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Background: The use of 3D printing for manufacturing occlusal splints is convenient; however, 
further studies are needed to optimize their material properties. The aim of this study was to 
evaluate the effect of different isopropanol (IPA) washing times on the properties of 3D-printed 
occlusal splints.  
Materials and methods: A total of 132 bar-shaped specimens printed using Formlabs Dental LT 
Clear V1 and V2 resins were investigated. The printed specimens from each resin were divided into 
three groups according to IPA washing time: 5, 20, and 60 minutes (n = 22 per group). Half of the 
specimens from each group were subsequently water-aged. Flexural strength, flexural modulus, 
water sorption, and water solubility were measured. In addition, surface characteristics were 
evaluated using a non-contact 3D optical profilometer. Data were statistically analyzed using 
ANOVA and Tukey’s HSD test. 
Results: The results showed that longer IPA washing times generally resulted in lower flexural 
strength values, except in the water-aged V2 group. Flexural modulus was lower in the non-water-
aged groups. Longer IPA washing times also increased water sorption. Furthermore, specimens in 
the water-aged V1 group were more prone to cracking and fracture after prolonged IPA washing. In 
contrast, short IPA washing times resulted in residual unpolymerised resin on the specimen surfaces. 
Based on the overall findings, a washing time of 20 minutes appeared to provide the most balanced 
performance among the tested groups. 
Conclusion: The duration of IPA washing had a significant effect on the performance of 3D-printed 
occlusal splint resins. Excessive washing negatively affected several material properties. Therefore, 
optimization of the IPA washing protocol is essential to achieve adequate cleaning while 
maintaining the material performance. 
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1. INTRODUCTION 

Occlusal splints are used in dentistry for the treatment of temporomandibular disorders (TMD) [1]. 
Temporomandibular disorders include pain and dysfunctions of the muscles of the face and the 
temporomandibular joints [2]. Occlusal splints seem to be effective in treating the symptoms of 
TMD such as myofascial pain and preventing tooth wear caused grinding teeth especially during 
sleep. However occlusal splints do not cure the root cause of TMD [3]. Myofascial pain is relieved 
through the reduction of masticatory muscle activity when using an occlusal splint [4].  

Occlusal splints are often made from polymethyl methacrylate (PMMA). The usual way of 
fabricating them with this material is by taking a mold of the teeth with alginate. Then a model of 
the teeth is made from dental plaster. Finally the PMMA is applied on the plaster model and it is 
cured in one of various ways such as cold polymerisation [5,6]. Making occlusal splints has become 
much more convenient recently with the technological progress in digital impressions with 
computer-aided design/computer-aided manufacturing (CAD/CAM) and 3D-printers. In CAD/CAM 
a digital impression of the patients teeth is taken with a scanner either intraorally or indirectly from 
a plaster model and a dental device can be made with a computer program. The occlusal splint will 
then be fabricated using a technic called milling. In milling the shape of the occlusal splint is made 
by drilling material and this results in a lot of material waste. Lastly it is now possible to use 3D-
printers to make occlusal splints. Using this method the patients mouth is first scanned and then a 
3D-printer is used to construct the occlusal splint. 3D-printing has a number of advantages. It is 
more comfortable for the patient, it is less time consuming, it will not have distortion that come 
over time to physical impressions, it has less material waste and it can be cheaper in the long run. 
The downside of 3D-printing is that the mechanical properties of the materials are weaker compared 
to PMMA and the scanners can still be inaccurate [7-9].  

There are various mechanisms for 3D printers. Two of the most common mechanisms for 3D-
printers are stereolithography (SLA) and digital light processing (DLP). In SLA a laser cures the top 
layer of the liquid resin whereas in DLP a light projector is used. After printing the product must be 
cleaned so that there is no unpolymerized resin remaining on the surface of the product. The 
materials used in this study are recommended to be rinsed with isopropanol (IPA) for 20 minutes by 
the manufacturer. Finally the product should be post-cured to increase the conversion rate of the 
polymers. 

There is still a very limited amount of literature on the effects of post rinsing when fabricating a 
dental device with a 3D-printer. Thus the aim of this study was to investigate the effect of the 
isopropanol washing time on the properties of 3D-printed occlusal splints. The null hypothesis of 
isopropanol wash time having no effect on the properties was tested. 
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2. MATERIALS AND METHODS 
2.1 Flexural strength and flexural modulus 

In total 132 bar-shaped specimens were printed with 3D-printer that uses SLA (Formlabs Form 
3B+). The material for half of the specimens was Formlabs Dental LT clear V1(n=66) and for the 
other half Formlabs Dental LT clear V2(n=66). The dimensions of the specimens were 3x10x60mm. 
After printing excess resin is washed with isopropanol in an ultrasonic cleaning unit (Quantrex 90, 
L&R Ultrasonics, Kearny, NJ, USA). Both materials were divided into three groups(n=22) with 
different isopropanol washing times. The aforementioned washing times were 5 minutes, 20 
minutes and 60 minutes. When IPA-wash was finished the specimens were left to dry for 30 
minutes before post curing. Post curing was conducted with a post curing unit (Otoflash G171, 
BEGO GmbH&Co, Bremen, Germany). For Dental LT clear V1 the post curing was done for 20 
minutes in 80 degrees celsius. For Dental LT clear V2 the post curing was done for 60 minutes in 60 
degrees celsius. All the different washing time groups in both materials were yet again divided to 
two groups(n=11). The other group was boiled in 100 degree deionised distilled water for 16 hours 
before testing while the dry group was left in the air atmosphere without any additional handling. 

The length of the specimens were measured before testing. The specimens were measured for their 
flexural strength (MPa) and modulus (GPa). The measurements were conducted with a three point 
bending test by a universal testing machine (Model LRX; Lloyds Instruments Ltd., Hampshire, 
UK). The span between the two supporting edges was 50 mm and the crosshead speed was 5 mm/
min. The specimens were bent for 12 mm or until they were broken into pieces. The amount of 
broken specimens were documented. 

Flexural strength (σ) can be calculated with the formula below where F is the value for force at its 
highest point. L is the distance between the supporting 
edges (50mm). b stands for width of the specimen (≈10mm) and h for height of the specimen 
(≈3mm) 

≈ 
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Flexural modulus (E) can be calculated with the formula below where F is the force at the chosen 
point D. L is the distance between the supporting edges (50mm). b stands for width of the 
specimen(≈10mm) and h for height of the specimen (≈3mm) 

 

2.2 Water solubility and water sorption 

Six specimens from each group of both materials were measured for water sorption and water 
solubility. The specimens were made dry by inserting them into a vacuum desiccator containing 
freshly dried silica at 37 ±1 ◦C for 24h. The mass of the specimens were first measured with a 
digital analytical balance (XS105; Mettler Toledo, Greifensee, Switzerland) with an accuracy of 
0.1mg. Then the specimens were put to 100 degree distilled water for 16 hours and the mass was 
measured immediately after aging them in the water. After that the specimens were left to dry and 
their weight was measured regularly until there was no more change in the weight. 

M1 is the initial mass of the specimens. M2 is the weight immediately after water immersion. M3 is 
the stable weight after drying in 55 degree air. 

2.3 Three-Dimensional Microlayer structure 

One specimen was randomly selected from each subgroup and covered with gold by using a 
sputtering device for the inspection of its surface on a microscopical level. The inspection of the 
surface was made by using a scanning electron microscope (SEM) (JSM-5500, JEOL Ltd., Tokyo, 
Japan). The specimens were inspected at four different spots with 50x, 250x, 500x, 1000x, 2000x 
and 4000x magnification. Additionally the specimens were inspected with a 3D optical profilometer 
(ContourGT-I, Bruker Nano, Inc., Tucson, AZ, USA). With this we could measure the dimensions 
of the micro layer structure. 
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2.4 Statistical analysis 

A one-way ANOVA was performed to analyse the statistical significance of the IPA wash time for 
flexural strength, flexural modulus, length of the specimens, water sorption and water solubility 
using a statistical software (JMP Student Edition 19, JMP Statistical Discovery LLC, Cary, NC, 
USA). The amount of broken specimens and crack formation on the specimens were not statistically 
analysed. A p value of less than 0.05 was considered statistically significant. 

3. RESULTS 

The p values for the statistical analyses are shown in the table below 

According to the results the flexural strength is clearly lower with longer IPA wash time in the 
groups that were not aged in water. Similar result was also seen in the water aged V1 group. The 
water aged V2 group was not affected by the IPA wash time. Water aging also decreased the flexural 
strength in both V1 and V2 materials. Flexural modulus showed a decrease in the non-water aged 
groups with a longer IPA wash time but no statistically significant difference was seen in the water 
aged groups. However flexural modulus also decreased in both materials when aged in water. For 
specimen length there was no correlation with the IPA wash time but water aged specimens were 
slightly longer in both groups. The difference in water sorption was not significant in V1 group but 
slightly higher water sorption was found in the V2 group when the IPA wash time got longer. Water 
solubility was clearly higher with a longer IPA wash time in both V1 and V2 groups. The mean 
values and standard deviation for flexural strength, flexural modulus, length of the specimens, water 
sorption and water solubility are shown in the tables (2-5) 

Table 1. Statistical analysis of flexural properties, length of the specimens, water sorption and water 
solubility

Flexural 
strength

Flexural 
modulus

Length Water sorption Water 
solubility

V1 <0.0001 0.0198 0.8094 0.092 <0.0001

V2 <0.0001 0.0341 0.5474 0.0348 0.0012

V1 aged in 
water

0.0156 0.0992 0.2707

V2 aged in 
water

0.3709 0.1128 0.1955
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Table 2. Flexural strength results of the tested resins before and after aging (MPa)

5min 20min 60min

V1 130±5.65 123±4.34 118±32.6

V2 80.8±3.04 79.1±3.50 72.9±5.06

V1 aged in water 68.3±5.40 66.9±5.53 55.9±14.0

V2 aged in water 54.9±4.36 54.1±4.96 56.4±1.42

Table 3. Flexural modulus results of the tested resins before and after aging (GPa)

5min 20min 60min

V1 5.44±0.532 5.26±0.436 4.88±0.312

V2 3.22±0.183 3.19±0.204 2.99±0.242

V1 aged in water 2.97±0.335 3.01±0.475 3.40±0.600

V2 aged in water 2.15±0.207 2.14±0.220 2.29±0.072

Table 4. Lengths of the specimens before and after aging (mm)

5min 20min 60min

V1 9.82±0.04 9.82±0.05 9.84±0.07

V2 9.69±0.09 9.71±0.09 9.67±0.07

V1 aged in water 9.99±0.10 9.94±0.06 9.99±0.08

V2 aged in water 9.78±0.15 9.66±0.21 9.75±0.06
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Table 5. Values for water sorption in the left and values for water solubility in the right (%) 

                                            Water sorption                                           Water solubility



In the Table 6 the amount of broken specimens during the three point bending tests is displayed. 

In the water aged V1 group the amount of broken samples seems to be higher when the IPA wash 
time was longer. This was not the case in the other groups. In the water aged V1 group even if the 
samples didn’t break there was crack formation in the specimens and the rate of cracks was higher 
with longer IPA wash times. Some cracks were also observed in the water aged V2 group with 60 
minute IPA washing time. 

 

Table 5. The amount of broken specimens in the three point bending test (%)

5min 20min 60min

V1 67 55 64

V2 9 9 18

V1 aged in water 40 60 90

V2 aged in water 18 0 0

6Figure 1. The images taken with the scanning electron microscope (SEM) with 500x 
magnification.



The images taken with SEM using 500x magnification are seen in Figure 1. In both groups it can be 
noticed that 5 minute IPA washing time still leaves some irregularities on the surface. 20 minute IPA 
washing time seems to give the smoothest result while prolonged IPA washing in the 60 minute 
samples seems to leave a rugged surface. 

 

The 3D images of the surface taken with the optical profilometer are seen in Figure 2. In the 5 
minute groups a significant amount of irregularities on the surface can be seen. The 20 minute 
groups show the smoothest result while the 60 minute groups have a slightly more rugged 
appearance. 
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Figure 2. 3D images of the surface taken with the 3D optical profilometer. Note that the scale is 
slightly different for every image.



4. DISCUSSION 

In this study the effects of IPA wash time on the properties of 3D-printed occlusal splints were 
investigated. These properties included flexural strength, flexural modulus, water sorption, water 
solubility as well as the three dimensional consistency of the surface of the occlusal splints. The 
results indicate that the null hypothesis of there being no effect with different IPA wash times can be 
rejected. The decline in the properties also depends on the material of the occlusal splint.  

The post-treatment of 3D-printed materials plays a big role on the properties. As found in this study 
the physical properties can change. Similar results have been found in other studies [10]. One aspect 
that should be considered when making materials for medical purposes is cytotoxicity. The exact 
formulas of the resins used in this study are not revealed but the manufacturer reveals that the 
materials contain Bisphenol A dimetachrylate, urethane metachrylate, metachrylate monomers and 
photoinitiators. According to a study some of the components in the resins could be cytotoxic [11]. 
It was also found that proper post-treatment of the 3D-printed objects ameliorated the toxicity of the 
materials [12]. Thus the effects of the material on the body could be unfavourable if the IPA 
washing time is not long enough. 

IPA itself is cytotoxic [13]. When 3D-printing the IPA is inside a post rinsing unit. Therefore 
exposure to vaporising IPA is minimised but there is still exposure especially when inserting and 
taking the product out of the unit. For this reason other ways for post rinsing could be investigated. 
For example ethanol and butyl glycol can be used as an alternative for IPA in post rinsing [14]. 

In this study an SLA type 3D-printer was used. For post-curing a light curing unit was used. Using a 
different printer type and post-cure method can have an effect on the properties of the occlusal 
splints in addition to the IPA wash time. According to a study the type of post-cure was found to 
affect the flexural strength and flexural modulus and water sorption among other properties [15]. In 
the same study the type of the printer on the other hand can lead to a difference in the smoothness of 
the surface, water sorption and water solubility. Therefore the effect of IPA washing in combination 
with different printer types and post-curing methods should be further investigated. 

Half of the specimens in this study were aged in boiling water. The purpose of this is to stimulate 
the conditions in the mouth when the occlusal splint is in actual use. Aging in water is a standard 
procedure when investigating materials for dental applications [16]. In this study aging in water led 
to a clear decrease in flexural strength and flexural modulus. Also the length of the specimens 
increased which would indicate to water sorption. With the V1 material significantly more broken 
specimens were observed in the water aged group when the IPA wash time was longer. This means 
that the occlusal splints would get especially weak when in use. 
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According to the manufacturer of the 3D-printer and the resins of this study, the recommended time 
for IPA wash time was 20 minutes which also seems to be the optimal according to this study. The 
longer the IPA wash time is the weaker the resulting occlusal splints will be depending on the 
material. Therefore excessive washing should be avoided. However not washing the material 
enough will lead to a large amount of unwanted unpolymerized resin on the splints. 

5. CONCLUSION 

We can conclude from the results that excessive washing of 3D-printed occlusal splints with 
isopropanol will lead to weaker occlusal splints that are more prone to cracking and breaking. The 
splints will also be more water soluble and the surface of the splint will get slightly more rugged 
with a very long IPA washing time. On the other hand washing too little will lead to having remains 
of unpolymerized resin on the surface of the splints which leads to an irregular appearance when 
inspected on the micro level. 

9



REFERENCES 

1. Crout DK. Anatomy of an occlusal splint. Gen Dent. 2017 Mar-Apr;65(2):52-59. PMID: 
28253183. 

2. List T, Jensen RH. Temporomandibular disorders: Old ideas and new concepts. Cephalalgia. 
2017 Jun;37(7):692-704. doi: 10.1177/0333102416686302. Epub 2017 Jan 9. PMID: 
28068790. 

3. Dao TT, Lavigne GJ. Oral splints: the crutches for temporomandibular disorders and bruxism? 
Crit Rev Oral Biol Med. 1998;9(3):345-61. doi: 10.1177/10454411980090030701. PMID: 
9715371. 

4. Daif ET. Correlation of splint therapy outcome with the electromyography of masticatory 
muscles in temporomandibular disorder with myofascial pain. Acta Odontol Scand. 2012 
Jan;70(1):72-7. doi: 10.3109/00016357.2011.597776. Epub 2011 Jul 5. PMID: 21728748.   

5. Prpic V, Spehar F, Stajdohar D, Bjelica R, Cimic S, Par M. Mechanical Properties of 3D-
Printed Occlusal Splint Materials. Dent J (Basel). 2023 Aug 18;11(8):199. doi: 10.3390/
dj11080199. PMID: 37623295; PMCID: PMC10453325.Sods 

6. Zafar MS. Prosthodontic Applications of Polymethyl Methacrylate (PMMA): An Update. 
Polymers (Basel). 2020 Oct 8;12(10):2299. doi: 10.3390/polym12102299. PMID: 33049984; 
PMCID: PMC7599472.Seeds 

7. Joda T, Zarone F, Ferrari M. The complete digital workflow in fixed prosthodontics: a 
systematic review. BMC Oral Health. 2017 Sep 19;17(1):124. doi: 10.1186/
s12903-017-0415-0. PMID: 28927393; PMCID: PMC5606018. 

8. Miyazaki T, Hotta Y, Kunii J, Kuriyama S, Tamaki Y. A review of dental CAD/CAM: current 
status and future perspectives from 20 years of experience. Dent Mater J. 2009 
Jan;28(1):44-56. doi: 10.4012/dmj.28.44. PMID: 19280967. 

9. Mangano F, Gandolfi A, Luongo G, Logozzo S. Intraoral scanners in dentistry: a review of the 
current literature. BMC Oral Health. 2017 Dec 12;17(1):149. doi: 10.1186/s12903-017-0442-x. 
PMID: 29233132; PMCID: PMC5727697.Did 

10. Tangpothitham S, Pongprueksa P, Inokoshi M, Mitrirattanakul S. Effect of post-polymerization 
with autoclaving treatment on monomer elution and mechanical properties of 3D-printing 
acrylic resin for splint fabrication. J Mech Behav Biomed Mater. 2022 Feb;126:105015. doi: 
10.1016/j.jmbbm.2021.105015. Epub 2021 Nov 29. PMID: 34896766.Dai J, Luo K, Liu Q, 
Unkovskiy A, Spintzyk S, Xu S, Li P. Post-processing of a 3D-printed denture base polymer: 
Impact of a centrifugation method on the surface characteristics, flexural properties, and 
cytotoxicity. J Dent. 2024 Aug;147:105102. doi: 10.1016/j.jdent.2024.105102. Epub 2024 Jun 
8. PMID: 38852693. 

11. Dai J, Luo K, Liu Q, Unkovskiy A, Spintzyk S, Xu S, Li P. Post-processing of a 3D-printed 
denture base polymer: Impact of a centrifugation method on the surface characteristics, flexural 
properties, and cytotoxicity. J Dent. 2024 Aug;147:105102. doi: 10.1016/j.jdent.2024.105102. 
Epub 2024 Jun 8. PMID: 38852693 

10



12. Cordista V, Patel S, Lawson R, Lee G, Verheyen M, Westbrook A, Shelton N, Sapkota P, 
Zabala Valencia I, Gaddam C, Thomas J. Towards a Customizable, SLA 3D-Printed Biliary 
Stent: Optimizing a Commercially Available Resin and Predicting Stent Behavior with 
Accurate In Silico Testing. Polymers (Basel). 2024 Jul 11;16(14):1978. doi: 10.3390/
polym16141978. PMID: 39065295; PMCID: PMC11280906. 

13. Gill MW, Burleigh-Flayer HD, Strother DE, Masten LW, McKee RH, Tyler TR, Gardiner TH. 
Isopropanol: acute vapor inhalation neurotoxicity study in rats. J Appl Toxicol. 1995 Mar-
Apr;15(2):77-84. doi: 10.1002/jat.2550150204. PMID: 7782562. 

14. Mayer J, Reymus M, Wiedenmann F, Edelhoff D, Hickel R, Stawarczyk B. Temporary 3D 
printed fixed dental prosthesis materials: Impact of post printing cleaning methods on degree of 
conversion as well as surface and mechanical properties. Int J Prosthodont. 2021 November/
December;34(6):784–795. doi: 10.11607/ijp.7048. Epub 2021 Feb 12. PMID: 33616559. 

15. Wada J, Wada K, Gibreel M, Wakabayashi N, Iwamoto T, Vallittu PK, Lassila L. Effect of 
Nitrogen Gas Post-Curing and Printer Type on the Mechanical Properties of 3D-Printed Hard 
Occlusal Splint Material. Polymers (Basel). 2022 Sep 22;14(19):3971. doi: 10.3390/
polym14193971. PMID: 36235919; PMCID: PMC9571503. 

16. Pérez MM, Espinar C, Pecho OE, Tejada-Casado M, Della Bona A. Effect of aging on optical 
behavior and color of 3D printing resin-based dental restorative materials. J Dent. 2025 
Jun;157:105734. doi: 10.1016/j.jdent.2025.105734. Epub 2025 Apr 9. PMID: 40216073.

11


