTTA 

and PE(EO)nTTA are higher than those of the other functional acrylates. They [19] reported that molecular 

weight and functionality both had an impact on mechanical properties. In light of this, in addition to the 

composition and capabilities of the reactive diluents, the main resins that can serve as the skeleton or backbone 

of the end product have become more significant in terms of overall mechanical properties. In this approach, in 

order to obtain novel photopolymerizable resin systems, it was also chosen to examine several commercial resins 

in addition to various reactive diluents. 

Our research focuses on assessing the mechanical properties of products produced through DLP/LCD type 3D 

printing for different novel photopolymerizable resin system combinations that include HDDA, DPGDA, 

TMPTA, and TMPTA10 as reactive diluents and polyester, silicon, and urethane as the main resins. Our 

objective is to find the best resin-diluent combinations that strike a balance between printability and mechanical 

performance through extensive mechanical testing. Tensile, Shore D hardness, and Izod impact resistance with 

notched sample were used to characterize the mechanical properties. The ultimate tensile strength, Young's 

modulus, and elongation at break values were determined as a consequence of the tensile test. The findings 

showed that although the products using TMPTA reactive diluent greatly increased Young's modulus and 

ultimate tensile strength (UTS), they also caused a drop in Izod impact strength. In order to overcome this, 

TMPTA10 was developed and added to the main resins, improving Young's modulus and UTS while also 

improving Izod impact strength. Remarkably, when compared to the other products, the ones made with UA 

resin with TMPTA or TMPTA10 and PEA resin with TMPTA10 showed remarkable mechanical properties. 

These results emphasize how crucial it is to choose reactive diluents carefully in order to achieve the best 

mechanical performance of the products produced by DLP/LCD type 3D printing. 
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II. EXPERIMENTAL METHOD 

2.1 Materials 

EBECRYL® 350, EBECRYL® 284, and EBECRYL® 884 were used as commercial silicone diacrylate, 

aliphatic urethane diacrylate, and polyester acrylate main resins that were purchased from Allnex. As reactive 

diluents, 1,6-Hexanediol Diacrylate (HDDA), di(propylene glycol) diacrylate (DPGDA), trimethylolpropane 

triacrylate (TMPTA) were used. The other reactive diluent, TMPTA10 that consisting of HDDA (20%), DPGDA 

(20%), and TMPTA (10%) was prepared in our laboratory. The ratio of all reactive diluents that were used in 

main resins was 50% for 3D printing. The prepared resin systems were cured via Phrozen sonic mini resin 

DLP/LCD-type 3D printer. The photoinitiator utilized was bis(2,4,6-trimethylbenzoyl)-phenylphosphine oxide 

(BAPO) (IRGACURE® 819). 

 

2.2 Preparation of resin systems for DLP/LCD type 3D printer 

There were three main categories of acrylate-based resins used: polyester acrylate, silicon diacrylate, and 

urethane diacrylate. HDDA, DPGDA, TMPTA, and the prepared TMPTA10 were utilized as reactive diluents. 

Figure 1 presents the chemical structures of the reactive diluents that were used in this study. For every main 

resin, four resin systems were intended to be obtained. Therefore, these four distinct reactive diluents were 

mixed separately with each main resin.  The weight adjustment for these resin systems was 1/1. The resin 

systems produced by these main resins and reactive diluents were mechanically stirred in a beaker for ten 

minutes. A 5% weight concentration of BAPO photoinitiator was added to the homogenous resin systems. Both 

mechanical and ultrasonic stirring methods were used simultaneously for one hour to mix the resin systems 

containing BAPO. A clean and uniform view of the resin systems was obtained after one hour of mechanical and 

ultrasonic stirring. When the clear and homogeneous resin systems were added to the resin tank of the DLP/LCD 

type 3D printer, the products were obtained during the curing process. 

 

2.3 Characterization of Test Specimens 

For the purpose of determining their mechanical properties, standard tensile tests were performed in compliance 

with ASTM D638 to ascertain the material's Young's modulus, ultimate tensile strength, and maximum 

elongation. The crosshead speed for the tensile tests was 5 mm/min. At room temperature, the tensile test was 

conducted using Zwick Z010 apparatus. The IZOD impact resistance was evaluated using notched samples in 

compliance with ASTM D 256. The Zwick B5113.30 test device was utilized, which had a 5.4 J hammer and a 

striking rate of 3.96 m/s. The samples' hardness values were ascertained using Durometer Hardness (Shore D 

hardness) in accordance with ASTM 2240. A Carl Zeiss Ultra Plus SEM (scanning electron microscope) 

operating at a voltage acceleration of 20 kV was used to analyze the fracture surface morphologies following the 

tensile test. Before the SEM analyses, the samples were sprayed with 2-4 nm of Au/Pd in an ion beam sputtering 

system utilizing a Quorum Q150R device. 
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III. RESULTS AND DISCUSSIONS 

In this study, it was believed that TMPTA would increase the crosslinking density more than DPGDA and 

HDDA due to its trifunctional groups and high reactivity. As expected, the products with TMPTA reactive 

diluent significantly enhanced the ultimate tensile strength (UTS) and Young's modulus, according to our results. 

However, they led to a decrease in Izod impact strength. To resolve this problem, TMPTA10 was formulated and 

incorporated into the main resins, resulting in improved Izod impact strength while maintaining or enhancing 

UTS and Young's modulus. The incorporation of DPGDA and HDDA reactive diluents into the TMPTA10 

formulation plays a major role in these results. It is because DPGDA has a special flexible structure due to its 

ether bonding. Thus, the crosslinking structure with DPGDA has also belonged to higher elongation at maximum 

besides high ultimate tensile strength. These improved mechanical properties for resin systems with DPGDA 

enhanced Izod impact resistance. Moreover, HDDA has an aliphatic structure, high reactivity, and high 

compatibility with almost all the resins. Notably, the products prepared by using UA resin with TMPTA or 

TMPTA10 and PEA resin with TMPTA10 exhibited exceptional mechanical properties compared to the other 

products. These findings highlight the importance of reactive diluent selection in optimizing the mechanical 

performance of the products obtained by DLP/LCD-type 3D printing. Figure 1 presents the chemical structures 

of the main reactive diluents that were used in this study. 

 

 

Figure 1. The chemical structures of the reactive diluents that used in this study 

 

For instance, in the case of PEA resin composites, samples containing TMPTA10 demonstrated an increase of 

50% in UTS compared to those prepared with DPGDA or HDDA. Furthermore, Young's modulus showed an 

increase of 94% and 38%, respectively. Moreover, Izod impact strength was increased by the incorporation of 

TMPTA10, with an increase of 58% compared to the samples with HDDA and with an increase of 9.8% 

compared to those with DPGDA. However, the samples of PEA-TMPTA were not able to be achieved on the 

aluminum platform of the 3D printer when exposed to the digital light curing process. 
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In the case of UA resin systems, samples containing TMPTA demonstrated a significant increase in mechanical 

properties. UA-TMPTA samples exhibited increases of 60% and 67% in UTS compared to the samples with 

DPGDA and HDDA, respectively. Furthermore, Young's modulus showed impressive increases of 224% and 

203%, respectively. However, there was a slight decrease in Izod impact strength compared to the samples with 

DPGDA and HDDA. This trend continued with the UA-TMPTA10 samples, which showed improvements in 

UTS, Young's modulus, and Izod impact strength compared to the samples with DPGDA and HDDA. It was able 

to obtain successful 3D-printed samples by using UA-TMPTA and UA-TMPTA10 resin systems in contrast to 

PEA-TMPTA. Considering SiA resin system, it showed high compatibility with HDDA. The samples with 

HDDA presented much improved mechanical properties compared to those with DPGDA. The results of SiA-

DPGDA samples could be affected by the flexible nature of the SiA main resin and the DPGDA reactive diluent 

[20,21]. On the other hand, the SiA-TMPTA and SiA-TMPTA10 samples were not able to be achieved 

successfully. Evaluating mechanical properties in terms of the main acrylate resins, the resin systems with 

urethane acrylate were the most prominent compared to the polyester acrylate and silicon diacrylate resin 

systems. As expected, the lowest mechanical properties were obtained for SiA-based resin systems. The tensile 

stress-strain curves of the acrylate-based products are presented in Figure 2. A comparative view that presented 

the mechanical property trend of each acrylate-based sample is shown in Figure 3. Moreover, all mechanical 

values of the produced samples are given in Table 1. 

 

Figure 2. The average tensile stress-strain curves of the acrylate-based products 
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Figure 3. Comparative analysis of mechanical property trend of each acrylate-based sample 

 

Table 1. The mechanical values of the nanocomposites 

Sample 

Ultimate 
Tensile 

Strength 
(MPa) 

Elongation 
at 

Break 
(%) 

Young’s 
Modulus 

(MPa) 

Izod 
Impact 
(kJ/m2) 

Shore D 
Hardness 

PEA-DPGDA 10.73 18.99 67.58 9.1 56 
PEA-HDDA 10.73 10.44 93.16 6.3 62 
PEA-TMPTA10 15.80 14.14 132 10 64 
PEA-TMPTA                                                                     NA 
UA-DPGDA 23.96 10.67 220.33 11.5 63 
UA-HDDA 22.94 9.29 235.77 9.9 65 
UA- TMPTA10 26.46 7.29 396.23 9.6 65 
UA- TMPTA 38.37 3.53 713.52 7.9 69 
SiA-DPGDA 3.72 3.77 61.26 2.3 34 
SiA-HDDA 11.06 4.95 220.97 3.4 48 
SiA-TMPTA10                                                                     NA 
SiA-TMPTA                                                                     NA 
 

 

Following the tensile test, Figure 4 shows the fracture surface morphologies of the PEA-HDDA, PEA-

TMPTA10, UA-TMPTA, and UA-TMPTA10. In terms of mechanical properties, the PEA-HDDA had a poorer 

Izod impact resistance than the prominent samples, PEA-TMPTA10, UA-TMPTA, and UA-TMPTA10. SEM 

morphology in Figure 4 supported this condition with the overall smooth texture and river-line and textured 

microflow patterns of PEA-HDDA and UA-TMPTA. The fracture behavior of PEA-TMPTA10 and UA-TMPTA 

was more ductile compared to PEA-HDDA and UA-TMPTA. Moreover, it appeared that shear stresses had 
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occurred on the PEA-TMPTA10 and UA-TMPTA10 fracture surfaces. These shear forces demonstrated the 

stronger interactions represented by PEA-TMPTA10 and UA-TMPTA10 [22, 23]. 

 
Figure 4. The fracture surfaces SEM morphologies of the PEA-HDDA, PEA-TMPTA10, UA-TMPTA, and UA-TMPTA10 after tensile test 

 

IV. CONCLUSIONS 

In conclusion, the results demonstrate the significant effect of reactive diluent selection on the mechanical 

properties and microstructural characteristics of 3D-printed resin systems. Samples prepared from the resin 

systems with TMPTA and TMPTA10 reactive diluents exhibited remarkable improvements in UTS and Young's 

modulus, highlighting their potential for enhancing the mechanical performance of resin systems. TMPTA 

reactive diluent can only be used for the urethane acrylate main resin due to its curing problem. Moreover, 

UA/TMPTA exhibited poor impact resistance despite its improved UTS and Young's modulus values. For this 

reason, the formulation of TMPTA10 was prepared as a new reactive diluent. The formulation of TMPTA10 

addressed the brittleness and non-printability issues associated with the resin systems with TMPTA, resulting in 

improved Izod impact strength and successful 3D-printed resin systems while maintaining or enhancing other 

mechanical properties. While UA-TMPTA, UA-TMPTA10, and PEA-TMPTA10 presented the most improved 

mechanical properties, SiA-TMPTA, SiA-TMPTA10, and PEA-TMPTA could not be obtained by 3D printing. 

In brief, UA-TMPTA samples exhibited increases of 60% and 67% in UTS compared to the samples with 

DPGDA and HDDA, respectively. Furthermore, Young's modulus showed impressive increases of 224% and 

203%, respectively. PEA-TMPTA10 demonstrated an increase of 50% in UTS compared to those prepared with 

DPGDA or HDDA. Furthermore, Young's modulus showed an increase of 94% and 38%, respectively. 
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Moreover, Izod impact strength was increased by the incorporation of TMPTA10, with an increase of 58% 

compared to the samples with HDDA and with an increase of 9.8% compared to those with DPGDA. 

Considering the SiA resin system, it showed high compatibility with HDDA. The samples with HDDA presented 

much improved mechanical properties compared to those with DPGDA, as mentioned. Considering the SiA resin 

system, it showed high compatibility with HDDA. The samples with HDDA presented much improved 

mechanical properties compared to those with DPGDA. These findings emphasize the importance of optimizing 

main resin-diluent formulations to achieve superior mechanical performance and structural integrity in 3D-

printed parts. In the future, research may concentrate on optimizing processing parameters and investigating new 

additives to further improve the qualities of resin systems for cutting-edge uses across a range of sectors. 
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