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Purpose: This study aimed to evaluate the marginal and internal fit of zirconia crowns fabricated using 3-dimen-
sional (3D) printing technology with different offset parameters.
Materials and Methods: A maxillary right first molar of a standard typodont (D85DP-500B.1; Nissin Dental, Kyoto, 
Japan) was prepared for a zirconia crown with a 1.0 mm margin. Virtual casts were obtained using an intraoral 
scanner (i700; MEDIT, Seoul, Republic of Korea). Crown designs were created with CAD software (Dentbird; 
IMAGOWORKS, Seoul, Republic of Korea) using specific parameters: cement space (50 µm), adaptive extra gap 
(0 µm), height for minimal gap (50 µm), and margin width (100 µm). Zirconia crowns were fabricated using a vat 
photopolymerization DLP 3D printer (TD6+; 3D Controls, Busan, Republic of Korea). Two offset groups were de-
fined: the Offset -70 µm group (outermost XY-direction pixels reduced by one unit) and the Offset 0 µm group 
(no adjustment). All crowns were printed with a 50 µm Z-layer thickness. Eighteen crowns were fabricated (N = 9 
per group). Marginal and internal fit measurements were conducted using the triple-scan method.  The measured 
marginal and internal gaps were statistically compared using an independent t-test (α = 0.05).
Results: The offset -70 µm group demonstrated significantly smaller marginal gaps (P<0.05) and internal gaps 
(P>0.05) compared to the offset 0 µm group.
Conclusion: These findings suggest that adjusting the XY-direction offset may help minimize manufacturing er-
rors, enhancing the overall accuracy of zirconia crown fabrication. (J Korean Dent Assoc 2025; 63(5): 171-180)
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ABSTRACT

Introduction

The advancement of digital technology has significant-
ly transformed the fabrication of dental prostheses, in-
troducing innovative approaches that enhance efficien-
cy, precision, and clinical predictability1–3). Among these 
advancements, three-dimensional (3D) printing has 
emerged as a disruptive technology in prosthodontics, 
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integrating digital design with additive manufacturing 
to enable highly customized restorations with improved 
accuracy4,5). Initially limited to polymer-based materials, 
3D printing has evolved to include ceramics such as zir-
conia, a biocompatible material with excellent mechani-
cal strength, wear resistance, and esthetic properties6–8). 
This progress has expanded the clinical applicability of 
3D printing, particularly in the fabrication of fixed dental 
prostheses9,10).

Compared to subtractive manufacturing techniques 
such as milling, 3D printing offers several advantages, 
including reduced material waste, the elimination of 
tool wear, and enhanced cost efficiency11–13). Zirconia is 
widely used in fixed prosthodontics due to its superior 
mechanical properties, chemical stability, and esthet-
ics14,15). however, fabricating zirconia restorations via 3D 
printing presents inherent challenges. post-processing 
steps such as debinding and sintering are time-intensive 
and can introduce dimensional inaccuracies, potentially 
compromising the final restoration's fit16,17). Given the 
stringent precision requirements in fixed prosthodon-
tics, even minor deviations can negatively impact clinical 
outcomes18–20).

The long-term success of fixed dental prostheses is 
largely dependent on their marginal and internal fit20–22). 
Marginal fit refers to the adaptation of the restoration’s 
margin to the prepared tooth structure and is critical for 
preventing plaque accumulation, maintaining periodon-
tal health, and ensuring restoration longevity23,24). Poor 
marginal adaptation is associated with increased risks of 
secondary caries, periodontal inflammation, and pros-
thetic failure25). Internal fit pertains to the uniformity of 
the cement space between the restoration and the pre-
pared tooth surface, which directly affects retention, sta-
bility, and durability26). Inadequate internal adaptation 
may result in uneven cement distribution, reduced bond-
ing strength, and an increased likelihood of prosthesis 
dislodgment27,28). therefore, optimizing both marginal 
and internal fit is essential for achieving predictable and 

durable clinical outcomes.
Digital Light Processing (DLP) is a widely utilized 3D 

printing technique in prosthetic dentistry due to its abil-
ity to produce high-resolution restorations with fine de-
tail reproduction29-31). This technology employs a digital 
micromirror device to project pixel-level images, en-
abling precise layer-by-layer polymerization of ceramic 
suspensions32). a unique advantage of DLP-based 3D 
printing is the ability to apply XY-direction offset adjust-
ments during the fabrication process to compensate for 
potential inaccuracies introduced during printing and 
post-processing33,34). this feature is particularly beneficial 
for zirconia restorations, as it can improve the final pros-
thesis's dimensional accuracy and fit.

Despite the advantages of pixel-level adjustments, lim-
ited research has investigated the impact of offset param-
eters on the marginal and internal fit of zirconia crowns 
fabricated using DLP 3D printing. the offset parameter 
plays a crucial role in defining crown dimensions and 
adaptation accuracy, yet there is a lack of standardized 
guidelines for optimal offset values. therefore, the pur-
pose of this study aims to address this gap by evaluating 
the effect of two offset settings, -70 µm and 0 µm, on the 
marginal and internal fit of zirconia crowns fabricated 
with DLP 3D printing. In the offset -70 µm group, the 
outermost pixels in the XY direction were reduced by 
one unit (-70 µm) to minimize dimensional discrepan-
cies, whereas in the offset 0 µm group, no pixel adjust-
ment was applied. this study hypothesizes that applying a 
-70 µm offset will result in a significantly improved mar-
ginal and internal fit compared to no offset adjustment. 
the null hypothesis assumes no significant difference in 
the fit between the two groups. by analyzing the impact 
of pixel offset adjustments, this study seeks to contrib-
ute to the optimization of zirconia 3D printing processes 
and provide clinically relevant insights for enhancing the 
accuracy and predictability of additively manufactured 
zirconia restorations.
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Materials and Methods

1. Sample preparation

This study was designed as a preliminary pilot study to 
evaluate the effect of offset parameters on the marginal 
and internal fit of zirconia crowns fabricated using DLP 
3D printing. The sample size calculation was performed 
using a power software (G*Power 3.1.9.7; Heinrich-He-
ine-University, Düsseldorf, Germany) to achieve a statis-
tical power of 80% (1-β = 0.80) with an effect size (d) of 
1.5 and an alpha level (α) of 0.05. Based on this calcula-
tion, a minimum of eight specimens per group was re-
quired. To account for potential variability in fabrication 
and measurement processes, a total of nine specimens 
were allocated per group (N = 9), providing a balance be-
tween statistical robustness and practical feasibility. 

Tooth preparation was performed on the maxillary 
right first molar of a standard typodont model (D85DP-
500B.1; Nissin Dental, Tokyo, Japan), and the crown was 
designed accordingly. the maxillary right first molar was 
prepared with a chamfer-shaped finish line, ensuring 
a smooth transition for the restoration. the axial walls 

were reduced by 1.0 mm, while the occlusal surface was 
reduced by 1.5 mm to provide sufficient space for the 
zirconia crown. The finish line was positioned supragin-
givally to facilitate precise scanning and margin adapta-
tion.

To obtain a virtual cast, the maxillary right first molar 
and adjacent teeth were scanned using an intraoral scan-
ner (i700; MEDIT, Seoul, Republic of Korea). The oppos-
ing teeth and occlusal record scans were also acquired to 
ensure proper occlusal alignment.

The crown design was performed using CAD software 
(Dentbird; IMAGOWORKS, Seoul, Korea), specifically 
configured for zirconia crowns (Fig. 1). The cement space 
was set to 50 µm, and the crown morphology was gener-
ated using an AI-based design feature. The design pa-
rameters were as follows: cement space: 50 µm; adaptive 
extra gap: 0 µm; height for minimal gap: 50 µm; margin 
width: 100 µm. to designate the marginal region of the 
crown, the area extending 1.0 mm from the finish line 
of the tooth preparation was set with a cement space 
of 0 µm. The generated morphology was verified by an 
experienced professional with expertise in digital crown 
design.

Figure 1. Crown design using dental CAD software.
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The crowns were fabricated using zirconia material 
(3DCERA; 3D Controls, Busan, Korea) and a vat pho-
topolymerization DLP 3D printer (TD6+; 3D Controls, 
Busan, Korea) (Table 1, Fig. 2). The slicing software (3D 
Controls Slicer; 3D Controls, Busan, Korea) was used to 
process the printing data.

The 3D printer (TD6+; 3D Controls, Busan, Korea) used 
in this study had a pixel size of 70 µm in the XY direction, 
and the detailed composition of the zirconia material is 
presented in Table 1. Two offset parameter groups were 
established: the Offset -70 µm group, in which the out-
ermost pixels in the XY direction were reduced by one 
unit (-70 µm) to compensate for potential printing in-
accuracies, and the Offset 0 µm group, where no pixel 
adjustments were applied. given that a pixel size of the 
3D printer was 70 µm, the -70 µm offset parameter was 
determined based on this resolution to enhance dimen-
sional accuracy. The build orientation of the crowns was 
standardized, and the layer thickness in the Z-direction 
was set to 50 µm. A total of 18 crowns were fabricated (N 
= 9 per group), and following printing, the crowns un-

derwent post-processing procedures, including clean-
ing, debinding, and sintering, to ensure proper specimen 
preparation.

2. Marginal and internal fit

The marginal and internal fit of the crowns was evalu-
ated using a triple-scan protocol, as follows: 1) scan 
data 1: The intaglio and occlusal surfaces of the crown 
were scanned using a laboratory scanner (E1; 3Shape, 
Copenhagen, Denmark); 2) Scan data 2: The typodont 
model (D85DP-500B.1; Nissin Dental, Tokyo, Japan) was 
scanned using the same laboratory scanner; 3) scan data 
3: The crown was seated onto the typodont model, and 
this assembly was scanned to acquire the final dataset. 
the crown adaptation process was supervised by an ex-
perienced operator, ensuring that the crown was prop-
erly seated on the typodont model before scanning.

The acquired scan data were processed and aligned 
using 3D inspection software (Geomagic Control X; 3D 
Systems, Rock Hill, SC, USA). the alignment procedure in-

Table 1. Chemical composition and physical properties of zirconia material.

Category Property Value

Chemical composition Zirconium dioxide (ZrO₂) ~94–97%

Yttrium oxide (Y₂O₃) ~3–5%

Aluminum oxide (Al₂O₃) <0.5%

Hafnium oxide (HfO₂) <0.5%

Silicon oxide (SiO₂) Trace Amounts

Zirconia slurry Solids loading [vol%] 45 ~ 54

Viscosity 1 [Pa·s] 1.8 ~ 15

Sintered zirconia Theoretical density [g/cm³] 6.05

Relative density [%] 99.5

Porosity [%] 0.5

3-point bending strength [MPa] 600 ~ 950

Figure 2. Zirconia crowns fabricated using two 
different 3D printing parameters. A. Crown 
fabricated with the offset 0 μm parameter. B. 
Crown fabricated with the offset -70 μm pa-
rameter.
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volved initial registration, followed by best-fit alignment, 
with scan data 3 serving as the reference for aligning 
scan data 1 and scan data 2 (Fig. 3).

The marginal and internal gaps were quantified using 
the root mean square (RMS) of the mean distances be-
tween the crown's intaglio surface mesh and the tooth 
preparation surface mesh of the typodont model, using 
3D inspection software (Geomagic Control X; 3D Sys-
tems, Rock Hill, SC, USA). the RMS value was calculated 
using the following equation:

where X1,i represents the i-th measurement point on 
the intaglio surface mesh of the crown, and X2,i  repre-
sents the corresponding measurement point on the tooth 
preparation surface mesh of the typodont model. The 
RMS value quantifies the mean absolute distance be-
tween these two mesh surfaces, thereby serving as an in-
dicator of the marginal and internal gaps. thus, the RMS 
value reflects the discrepancy between the crown’s inta-
glio surface and the corresponding points on the tooth 

preparation surface, effectively representing the margin-
al and internal fit. The results were visualized as a color 
map, with the range set to ±500 µm, where the green 
zone denoted an acceptable tolerance of 100 µm. 

To assess the marginal and internal fit of the fabricated 
zirconia crowns, the marginal gap and internal gap were 
measured. according to previous literature, including the 
widely referenced study by Holmes et al.35), the marginal 
gap is defined as the perpendicular distance between 
the finish line of the tooth preparation and the crown 
margin, encompassing any discrepancies at the margin. 
the internal gap refers to the space between the inta-
glio surface of the crown and the prepared tooth surface, 
which includes the axial and occlusal discrepancies. in 
this study, 3D analysis was conducted, and the mea-
surement regions were designated following established 
methodologies36). The marginal region was defined as the 
area extending 1.0 mm above the finish line of the tooth 
preparation, where no cement space was assigned. The 
entire 1.0 mm width of the prepared margin was con-
sidered part of the marginal gap measurement, ensur-
ing that any discrepancies at the crown margin were ac-
counted for. the internal gap was assessed in the region 

Figure 3. Alignment of crown and typodont model scan data. The scan data ob-
tained from the crown (black color) and typodont model (blue color) were aligned 
using 3D inspection software to evaluate marginal and internal fit.
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superior to the marginal region, encompassing the axial 
and occlusal surfaces of the preparation. specifically, the 
axial internal gap was measured in the vertical plane 
along the axial walls, while the occlusal internal gap was 
measured at the central and cusp tip areas of the occlusal 
surface. these definitions were applied to enhance clarity 
and consistency in interpreting the results.

3. Statistical analysis

All data for the marginal and internal fit of the crowns 
fabricated under the two parameter conditions (offset 
-70 µm group and offset 0 µm group) were analyzed us-
ing statistical software (IBM SPSS Statistics v25.0; IBM 
Corp, Armonk, NY, USA) with a significance level set at 
α = 0.05. To assess the normality of the data, the sha-
piro-wilk test was performed, confirming that the data 
followed a normal distribution. to compare the results 
between the two parameter conditions, an independent 
t-test was used to evaluate the statistical significance be-
tween the two groups.

 
Results

the marginal and internal fit values of zirconia crowns 

fabricated under the two different offset conditions are 
summarized in Table 2. The mean marginal gap was sig-
nificantly smaller in the offset -70 µm group (77.6 ± 9.7 µm) 
than in the offset 0 µm group (97.0 ± 9.8 µm, P<0.05). The 
mean internal gap was also significantly smaller in the offset 
-70 µm group (90.4 ± 10.3 µm) compared to the offset 0 µm 
group (121.2 ± 20.5 µm, P < 0.05). The overall fit followed 
the same trend, with a significantly reduced gap in the offset 
-70 µm group (91.4 ± 10.0 µm) compared to the offset 0 µm 
group (121.3 ± 20.1 µm, P < 0.05).

Figure 4 provides color difference maps illustrating 
the marginal and internal fit variations between the two 
groups. the colors observed in the supragingival region 
of the abutment indicate the magnitude of the gap, with 
yellow, orange, and red representing progressively larger 
discrepancies (Fig. 4). the offset 0 µm group (Figs. 4A, C, 
and E) displayed a broader distribution of yellow and 
orange regions, indicating larger discrepancies and re-
duced fit accuracy. In contrast, the offset -70 µm group 
(Figs. 4B, D, and F) predominantly exhibited green col-
oration, demonstrating a closer adaptation within the 
±100 µm tolerance range. these visual findings align 
with the quantitative results, confirming that applying a 
-70 µm offset significantly improves the marginal and in-
ternal fit of zirconia crowns.

Table 2. Comparison of the marginal and internal fit of zirconia crowns fabricated by two different 3D printing parameters

Measurement 
location  Offset Mean ± SD (µm)

95% confidence
interval P

Lower Upper

Marginal gap
0 µm 97.0 ± 9.8 89.4 104.6

<0.05
70 µm 77.6 ± 9.7 70.1 85.1

Internal gap
0 µm 121.2 ± 20.5 105.4 136.9

<0.05
70 µm 90.4 ± 10.3 82.4 98.4

Overall gap
0 µm 121.3 ± 20.1 105.9 136.8

<0.05
70 µm 91.4 ± 10.0 83.6 99.1

SD: standard deviation
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Discussion

the null hypothesis stated that there would be no sig-
nificant difference in the marginal and internal fit of 
zirconia crowns fabricated with two different offset pa-
rameters (-70 µm and 0 µm). however, the results demon-
strated that crowns fabricated with the offset -70 µm pa-
rameter exhibited significantly smaller marginal (P<0.05) 
and internal gaps (P<0.05) compared to those fabricated 
with the offset 0 µm parameter, leading to the rejection 
of the null hypothesis (P<0.05). these findings suggest that 
reducing the outermost pixels in the XY direction during 
the DLP 3D printing process effectively compensates for 
inaccuracies introduced during printing and post-pro-
cessing, thereby improving marginal and internal fit. the 
enhanced fit achieved with the offset -70 µm parameter 
falls within the clinically acceptable precision threshold 
of ±100 µm for fixed dental prostheses, indicating its 

potential to enhance both clinical adaptability and long-
term stability of zirconia restorations20–22,26). This study 
highlights the importance of optimizing DLP 3D printing 
parameters to improve the accuracy and clinical per-
formance of zirconia prostheses, reinforcing the role of 
digital manufacturing in restorative dentistry19,33).

Pixel offset adjustments have been identified as an 
effective method for compensating for inaccuracies in 
DLP 3D printing, providing precise control over dimen-
sional tolerances at the pixel level. this capability differ-
entiates DLP 3D printing from traditional manufacturing 
techniques, which lack such fine control and rely on less 
precise compensatory methods19,33,34). previous research 
has indicated that pixel offset adjustments enhance geo-
metric accuracy in DLP printing33,34), yet their application 
in dental restorations, particularly zirconia crowns, has 
been limited. The findings of this study confirm that im-
plementing a -70 µm pixel offset significantly improves 

Figure 4. Comparison of color difference maps of the marginal 
and internal fit of zirconia crowns fabricated by two different 
3D printing parameters. A. Marginal gap (offset 0 µm group). B. 
Marginal gap (offset -70 µm group). C. Internal gap (offset 0 µm 
group). D. Internal gap (offset -70 µm group). E. Overall gap (off-
set 0 µm group). F. Overall gap (offset -70 µm group).
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both marginal and internal fit, aligning with established 
clinical standards. This underscores the necessity of pix-
el-level adjustments as a key strategy for enhancing the 
precision and reliability of DLP 3D-printed dental resto-
rations.

while pixel parameter adjustments in DLP 3D print-
ing have been a primary focus in industrial applications, 
where techniques such as grayscale modulation are em-
ployed to refine geometric boundaries33,34), their adop-
tion in dental prosthetics remains underexplored. this 
study bridges that gap by demonstrating that a -70 µm 
pixel offset effectively reduces fabrication discrepancies, 
leading to superior marginal and internal adaptation 
in zirconia crowns. these improvements directly influ-
ence clinical outcomes, as better marginal adaptation 
minimizes plaque accumulation and reduces the risk 
of secondary caries, while enhanced internal fit ensures 
uniform cement distribution and long-term prosthesis 
stability23,26). the results suggest that pixel-level optimiza-
tion is not merely a technical adjustment but a clinically 
relevant modification that enhances the adaptation and 
longevity of 3D-printed zirconia restorations.

despite the promising potential of zirconia 3D print-
ing in dental applications, several challenges remain 
unresolved, including prolonged post-processing times, 
translucency limitations, and material handling com-
plexities8,16,20,30). This study contributes by proposing 
optimized parameters that improve the clinical appli-
cability of zirconia crowns fabricated via DLP 3D print-
ing. however, while pixel offset adjustments improve 
accuracy, factors such as debinding shrinkage, sinter-
ing distortions, and esthetic limitations continue to pose 
barriers to widespread clinical adoption14,31). future ad-
vancements should focus on streamlining fabrication 
workflows to reduce processing times, enhancing zirco-
nia material properties to improve translucency, and de-
veloping advanced 3D printing technologies to overcome 
current limitations. continued innovation in these areas 
will be critical in maximizing the potential of zirconia 3D 

printing for restorative applications.
while this study provides meaningful insights into pix-

el offset adjustments, several limitations should be ac-
knowledged. the small sample size limits the statistical 
robustness and generalizability of the findings, and fu-
ture studies should incorporate larger datasets to validate 
these results. additionally, this study focused exclusively 
on zirconia crowns, excluding other prosthetic applica-
tions; Further research should investigate the impact of 
pixel adjustments on different materials, including resin 
and hybrid ceramics, as well as other types of dental 
prostheses. another limitation is that the study assessed 
marginal and internal fit immediately after fabrication, 
without evaluating long-term clinical performance or 
durability. future studies should include long-term clini-
cal trials assessing prosthesis longevity, cement retention, 
and biological responses to provide a comprehensive 
understanding of how pixel offset adjustments influence 
the accuracy, durability, and functionality of DLP 3D-
printed dental restorations.

This study evaluated the effect of pixel offset adjust-
ments on the marginal and internal fit of zirconia crowns 
fabricated using DLP 3D printing. The results demon-
strated that applying a -70 µm offset in the XY direction 
significantly improved marginal and internal fit com-
pared to the 0 µm offset condition, with all differences 
reaching statistical significance. these findings indicate 
that optimizing pixel offset parameters can effectively 
compensate for manufacturing inaccuracies, enhancing 
the precision of 3D-printed zirconia restorations.

Thile this study provides valuable insights into param-
eter optimization in DLP 3D printing, limitations such 
as the small sample size and lack of long-term clinical 
validation should be addressed in future research. further 
studies should explore the impact of offset adjustments 
on different materials and prosthetic applications, as 
well as assess the long-term performance of 3D-printed 
zirconia restorations. optimizing printing parameters re-
mains critical for improving the clinical applicability and 
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reliability of additively manufactured dental prostheses.
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