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1. Introduction 

Ceramics have long been revered for their excep-

tional properties, including remarkable strength [1], supe-

rior thermal resistance [2], and excellent wear resistance [3]. 

These characteristics have propelled them to become vital 

materials in diverse industries. However, traditional manu-

facturing techniques often limit the creation of intricate ge-

ometries [4] and hinder the tailoring of functionalities [5], 

restricting their application in advanced fields. 

The emergence of additive manufacturing (AM), 

also known as 3D printing, has revolutionized the manufac-

turing landscape. This groundbreaking technology offers 

unprecedented design freedom [6, 7], allowing the fabrica-

tion of complex structures that were previously unimagina-

ble. Within the realm of AM, stereolithography (SLA), a 

technique that uses a photopolymer resin, emerges as a 

promising approach for the creation of ceramic composites 

[8]. Photopolymers are light-sensitive resins that solidify 

upon exposure to a specific light source [6], paving the way 

for the layer-by-layer construction of the desired shapes. 

The SLA process employs a UV laser to selectively 

cure the photopolymer, meticulously building the object 

from a digital model [7]. This opens the door to the fabrica-

tion of intricate geometries that defy the limitations of con-

ventional methods. Furthermore, by strategically incorpo-

rating ceramic fillers into the photopolymer, SLA facilitates 

the creation of functional ceramic composites with en-

hanced strength, improved thermal or electrical properties, 

and customized functionalities, catering to the demands of 

numerous sectors [9, 10]. 

These composites present exciting possibilities for 

applications requiring both intricate geometries and superior 

performance, such as aerospace components [4], light-

weight yet robust heat exchangers [11], and biocompatible 

implants for medical applications [5]. 

Recent research has made significant strides in ad-

vancing the field of SLA-based ceramic composite fabrica-

tion. For example, Zhang et al. (2023) successfully demon-

strated 3D printing of alumina-based composites with supe-

rior mechanical properties compared to traditional tech-

niques [4]. Similarly, Li et al. (2022) explored the develop-

ment of biocompatible composites for bone tissue engineer-

ing using SLA [5]. 

Stereolithography (SLA) 3D printing has estab-

lished itself as a valuable tool for creating complex and 

highly precise prototypes and end-use parts [14]. However, 

conventional photopolymer resins lack the mechanical 

properties that are often required for functional applications. 

This has led to the exploration of ceramic and photopolymer 

composites, which offer a promising avenue to bridge this 

gap.  

Photopolymerization, the core principle behind 

SLA, involves the use of light to initiate the formation of 

polymer chains from liquid monomers [15]. This process is 

typically based on photoinitiators that react to light, gener-

ating free radicals that subsequently trigger chain growth 

and solidification of the resin [16]. Ceramic particles are in-

corporated into these photopolymers to enhance their me-

chanical properties, including strength, stiffness, and wear 

resistance [17]. However, achieving a uniform dispersion of 

ceramic particles and ensuring their compatibility with the 

photopolymer matrix present significant challenges [18]. 

Recent studies have explored various approaches 

to overcome these challenges. One technique involves using 

silane coupling agents to modify the surface of ceramic par-

ticles, improving their compatibility with the polymer ma-

trix, and promoting better dispersion [19]. Furthermore, re-

searchers have investigated novel photopolymer formula-

tions with tailored properties, such as high viscosity, to ac-

commodate the higher ceramic content [20]. Furthermore, 

advanced printing parameters and post-processing tech-

niques are being explored to optimize the printing process 

and achieve desired mechanical properties in the final parts 

[21, 22]. 

While still in development, ceramic and photopol-

ymer composites hold immense potential to expand the ca-

pabilities of SLA 3D printing in various application do-

mains. Continuous research efforts are focused on optimiz-

ing material formulations, printing processes, and post-pro-

cessing techniques to achieve high-performance ceramic 

parts with customized properties. 

The elastic behavior of materials is crucial for pre-

dicting deformations, as it allows for the estimation of how 

a material will change under load and whether it will return 

to its original state after the load is removed. This property 

also helps in determining strength limits and preventing fail-

ure. Understanding elasticity enables the optimization of 

material selection for various applications, ensuring its effi-

ciency and durability. The elastic behavior of linearly elastic 

isotropic solids is characterized by two main constants: 

Young's modulus (E) and the shear modulus (G). These con-

stants are crucial for the engineering design of structures. 

Consequently, many experimental methods have been de-

vised to determine the values of E and G, which can be 
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broadly categorized into static and dynamic methods. The 

longitudinal dynamic modulus of elasticity is a key mechan-

ical property of timber rectangular beams and can be meas-

ured using various vibration techniques, such as free or 

forced, flexural or longitudinal vibrations, under different 

support conditions. 

The aim of the paper is to investigate the mechani-

cal properties of ceramic and photopolymer composites cre-

ated using stereolithography (SLA) 3D printing, specifically 

focusing on the dynamic testing methods for determining 

Young's modulus. The research seeks to evaluate and com-

pare the performance of two SLA 3D printing materials, 

Liqcreate Composite-X and Phrozen's Water-Washable 

Resin, by employing dynamic flexural vibration tests to as-

sess their natural frequencies and calculate their respective 

Young's moduli. Because material manufacturers do not 

provide such valuable information, it becomes challenging 

to use the materials effectively for subsequent engineering 

purposes. The ultimate goal is to advance the understanding 

and application of SLA-based ceramic composites in vari-

ous high-performance engineering domains. 

2. Object of the Study 

Two of the most popular SLA 3D printing materi-

als Liqcreate Composite-X and Phrozen Water-Washable 

Resin were used (Table 1 and Table 2). 

Liqcreate Composite-X is a photopolymer resin for 

SLA 3D printing with excellent mechanical properties [12]. 

It contains pentaerythritol tetraacrylate for UV-induced 

crosslinking and solidification, with esterification products 

that improve printability and mechanics]. Diphenyl (2,4,6-

trimethylbenzoyl) phosphine oxide serves as the photoiniti-

ator for polymerization [3]. The resin's optimal printing uses 

a UV light source within 385-420 nm, and its mechanical 

properties are enhanced by post-curing under UV light or 

thermal treatment at 60°C for one hour or 100°C for two 

hours [12].  

Phrozen's Water-Washable 3D Printing Resin is an 

environmentally friendly photopolymer designed for simple 

and safe post-processing, eliminating the need for toxic sol-

vents [13]. Made with a urethane acrylate oligomer and re-

active diluents, it offers good mechanical properties and fast 

curing speeds, thanks to photoinitiators. This resin is easily 

washable  in water,  facilitating the cleaning  of 3D-printed 

 

Table 1 

Properties of Liqcreate Composite-X [12] 

Property Value 

Tensile strength 50-75 MPa 

Flexural strength 140-150 MPa 

Hardness 93-94 Shore D 

Viscosity 1400 cPs at 25°C 

Glass transition >100°C 

 

Table 2 

Properties of Phrozen water-washable resin [13] 

Property Value 

Tensile strength 50 -60 MPa 

Flexural strength - 

Hardness 75-85 Shore D 

Viscosity 600-800 cPs 

Glass transition >87°C 

 

objects. It requires specific UV light exposure for printing 

and post-curing to ensure the mechanical stability [13]. 

3. Methodology for 3D SLA Printing 

The 3D model for SLA printing created using the 

Fusion 360 student version software package (Fig. 1). For 

samples production, the Phrozen Sonic Mini Resin 3D 

Printer device was utilized (Table 3).  

Used slicer software Chitubox (Resin 3D Printing 

Slicer) BasicV2 (version Basis V2.2.0) with parameters 

mentioned in Table 4. 

 

a 

 

b 

Fig. 1 View of the sample: a – the principal view, b –3D 

model (2.5D X-cell lattice structure, volume 40%) 

Table 3 

Phrozen sonic mini resin 3D printer technical data [34] 

Technology Resin 3D Printer 

Type LCD 

Light Source 405nm ParaLED Matrix 2.0 

XY Resolution 62.5 µm 

Layer Thickness 0.01-0.30 mm 

Maximum Printing Speed 80 mm/ hour 

 

Table 4 

Slicing parameters 

Layer height 0.05 mm 

Retract speed 150 mm/min 

Lift distance 6 mm 

Lift speed 60 mm/min 

 

For both samples, the exposure time was set to 8 

seconds and the rest delay time to 2 seconds. Given the high 

viscosity of composite X material and its inability to flow 

due to its weight, as well as the inadequate coverage on the 

platform, the rest delay time was initially increased. Subse-

quently, a mechanical mechanism was implemented to 

move the material laterally, ensuring that the area beneath 

the platform was fully covered with the material. This ap-

proach solved the issue of sample adhesion. Consequently, 

a uniform and reproducible sample structure was produced. 

Printing parameters: 

- Liqcreate Composite-X - first layer time 160 s, 

other layers 6 s. Interlayer delay time set to 8 sec-

onds for material movement and filling of the 

whole surface. 
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- Phrozen Water-Washable Resin - first layer 40 s 

other layers 2 s. Interlayer delay time set by 4 sec-

onds for material movement and filling of the 

whole surface. 

- Post-curing time - >60 minutes at 60°C 

4. Methodology for Sample Analysis 

Material characterization plays a crucial role in 

various engineering applications. Traditionally, static and 

dynamic testing methods have been used to assess the me-

chanical properties of materials [23]. Among these proper-

ties, Young's modulus, yield strength, and tensile strength 

are of paramount importance, as they govern the response 

of a material to load [24]. 

Although static testing has been the established 

technique for determining Young's modulus, advances have 

facilitated the adoption of dynamic testing methods such as 

ultrasound and resonant vibration [25]. These dynamic ap-

proaches offer several advantages. They utilize small defor-

mations, well below the elastic limit of the material, making 

the tests completely non-destructive [26]. This allows re-

peated testing of the same sample, which can be highly ben-

eficial for generating statistically robust data [27]. 

From the perspective of conducting the experi-

ments, the method involves two stages: initially, excitation 

and signal acquisition and processing are carried out to iden-

tify the natural frequencies; subsequently, mathematical re-

lationships and computational methods are applied to derive 

(E) from these natural frequencies. Essentially, there are 

three types of vibration modes that can be employed to de-

termine Young's modulus of a prismatic beam with an asym-

metric cross-section around one axis, specifically out-of-

plane and in-plane bending modes, as well as the longitudi-

nal vibration mode. Research by other scientists indicates 

that sweep-sine excitation or short-duration excitation 

within a controlled frequency range yields better results 

[20]. Generally, when using bending vibration modes, a 

slender beam adhering to the Euler-Bernoulli theory is se-

lected as the test specimen. For this purpose, the length (L) 

to thickness (h) ratio must exceed 20 [7]. By knowing the 

end conditions, we can establish the mathematical relation-

ship between Young's modulus (E) and the beam dimen-

sions (L, B, H), weight (m), and natural frequencies (fi). 

2
3

2

2 i

i

fmL
E

I





 
=  

 
, (1) 

where 𝐼 represents the moment of inertia of the cross-sec-

tional area, calculated as I = BH3/12, and i are coefficients 

that depend on the beam’s support conditions and the mode 

numbers.  

Table 5 displays the first two coefficients deter-

mined for a beam with fixed-free end conditions, commonly 

known as a cantilever beam. 

For the determination of Young's modulus using 

flexural vibration tests, specific procedures are followed 

[28]. 

The length of the beam used in the dynamic test 

was 90 mm, thickness 4.5 mm, width 20 mm. The main in-

dicator of the geometry selection was the L/H ratio, which 

was chosen to be 20 as recommended by the review of sci-

entific articles [28]. The average mass density of the objects 

Table 5 

Dimensionless coefficients 𝛼𝑛 used to compute the  

frequencies of a cantilever beam. 

Mode number 1 2 

n  1.8751 4.6941 

 

under investigation was experimentally determined by di-

viding their mass by volume [24]. An electronic analytical 

balance, Kern ABP-200-4M, with a weighing capacity of up 

to 13.38 g for “Liqcreate Composite-X” materials and 9.5 g 

for “Phrozen’s Water-Washable” materials, and a resolution 

of 0.1 mg, was used for these density measurements [24]. 

Due to limitations in the available equipment, the value of 

theoretical mass density was ultimately used in the calcula-

tions of Young's modulus.  

The bending vibration test was performed on a 

dedicated test table designed to isolate the system from ex-

ternal noise and vibrations [29]. The "Brüel & Kjær" vibra-

tion measurement equipment comprised the following com-

ponents: 

1. Portable data acquisition system (3660-D) for 

processing, storing, and managing measurement results. 

2. A personal computer (DELL). 

3. Non-contact inductive position measurement 

sensors (U20B and U3B) from "Lion precision" with ampli-

fiers and an opacity source. 

4. Excitation vibrator (4810) with an amplifier and 

a frequency generator. 

Each specimen was prepared for vibration detec-

tion by adhering a very thin aluminium foil to 15 designated 

points. The test specimens were then securely clamped at 

one end. The displacement of each point was measured us-

ing the small displacement sensor (U3B). A larger sensor 

(U20B) was placed on a heavy metal base to detect stable 

ground level and any vibrations of the entire system, includ-

ing the test table [29]. 

Dynamic tests were performed (frequency sweep 

excitation) [30]. In the frequency sweep method, the speci-

men was stimulated across a range of frequencies (100 Hz 

to 1000 Hz) at a sweep rate of 500 Hz s  to induce various 

vibrational modes [30]. During excitation at each point, the 

swept sine signal was repeated multiple times, and the fre-

quency response was monitored. The impact method in-

volved striking the free end of the specimen with a hammer 

to avoid resonance in the system and sensors, thereby ob-

taining accurate natural frequency values. Following im-

pact, the specimen vibrated freely in its vertical modes, and 

all vibrations exhibiting a gradual decrease in amplitude 

over time. Although this impact method can be useful for 

predicting the initial few resonant modes, it is less effective 

for investigating higher frequencies [30]. As highlighted in 

various research studies [31], the most accurate Young's 

modulus calculations are derived from the first resonant 

modes. Consequently, focusing on higher-frequency modes 

would offer minimal benefit [31]. 

In both experiments, the signals from both sensors 

were processed by portable equipment (3660-D) and trans-

mitted to the PC, where the displacement of each point was 

plotted for analysis. 

Two beams with identical dimensions but different 

materials (“Liqcreate Composite-X” and “Phrozen’s Water-

Washable”) were chosen for the cantilever beam tests [32]. 
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Fig. 2, a shows the model and geometric characteristics of 

the cantilever beam with a square cross section used in the 

experimental modal analysis [32]. The measurement sys-

tem, sensor location, and beam fixation method are illus-

trated in Fig. 2, b [33]. Brüel&Kjær PULSE software was 

employed to conduct the experiments [33]. 

In performing the experimental modal analysis, op-

erational modal analysis (OMA) was used, the structure of 

which is presented in Fig. 2, c.  

             

a b 

 

c 

Fig. 2 General view of the testing stand (a), view of the specimen fixation (b), and operational modal analysis (c) 

5. Results 

The research objects are the 3D printed, Liqcreate 

Composite-X” “Phrozen Water-Washable” and which are 

presented in Fig. 3. The set of 12 specimens (6 for each ma-

terials) was 3D printed and prepared for vibration detection 

by adhering very thin aluminium foil to 15 designated points 

(aluminium foil with a thickness of 100 microns was stuck 

to the sample during harmonic analysis on the opposite side 

of the hall effect sensor). 

Vibrational measurements in the vertical direction 

were conducted at 15 points on the corresponding specimen 

(Fig. 3). The response results from one of the measurement 

points on the specimens are presented in Fig. 4. 

The results of the OMA are presented in Table 6 

and 7. The first two resonance frequencies with clearly de-

fined modes, whose shapes are shown in Fig. 5, were deter- 

 

Fig. 3 Liqcreate Composite-X (left, white) and “Phrozen’s 

Water-Washable (right, grey) samples 

mined using OMA. The automatically detected resonant fre-

quency of the first and second bending modes of the samples 

was used for calculation of Young‘s modulus. The Young’s 

modulus of the Phrozen Water-Washable Resin established 

by the resonant frequency method exceeds only 

(3 ± 0.3)1010 Pa and for Liqcreate Composite-X it exceeds 

(6 ± 0.93)1010 Pa (Table 6). The values of Young’s modulus 

for each material are determined according to Eq. (1). 

 

Table 6 

Different mode shape natural frequencies of  

composite and resin samples 

Mode 

No. 

Frequency [Hz] 

Liqcreate  

Composite-X 

Phrozen Water-Washable 

resin 

Mode 1  318 ± 10  210 ± 8 

Mode 2  479 ± 13 578 ± 15 

 

Table 7 

Experimental natural frequencies and Young’s modulus of 

composite and resin samples 

Sample 

Frequency of 

first resonant 

mode 

Young’s modulus deter-

mined after dynamic test 

(frequency of first bending 

mode), Pa 

Liqcreate 

Composite-

X 

318 ± 10  (6 ± 0.93)1010  

Phrozen Wa-

ter-Washa-

ble Resin 

210 ± 8 (3 ± 0.3)1010  

 

Measure (time do-
main): reference and 
response amplitudes 

Time domain corre-
lation: auto correla-
tion and cross cor-

relation  

Frequency domain: 
auto and cross 
power spectra 

Curve fit spectra: 
natural frequencies, 

mode shapes, 
damping 
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 a b 

   

 c d 

Fig. 4 Time histories and frequency spectra of displacement amplitudes of the sample point: a, b – Liqcreate Composite-X, 

c, d – Phrozen’s Water-Washable 

   

 a b 

Fig. 5 Results of OMA of the sample: a – shape of first resonant mode of sample; b – shape of secondary resonant mode of 

sample 

6. Conclusions 

The study found that "Liqcreate Composite-X" had 

a first resonance frequency of 318 Hz, while "Water-Wash-

able Resin" had a first resonance frequency of 210 Hz. Con-

sequently, the Young's modulus of "Liqcreate Composite-

X" was 0.93 x 1010 Pa, significantly higher than the 0.30 x 

1010 Pa of "Water-Washable Resin." 

"Liqcreate Composite-X" demonstrates superior 

mechanical performance with higher natural frequencies 

and a greater Young's modulus, making it suitable for appli-

cations requiring high strength and stiffness. "Phrozen's 

Water-Washable Resin," while easier to process and envi-

ronmentally friendly, has lower mechanical properties, 

making it more suitable for less demanding applications. 

This study underscores the importance of material 

selection in SLA 3D printing for applications with specific 

mechanical requirements. 

In addition, this study confirms that the data offi-

cially presented by the manufacturers of these products and 

similar products in general is not sufficient to form data on 

future products that will be printed on a 3D printer and es-

pecially their mechanical properties. This makes it impossi-

ble to quickly select materials to print important structures 

without additional testing. 
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Kilikevicius, D. Vainorius, J. Matijosius, O. Kapustynskyi, 

G. Mordas 

ELASTICITY STUDY OF SLA ADDITIVELY MANU-

FACTURED COMPOSITES 

S u m m a r y 

The paper investigates the elasticity study of ce-

ramic and photopolymer composites created using stereo-

lithography (SLA) 3D printing, focusing on comparing 

"Liqcreate Composite-X" and "Phrozen's Water-Washable 

Resin." Dynamic flexural vibration tests were used to deter-

mine the natural frequencies and calculate the Young's mod-

uli of the materials. 
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