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 ABSTRACT 

Background: Additive manufacturing has emerged as a promising technique for fabricat-

ing complete dentures, yet the influence of printing parameters- particularly build orienta-

tion- on surface quality and color stability remains insufficiently understood. 

Purpose: This study aimed to evaluate the effect of three different 3D printing build orien-

tations (0°, 45°, and 90°) on the surface roughness and color stability of removable com-

plete dentures, with the goal of identifying the optimal configuration for clinical applica-

tion. 

Materials and Method: Complete denture bases and artificial teeth were fabricated sepa-

rately using a 3D printer and subsequently assembled. A total of 90 specimens were fabri-

cated and printed at 0°, 45°, and 90° build orientations (n=10 per subgroup). Surface 

roughness was measured using a profilometer, and color stability was assessed by spectro-

photometric analysis after immersion in commonly encountered staining solutions under 

simulated oral conditions over time. 

Results: Build orientation significantly affected both surface and optical properties of the 

specimens. The 45° orientation exhibited the highest surface roughness values, whereas the 

0° orientation produced the smoothest surfaces. Color evaluation revealed that dentures 

printed at 90° orientation underwent the greatest discoloration, while those printed at 0° 

maintained superior color stability throughout the observation period. 

Conclusion: Build orientation plays a pivotal role in the long-term esthetic and functional 

performance of 3D-printed complete dentures. Printing at 0° orientation provides smoother 

surfaces and improved resistance to discoloration, suggesting it as the most favorable con-

figuration for clinical use. Optimizing printing parameters is essential for enhancing the 

durability, hygiene, and esthetics of dentures fabricated via additive manufacturing. 
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Introduction 

The fabrication of complete dentures by computer-aided 

design and computer-aided manufacturing (CAD-CAM) 

methods has become popular in both clinical and labora-

tory practices in recent years [1-2]. Two CAD-CAM 

techniques, a computerized numeric control subtractive 

milling process and a system of rapid prototyping (RP) 

that is commonly known as three-dimensional (3D) 

printing, an additive manufacturing (AM) process, are 

available to fabricate CAD-CAM complete dentures [3]. 

Complete dentures fabricated with either of the CAD-

CAM techniques have been evaluated; it is believed that 

complete dentures that have been elaborated according 

to digital technology have better mechanical properties, 

uniform plate thickness in their different sections, and 

better conformity with the denture field [4-5]. Remova-
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ble prostheses fabricated using CAD-CAM technology 

offer several clinical advantages, such as minimizing the 

number of required patient visits, enhancing the preci-

sion of mucosal fit, and enabling accurate and efficient 

replication of pre-existing dentures [3, 6-8]. Complete 

dentures fabricated using the RP technique have also 

elicited patient satisfaction comparable with that for 

conventional complete dentures [9-10]. Additionally, 3D 

printing, as an AM technique, presents notable benefits 

compared to subtractive manufacturing (SM) methods. 

The RP approach is cost-effective, as it eliminates tool 

wear and minimizes material waste, while allowing for 

the simultaneous production of multiple units [11]. Un-

like SM, where fabrication accuracy is constrained by 

the dimensions and quantity of milling burs, advance-

ments in AM technology have significantly enhanced 

the consistency and precision of RP-fabricated prosthe-

ses [12-14]. Additive technology development and clin-

ical applicability will depend on the gradual improve-

ment of the manufacturing process [15], which implies 

controlling several variables including the building ori-

entation/direction, the support structure dimension and 

distribution, and the position of printed parts in the 

building platform [16]. These variables affect a range of 

material properties, including dimensional accuracy, 

flexural strength, compressive strength, flexural modu-

lus, shear bond strength, and surface roughness [17-24]. 

However, certain characteristics- such as surface rough-

ness [17] and color stability [25-26], remain insuffi-

ciently investigated and warrant further research. Print-

ing materials should fulfill the mechanical [27] and bio-

compatibility requirements needed for the oral service 

and satisfy patients and clinicians for the esthetic de-

mands. This is why color and optical properties meas-

urement and characterization, and visual color differ-

ences evaluation in dentistry are of utter importance 

[28]. In addition to printing parameters, the exposure of 

denture base resins to staining media plays a significant 

role in their long-term color stability, as the interaction 

between pigments, acidity, and resin polymer matrix 

may accelerate discoloration and surface degradation. 

Surface roughness is another critical property, influenc-

ing plaque retention, hygiene, and overall esthetics of 

removable prostheses. Printable acrylic-based materials 

used in AM exhibit varying degrees of susceptibility to 

these environmental factors, and their behavior under 

prolonged exposure remains insufficiently documented. 

The present study was designed to evaluate the effect of 

three different 3D-printing build orientations (0°, 45°, 

and 90°) on the surface roughness and color stability of 

3D-printed denture specimens after immersion in vari-

ous common staining solutions. The null hypothesis was 

that printing orientation would have no significant effect 

on surface roughness or color stability following im-

mersion in different staining media.  

 

Materials and Method 

The present research was conducted as an in vitro exper-

imental laboratory study using standardized 3D-printed 

denture specimens. The study protocol was approved by 

the Ethics Committee of Hamadan University of Medi-

cal Sciences (IR.UMSHA.REC.1402.552). A priori 

power analysis was performed using G*Power (version 

3.1.9.7; Heinrich-Heine-Universität Düsseldorf, Düssel-

dorf, Germany) to determine the required sample size. 

Considering a two-way ANOVA design (3 printing ori-

entations × 3 immersion solutions), an effect size of f = 

0.25 (medium), α = 0.05 and power (1−β) = 0.80 (29), 

the analysis indicated a minimum of 10 specimens per 

subgroup (total N = 90). The selected sample size of 10 

specimens per subgroup was determined to provide suf-

ficient statistical power to detect medium-sized effects 

and their interactions. To evaluate the surface character-

istics- namely surface roughness and color stability—of 

3D-printed dentures fabricated at varying build angles, 

first of all a scan was prepared from a maxillary cast 

model with a missing left first molar. A maxillary cast 

with a missing left first molar was selected for specimen 

fabrication, and the molar region was used for surface 

roughness and color stability measurements. A laborato-

ry scanner (Shining 3D AutoScan DS-EX, Shining 3D 

Tech Co., Hangzhou, China) was used for digitizing the 

maxillary cast. The design process was performed using 

Exocad DentalCAD software (version 3.1; Exocad 

GmbH, Darmstadt) available in the digital department 

of The Hamedan Dental Faculty. Next, the teeth and 

complete denture base for the edentulous region were 

designed using dental CAD software (Exocad, version 

3.1), with a cement gap of 80 µm and a minimum base 

thickness of 1.5 mm. The specimens were subsequently 

converted into standard tessellation language (STL) files 

and imported into dedicated 3D printing software for 
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fabrication. A digital light processing (DLP) 3D printer 

(Asiga Freeform PRO2; Asiga, USA) was used to fabri-

cate 90 denture teeth and denture bases as two separate 

components at 37 °C in three different build orientations 

(0°, 45°, and 90°). The designated build angles (0°, 45°, 

and 90°) were set digitally within the printer software 

relative to the build platform prior to support generation 

and printing. In total, 90 complete denture specimens 

were produced and divided into three printing orienta-

tion groups (0°, 45°, and 90°). For each build angle (0°, 

45°, and 90°), 30 specimens were fabricated (total = 

90). Each printing orientation was further divided into 

three immersion solution subgroups (distilled water, 

orange juice, and black tea), with 10 specimens allocat-

ed to each subgroup (Figure 1), resulting in a 3×3 facto-

rial design (n= 10 per subgroup).  

Temporary crown resin material (Detax temp/made 

in Germany) was used for printing the teeth and pink re-

sin (Free print denture base/made in Germany) for dent-

ure bases. Following fabrication, the resin specimens u- 

 

 

 
 

Figure 1: Allocation of 3D-printed specimens into staining 

solutions 

nderwent a two-step cleansing process using 90% iso-

propyl alcohol for one minute per cycle. Post-curing 

was performed in a UV polymerization chamber (manu-

facturer and model details: an institution-supplied 

standard unit), following the manufacturer’s instruc-

tions. Residual support structures were eliminated using 

a low-speed rotary handpiece. Thereafter, both sides of 

each sample were meticulously finished with water-

cooled abrasive papers, progressing to a 1200-grit level. 

To finalize the surface preparation, all specimens were 

immersed in an ultrasonic bath for five minutes to elim-

inate any remaining surface contaminants. Each of the 

dental and gingival parts was fixed together based on 

support structures on buccal and palatal walls with light 

cure pink acrylic resin (Stellar DC Acrylic-Pink) inside 

the corresponding cavity in the denture base. The den-

ture teeth were bonded into the denture base recesses 

using a dual-cure gingival acrylic resin (Stellar DC 

Acrylic Pink; Taubin Dental Products, USA), following 

the manufacturer’s recommendations. Each sample was 

placed in the UV device under 285nm radiation is 

placed for 3 minutes post-curing then samples were 

ground with SiC paper (grit 800) and rinsed with water. 

To provide a clearer understanding, the printed sample 

illustration can be observed in Figure 2, offering a visual 

representation of the concept discussed. Figure 2 illus-

trates a representative 3D-printed denture base and den-

ture tooth used in the experiment, confirming the mor-

phology of the printed samples and supporting the de-

scription of the fabrication process. 

The baseline color measurements of the specimens 

were performed using a spectrophotometer (VITA 

Easyshade V, digital spectrophotometer). Color meas-

urements were obtained using the CIE Lab* color space, 

applying the CIE 10-degree standard observer in con-

junction with the D65 standard illumination source. 

Prior to each measurement session, the device was 
 

 
 

Figure 2: The printed sample used for color and hardness 

testing 
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calibrated using the manufacturer-supplied white cali-

bration plate. Following baseline color assessment, the 

specimens within each group were randomly allocated 

into three subgroups (n=10) and subsequently immersed 

in one of the following solutions: distilled water, orange 

juice, or black tea. Tea was prepared by placing 10 g of 

black tea (ALSAAD Tea, Morocco, North Africa) in 

500 mL of boiling water for 15 minutes. Orange juice 

solution was prepared by dissolving 15 g of powdered 

drink mix (Tri-C Orange Flavored Artificial Drink 

Powder, Flavourtech, Turkey) in 250 mL of cold water. 

All solutions were freshly prepared prior to immersion. 

The specimens immersed in the staining media were 

stored in an incubator maintained at 37 °C under dark 

conditions to prevent light-induced alterations. The 

staining solutions were renewed on a daily basis, and 

the aging process was continued for a total duration of 

30 days. Color measurements were taken at specific 

time intervals (1, 7, and 30 days post-immersion), and 

the color difference (ΔE00) was calculated using the 

CIEDE1976 formula. According to the study of Guler et 

al. [30], 24 hours of exposure to tea simulates approxi-

mately 30 days of regular consumption. Color differ-

ences (ΔE) were calculated based on the CIELAB color 

space, which defines color using a three-axis system. In 

this model, the L* axis represents lightness, ranging 

from 0 (pure black) to 100 (pure white). The a* coordi-

nate reflects chromaticity along the red-green axis, with 

positive values indicating redness and negative values 

indicating greenness. Similarly, the b* coordinate repre-

sents the yellow-blue spectrum, where positive values 

correspond to yellow and negative values to blue. 

∆𝐸76 = √(𝐿2
∗ − 𝐿1

∗ )2 + (𝑎2
∗ − 𝑎1

∗)2 + (𝑏2
∗ − 𝑏1

∗)2 

Ra was evaluated using a contact profilometer (Test 

Tech NDT, TR200plus) in accordance with ISO 4287 

standards. The device operates within a vertical measur-

ing range of ±80 µm. Three measurements were record-

ed from non-overlapping areas of the central palatal 

region of each specimen, and the mean Ra value was 

calculated and used for statistical analysis. Each speci-

men was placed on a stable flat platform, and measure-

ments were performed under standardized conditions 

according to ISO 4287. A cut-off length of 0.8mm and a 

tracing length of 4.0mm were used, with the stylus mov-

ing at a constant speed of 0.1mm/s. Three readings were 

obtained from the central palatal region of each speci-

men, ensuring that each measurement was taken in a 

non-overlapping area. The mean Ra value of these three 

readings was calculated and used as the representative 

surface roughness for statistical analysis. 

The collected numerical data were entered into 

SPSS software (version 26.0; IBM Corp., Armonk, NY, 

USA) for statistical analysis. Prior to inferential testing, 

data distribution was examined using the Shapiro–Wilk 

test to confirm normality, and homogeneity of variances 

was assessed using Levene’s test. Descriptive statistics, 

including means, standard deviations, and 95% confi-

dence intervals, were calculated for all variables. To 

evaluate the influence of printing orientation and im-

mersion solution on surface roughness and color differ-

ence, a two-way analysis of variance (ANOVA) was 

performed to test both main effects and interaction ef-

fects between the two factors. When statistically signifi-

cant differences were detected, pairwise post-hoc com-

parisons were conducted using Tukey’s HSD test to 

identify specific group differences. Furthermore, repeat-

ed-measures ANOVA was applied to analyze the effect 

of immersion time on changes in surface roughness and 

color values across measurement intervals. Mauchly’s 

test of sphericity was carried out, and when the assump-

tion of sphericity was violated, the Greenhouse–Geisser 

correction was applied. All statistical tests were per-

formed using a significance level of α = 0.05. 

 

Results 

Color stability 

Table 1 presents the mean ΔE00 values for all printing 

angles, immersion solutions, and time intervals. Tea and 

orange juice produced greater discoloration than distilled 

water across all printing orientations. ΔE00 values incr-  

 
Table 1: Color stability of 3D-printed dentures at different 

build angles, immersion solutions, and time intervals (Mean± 

STD), analyzed using One-Way Repeated Measures ANOVA 
 

Staining 

Solution 

Print  

angle 

Day 1 Day 7 Day 30 

Mean+STD Mean+STD Mean+STD 

Orange 

Juice 

0° 4.21+0.98 3.87+1.02 5.25+0.76 

45° 3.00+0.53 3.27+1.29 4.70+0.66 

90° 4.24+1.04 4.58+0.40 8.77+0.98 

Tea 

0° 3.87+0.74 4.00+1.07 17.80+3.26 

45° 3.34+0.99 4.30+0.91 21.89+3.96 

90° 3.64+0.53 5.16+0.25 22.79+1.45 

Distilled 

water 

0° 3.63+0.14 3.78+0.55 4.32+0.58 

45° 2.73+0.23 3.87+0.62 4.46+0.30 

90° 2.75+1.08 3.02+0.40 3.50+0.59 
 

STD: standard deviation; ANOVA: analysis of variance 
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Table 2: Statistical tests and p values corresponding to 

color stability results 
 

Analysis level / 

Comparison 
Statistical test p Value 

Effect of print angle with-

in Orange juice 

One-Way Repeated 

Measures ANOVA 
<0.001 

Effect of print angle with-

in Tea 

One-Way Repeated 

Measures ANOVA 
0.002 

Effect of print angle with-

in Distilled water 

One-Way Repeated 

Measures ANOVA 
<0.001 

Effect of immersion solu-

tion at print angle 0° 

One-Way Repeated 

Measures ANOVA 
<0.001 

Effect of immersion solu-

tion at print angle 45° 

One-Way Repeated 

Measures ANOVA 
<0.001 

Effect of immersion solu-

tion at print angle 90° 

One-Way Repeated 

Measures ANOVA 
<0.001 

Main effect of immersion 

solution 

Two-Way Repeated 

Measures ANOVA 
<0.001 

Main effect of print angle 
Two-Way Repeated 

Measures ANOVA 
<0.001 

Interaction: solution×print 

angle 

Two-Way Repeated 

Measures ANOVA 
<0.001 

Pairwise comparisons of 

print angles 

Post Hoc Test (Tuk-

ey) 
<0.001 

Pairwise comparisons of 

staining solutions 

Post Hoc Test (Tuk-

ey) 
<0.001 

 

eased from day 1 to day 30 in all groups, and specimens 

printed at 90° showed the highest discoloration within 

each solution, particularly in the tea. 

The statistical results for color stability are summa-

rized in Table 2. Printing angle and immersion solution 

had statistically significant effects on ΔE00 (p< 0.001), 

and a significant interaction was observed between the 

two factors (p< 0.001). Within orange juice and distilled 

water, printing angle significantly affected ΔE00 (p< 

0.001). In tea, the most pronounced difference was be-

tween 0° and 90° (p= 0.002). Within each printing angle 

(0°, 45°, and 90°), immersion solution significantly in-

fluenced color change (p< 0.001). Tukey post hoc com-

parisons confirmed multiple significant pairwise differ-

ences among printing angles and staining solutions as 

reported in Table 2. 

Figure 3 shows the interaction between printing an-

gle, immersion solution, and immersion time. ΔE00 

values increased from day 1 to day 7 and from day 7 to 

day 30 for all conditions. Tea produced the highest dis-

coloration at all time points, followed by orange juice 

and distilled water. Samples printed at 90° generally 

exhibited higher ΔE00 values than those printed at 0° 

and 45°. 

Surface roughness 

Table 3 presents the mean surface roughness (Ra) values 

for denture teeth and denture bases across printing angl- 

 
Figure 3: Investigation of the effects of immersion solutions, 

print angles, and time intervals on color changes 

 

es, immersion solutions, and time points. Specimens 

printed at 45° frequently exhibited higher Ra values 

compared with those printed at 0° and 90°. Roughness 

values progressively increased from day 1 to day 30 in 

all groups. Orange juice and tea produced greater in-

creases in Ra compared with distilled water. 

Table 4 summarizes the statistical analysis for surfa-

ce roughness. Staining solution (p< 0.001), sample type 

(p= 0.01), and printing angle (p< 0.001) showed statisti-

cally significant main effects. A significant interaction 

was found between sample type and printing angle (p= 

0.02), while all other interactions were not statistically 

 
Table 3: Surface roughness of 3D-printed dentures at differ-

ent build angles, immersion solutions, and time intervals 

(Mean±SD), analyzed using One-Way Repeated Measures 

ANOVA 
 

Staining 

solutions 
Sample 

Print 

angle 

Day 1 Day 7 Day 30 

Mean+STD Mean+STD Mean+STD 

Orange 

Juice 

Denture  

teeth 

0° 0.04+0.04 0.08+0.05 0.14+0.05 

45° 0.06+0.01 0.17+0.02 0.29+0.03 

90° 0.09+0.06 0.12+0.04 0.21+0.05 

Denture  

Base 

0° 0.03+0.03 0.06+0.03 0.18+0.08 

45° 0.09+0.06 0.16+0.07 0.31+0.07 

90° 0.05+0.03 0.10+0.06 0.20+0.04 

Tea 

Denture 

 teeth 

0° 0.02+0.02 0.06+0.04 0.11+0.04 

45° 0.07+0.02 0.14+0.02 0.29+0.05 

90° 0.05+0.04 0.14+0.04 0.22+0.05 

Denture  

Base 

0° 0.03+0.03 0.02+0.06 0.10+0.06 

45° 0.06+0.07 0.14+0.03 0.25+0.05 

90° 0.03+0.04 0.07+0.05 0.15+0.08 

Distilled 

water 

Denture  

teeth 

0° 0.01+0.01 0.05+0.04 0.11+0.03 

45° 0.05+0.02 0.14+0.02 0.26+0.02 

90° 0.04+0.06 0.11+0.07 0.22+0.06 

Denture  

Base 

0° 0.02+0.04 0.03+0.04 0.09+0.05 

45° 0.05+0.05 0.16+0.03 0.24+0.03 

90° 0.07+0.11 0.07+0.10 0.13+0.09 
 

STD: standard deviation; ANOVA: analysis of variance 
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Table 4: Statistical tests and p Values corresponding to sur-

face roughness results 
 

Analysis level /  

Comparison 
Statistical test p Value 

Main effect of staining 

solution 

Three-way Repeated 

Measures ANOVA 
< 0.001 

Main effect of sample 

type (teeth vs base) 

Three-way Repeated 

Measures ANOVA 
0.01 

Main effect of print angle 
Three-way Repeated 

Measures ANOVA 
< 0.001 

Interaction: Staining 

solution × Sample type 

Three-way Repeated 

Measures ANOVA 
0.141 

Interaction: Staining 

solution × Print angle 

Three-way Repeated 

Measures ANOVA 
0.919 

Interaction: Sample type 

× Print angle 

Three-way Repeated 

Measures ANOVA 
0.02 

3-way interaction: Solu-

tion×Sample×Print angle 

Three-way Repeated 

Measures ANOVA 
0.996 

0° vs 45° (print angle) Post Hoc Test (Tukey) < 0.001 

0° vs 90° (print angle) Post Hoc Test (Tukey) < 0.001 

45° vs 90° (print angle) Post Hoc Test (Tukey) < 0.001 

Orange juice vs Tea 

(solution) 
Post Hoc Test (Tukey) 0.003 

Orange juice vs Distilled 

water 
Post Hoc Test (Tukey) < 0.001 

Tea vs Distilled water Post Hoc Test (Tukey) 0.642 

 

significant. Tukey post hoc comparisons demonstrated 

significant pairwise differences among all printing angl-

es (0°-45°, 0°-90°, and 45°-90°; p< 0.001). For immers-

ion solutions, orange juice differed significantly from 

tea (p= 0.003) and distilled water (p< 0.001), while tea 

and distilled water did not differ significantly (p=0.642). 

Figures 4-5 depict the roughness progression for 

denture teeth and denture bases. In all conditions, Ra va-

lues increased across the three time intervals, with high 
 

 
 

Figure 4: Surface roughness measurements of denture teeth at 

different printing angles, immersion solutions, and time inter-

vals 

 
Figure 5: Surface roughness measurements of denture base at 

different printing angles, immersion solutions, and time inter-

vals 

 

er roughness values observed in immersion in tea and 

orange juice compared with distilled water. 

 

Discussion 

The purpose of this study was to evaluate the effect of 

printing orientation on the surface characteristics, and 

the color stability and stainability of 3D-printed denture 

resin specimens fabricated with the DLP printer. Based 

on the statistical results, significant differences were de-

tected across printing orientations; therefore, the null 

hypothesis- stating that printing angle would have no ef-

fect on color stability or surface roughness- was reject-

ed.  

In relation to the prolonged clinical use of complete 

dentures, factors such as plaque accumulation, cleaning 

efficacy, and surface discoloration are strongly influ-

enced by the surface properties of the denture base ma-

terial [31-32]. The influence of printing angle is evident, 

with specimens printed at 90° consistently exhibiting 

the highest ΔE00 values across all media and time inter-

vals. This could be attributed to surface texture or layer 

orientation at this build angle, which may promote 

greater absorption of staining agents. On the other hand, 

dentures printed at 45° demonstrated relatively lower 

ΔE00 values, suggesting better resistance to discolora-

tion in comparison to 0° and 90° angles. These findings 

highlight the strong staining potential of tea, likely due 

to its chromogens and tannins. Orange juice also caused 
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noticeable color changes, particularly at the 90° orienta-

tion, likely due to its acidic nature. In contrast, distilled 

water resulted in the least color change across all angles 

and time points, indicating its minimal impact as a neu-

tral medium. In vitro incubation of specimens in stain-

ing solutions for 24 hours has been shown to mimic the 

effects of 30 days of food exposure [33]. Moreover, an 

immersion duration of 30 days in a coffee solution has 

been estimated to simulate roughly 2.5 years of regular 

coffee intake under clinical conditions [34]. The speci-

mens were maintained in an incubator at 37°C to simu-

late oral temperature. To eliminate the influence of am-

bient light on color changes, the specimens immersed in 

staining solutions were kept in a dark environment. 

Color changes increased progressively across all 

groups, with the greatest differences occurring between 

day 1 and day 30. This trend highlights the cumulative 

effect of prolonged exposure to staining solutions. Tea, 

in particular, exhibited a more marked and progressive 

discoloration effect, emphasizing the importance of 

long-term evaluations in assessing materials. The ob-

served color stability results are consistent with the ex-

pected physical and chemical interactions between 3D-

printed resin surfaces and staining solutions. The signif-

icant influence of print angle on color stability in orange 

juice and distilled water can be attributed to the expo-

sure of layer lines and surface irregularities, which vary 

with orientation and facilitate differential absorption of 

staining agents. For tea, differences between printing 

angles were less pronounced, likely due to its uniformly 

high chromogenic potential, which can overshadow 

structural variations. Similarly, the significant effects of 

immersion solutions across fixed angles underscore the 

critical role of solution chemistry, with acidic environ-

ments (like orange juice) promoting polymer break-

down and enhanced discoloration, while neutral solu-

tions like distilled water exert minimal but still measur-

able effects.  

These interactions likely result from variations in 

surface topography across print angles, which influence 

solution penetration and staining. Acidic and chromo-

genic solutions, such as orange juice and tea, interact 

differently with the microstructural variations intro-

duced by print angles, amplifying discoloration in spe-

cific combinations [35]. The contact angle of a liquid on 

the resin surface serves as an indicator of the total sur-

face energy and wettability, which in turn influences the 

color stability and susceptibility to staining of 3D-

printed resins immersed in staining solutions. A smaller 

contact angle suggests better wettability, thereby in-

creasing the likelihood of discoloration due to staining 

[35]. Eun-Hyuk Lee et al. (26) reported that the ΔE00 

values for the 0-degree orientation group were signifi-

cantly lower than those of the 45-degree and 90-degree 

orientation groups with the same layer thickness, when 

immersed in staining solutions at the same time interval. 

In contrast, Castro et al. [36] found no effect from the 

printing angle on color change. Tu˘gba Temizci et al. 

[37] demonstrated the highest color change in samples 

produced at 90. Espinar et al. [25] also reported signifi-

cant differences between 0° and 90° orientations. Simi-

larly, our findings show that higher print angles intensi-

fy the staining effects due to increased surface exposure. 

These findings highlight the complex interplay between 

material structure, printing parameters, and environmen-

tal exposure in determining long-term performance. 

Since no universally accepted optimal build orientation 

has been established in the existing literature, the pre-

sent study directly compared the three most commonly 

used printing orientations (0°, 45°, and 90°). The find-

ings suggest that printing orientation plays a critical role 

in determining both surface roughness and color stabil-

ity, with lower build angles generally demonstrating 

more favorable surface characteristics. These observa-

tions may assist clinicians and dental technicians in se-

lecting appropriate printing parameters for improved 

long-term prosthetic performance. They also show that 

both printing angle and immersion medium act syner-

gistically in influencing staining behavior. 

Surface characteristics play a critical role in micro-

bial adhesion to denture base surface [38-39]. A rough 

and hydrophobic surface is conducive to plaque adhe-

sion [31, 40]. The smaller the Ra values, the smoother 

the surface becomes. A previous study [41] examined 

the effect of surface roughness on hydrophobicity, re-

vealing that an increase in surface roughness corre-

sponds to enhanced hydrophobic properties. Our results 

suggest that orange juice, with its acidic and potentially 

erosive properties, has a more pronounced impact on 

surface roughness compared to the other solutions. The 

absence of a significant difference between tea and dis-

tilled water further emphasizes the role of solution pH 
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and composition in determining surface alterations. 

From a prosthodontic perspective, these findings pro-

vide a basis for advising patients on the potential effects 

of dietary habits on the surface quality of 3D-printed 

dentures. For example, limiting exposure to highly acid-

ic solutions may help reduce surface degradation. For 

denture teeth, orange juice caused slightly higher 

roughness, whereas for denture bases, tea produced the 

most pronounced increase. Conversely, for the denture 

base, tea was associated with the most pronounced in-

crease in roughness. These differences underscore the 

unique interactions between the material surfaces and 

the chemical properties of the solutions. Most notably, 

the printing angle had a significant effect on surface 

roughness. Across both denture teeth and denture base 

samples, the 45° build angle consistently resulted in the 

highest roughness values, followed by the 90° angle, 

with the 0° angle exhibiting the lowest roughness. This 

uniform trend suggests that the 45° orientation may 

create inherent microstructural vulnerabilities or surface 

irregularities that exacerbate roughness under environ-

mental exposure. Similarly, Ping Li et al. [42], study 

showed that surface roughness (Sa value) was signifi-

cantly affected by the build angle rather than by the AM 

method and the build angle of 45◦ showed the inferior 

surface characteristics for both stereolithography appa-

ratus (SLA) and digital light processing (DLP) denture 

bases. In contrast, de Castro et al. [36] indicated that 

build orientation did not influence any of the variables 

evaluated (Sa and ∆E00). However Shan Yan et al. [43] 

demonstrated that specimens fabricated at a 0-degree 

build angle exhibited the most advantageous surface 

qualities, characterized by smoother topography and 

enhanced hydrophilic behavior. Moreover, the highest 

roughness was observed in the group printed at a 45-

degree orientation in Ji Suk Shim et al. [44] study; in 

specimens printed at a 45-degree orientation, the layers 

were deposited in a staggered manner, resulting in step-

wise interfaces. These interlayer step formations con-

tributed to deviations in dimensional precision and in-

creased surface roughness. By minimizing the height of 

step edges through reduction in layer thickness, the er-

rors in both thickness and surface roughness of speci-

mens printed at a 45-degree orientation may be im-

proved. Cheng et al. [45] further reported that incorpo-

rating a mild inclination angle (15°) along with a de-

creased layer thickness (25 µm) resulted in noticeably 

smoother surfaces, effectively minimizing the staircase 

artifact typically observed in AM. In Christin Arnold et 

al. [46] studied between 0° and 15° print angle, the 

samples with a support structure (15◦ inclination) 

showed their highest Ra values in the X direction, par-

ticularly at the printing resolution of 100 µm. 

From a prosthodontic perspective, these findings 

carry significant clinical implications, as increased 

roughness can negatively affect aesthetics, hygiene, and 

the longevity of 3D-printed prostheses. Increased 

roughness can negatively impact the aesthetics, hygiene, 

and longevity of 3D-printed prostheses. The pronounced 

effect of the 45° build angle suggests that clinicians and 

technicians should exercise caution when selecting 

printing parameters, particularly for patients requiring 

prostheses exposed to challenging oral environments. 

Additionally, the variable influence of immersion solu-

tions highlights the need for patient-specific recommen-

dations regarding dietary habits and oral hygiene prac-

tices may help reduce surface degradation over time. 

Results underscore the complex interplay between print-

ing parameters, environmental factors, and material 

properties in determining the long-term performance of 

3D-printed dental prostheses. Future research should 

focus on optimizing printing strategies and material 

formulations to enhance surface stability and reduce 

susceptibility to roughness under real-world conditions. 

One limitation of this study was the lack of investiga-

tion into the mechanisms by which layer thickness and 

printing orientation (15°, 25°, 75°) influence discolora-

tion and surface roughness. The current study investi-

gates a single 3D printing method and resin material. 

Future research should expand to assess the perfor-

mance of build angles across different manufacturing 

processes and materials. This study was conducted in 

vitro, whereas the oral environment is far more com-

plex, involving factors such as the presence of saliva, 

oral flora adhesion, and temperature fluctuations, which 

cannot be fully replicated under the present experi-

mental conditions. Moreover, various factors in 3D 

printing, such as layer thickness and post-curing tem-

perature, may influence the results and should be con-

sidered in future studies. 

Overall, these results underscore the importance of 

selecting optimal build angles to minimize surface ir-
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regularities, highlighting that printing orientation is a 

key factor influencing prosthetic outcomes. Clinically, 

these findings highlight that the choice of build angle 

during the printing process is not merely a technical 

consideration but a key factor influencing prosthetic 

outcomes. 

 

Conclusion 

The findings of this study demonstrate that printing ori-

entation significantly influenced both color stability and 

surface roughness of 3D-printed dentures. Specimens 

printed at a 90° orientation exhibited the greatest discol-

oration over time, indicating higher susceptibility to 

staining. Regarding surface characteristics, the highest 

surface roughness was observed in specimens printed at 

a 45° orientation, followed by 90°, while the 0° orienta-

tion produced the smoothest surfaces. These results 

highlight the importance of optimal build-angle selec-

tion to improve the aesthetic and functional perfor-

mance of 3D-printed dental prostheses. 
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