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Abstract

Accurate transfer of implant position is critical for the
long-term success of implant-supported restorations,
and the accuracy of emerging digital workflows
requires further evaluation. This in-vitro study
compared the accuracy of digital impressions
obtained using a digitally coded healing abutment
(Group A), a conventional scan body (Group B), and
a conventional open-tray polyvinyl siloxane (PVS)
impression technique (Group C). Forty-two
specimens were divided equally among the three
groups (n = 14), and trueness and precision were
assessed using angular and linear deviation
measurements following digital superimposition with
a reference dataset. Group A demonstrated the
highest trueness and precision, with the lowest
angular and linear deviations, followed by Group B,
while Group C exhibited significantly greater
deviations and variability. Within the limitations of
this study, digital implant impression techniques were
more accurate and reproducible than conventional
PVS impressions, with the digitally coded healing
abutment showing the highest overall accuracy.
Advancement to Knowledge

This study provides comparative evidence on the
accuracy of digitally coded healing abutments,
conventional scan bodies, and conventional implant
impression techniques for single anterior implants.
The findings demonstrate that digitally coded healing
abutments can achieve superior trueness and
precision compared with conventional workflows,
supporting their use as a reliable and efficient
alternative for digital implant impression making.
These results contribute to the growing evidence
favoring digital implant prosthodontic workflows
and may assist clinicians in selecting more accurate

impression  techniques for implant-supported
restorations.

Keywords: Dental implant, Digital implant
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I.  Introduction

Tooth loss remains a significant global
health problem with functional, esthetic, and
psychosocial consequences, creating a substantial
need for prosthetic rehabilitation [1]. Dental implants
have become the preferred treatment for replacing
missing teeth due to their high success rates and
ability to preserve alveolar bone and restore
masticatory function [1]. However, the long-term
success of implant-supported restorations depends
not only on osseointegration but also on the accuracy
of the impression procedure. Inaccurate impressions
may result in prosthesis misfit, leading to mechanical
and biological complications [2,3].

Conventional elastomeric impressions using
polyvinyl siloxane (PVS) have long been regarded as
the gold standard for transferring implant positions
and have demonstrated clinically acceptable accuracy
[3,4]. Nevertheless, these techniques involve
multiple clinical and laboratory steps that may
introduce dimensional distortions and operator-
dependent errors [2-4].

The introduction of intraoral scanners (I0S)
has transformed implant prosthodontics by providing
a more efficient and patient-friendly digital workflow
[5,6]. Digital impressions eliminate conventional
materials and enable direct acquisition of implant
positions for CAD/CAM fabrication. However, their
accuracy may be influenced by factors such as
scanner technology, implant angulation, inter-
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implant distance, and the design of scan bodies
[6,10,11].

Digitally coded healing abutments (CHAs)
represent a recent advancement in digital implant
workflows. These components function as healing
abutments while incorporating coded geometric
features that can be recognized directly by intraoral
scanners, potentially reducing soft tissue disturbance
and simplifying the impression process [7]. Previous
studies have reported comparable accuracy between
healing abutment-scanpeg systems, conventional
scan bodies, and PVS impressions for single implants
[8]. Systematic review evidence and recent
investigations further suggest that digitally coded
healing abutments may provide clinically acceptable
accuracy, although findings remain inconsistent
[7,9,12].

Despite increasing interest in digital
workflows, limited evidence exists regarding the
comparative accuracy of digitally coded healing
abutments, conventional scan bodies, and
conventional PVS impressions in single anterior
implant situations where esthetic demands are high.
Therefore, this in vitro study was undertaken to
compare the accuracy of these three impression
techniques and provide evidence to support clinical
decision-making in implant prosthodontics.

II.  Materials and Methods

This in vitro experimental study was
conducted in the Department of Prosthodontics,
Crown and Bridge, Mahatma Gandhi Dental College
and Hospital, Jaipur, after obtaining approval from
the Institutional Ethics Committee. The study aimed
to compare the accuracy of three implant impression
techniques: digitally coded healing abutment-based
digital impressions (HA), conventional scan body-
based digital impressions (SB), and conventional
open-tray polyvinyl siloxane (PVS) impressions
(C).A maxillary resin model was fabricated using
additive manufacturing technology, and a single
internal hex implant (Zimmer Biomet TSV, 3.5 x 16
mm) was placed in the crestal bone level (Figure 1).
All prosthetic components were tightened using a
calibrated digital torque meter at 10 Ncm to
standardize component seating and minimize
variability.Sample size calculation was performed
using one-way ANOVA assumptions with an effect
size of 0.50, o = 0.05, and power of 80%, yielding a
minimum sample size of 42 specimens. Accordingly,
14 scans were obtained for each group.The
specimens were divided into three groups: Group A
(n = 14), digital impressions using digitally coded
healing abutments; Group B (n = 14), digital
impressions using conventional scan bodies; and
Group C (n = 14), conventional open-tray implant-

level PVS impressions (Figure 2).A reference dataset
was obtained by attaching a conventional scan body
to the implant and scanning the model using a
laboratory optical scanner (Medit Extraoral Scanner,
Medit Corp., Seoul, South Korea). For Group A, a
digitally coded healing abutment was connected to
the implant and scanned using an intraoral scanner
(Shining 3D, Hangzhou, China). The encoded
healing abutment datasets were imported into
Real GUIDE software and converted into scan body
geometry before STL export. For Group B, a
conventional scan body was attached and scanned
using the same standardized scanning protocol. The
scanning sequence consisted of an occlusal sweep,
lingual sweep, buccal sweep, and final refinement
pass. All scans were performed by a single calibrated
operator under standardized laboratory
conditions.For Group C, an open-tray impression
coping was attached to the implant, and impressions
were made using a dual-phase polyvinyl siloxane
technique with putty and light-body materials.
Implant analogs were connected to the impression
copings, and Type IV dental stone casts were poured.
After complete setting, the casts were scanned using
the same intraoral scanner to generate STL
datasets.All STL files were imported into Geomagic
Control X software for metrological analysis. Each
test scan was aligned to the reference dataset using
initial alignment followed by best-fit alignment.
Stable anatomical regions were selected for
alignment while excluding scan artifacts. Trueness
was evaluated by comparing each scan with the
reference dataset, whereas precision was assessed by
comparing repeated scans within each group.Linear
deviation was calculated as the Euclidean distance
between corresponding reference points on the scan
body, and angular deviation was determined by
measuring the angle between the longitudinal axes of
the scan bodies in the reference and test datasets.
Additional analyses were performed along the X, Y,
and Z axes to evaluate mesiodistal, buccolingual, and
apicocoronal deviations (Figure 3).The primary
outcome measures were trueness and precision
expressed as linear deviation (um) and angular
deviation (degrees). Data were analyzed using
statistical software. Descriptive statistics were
expressed as mean + standard deviation. Normality
was assessed using the Shapiro—Wilk test. Intergroup
comparisons were performed using one-way ANOVA
followed by Bonferroni post hoc analysis.
Homogeneity of variance was assessed using
Levene's test. Statistical significance was set at p <
0.05.To minimize bias and improve reproducibility,
all scans were performed by a single operator,
scanner calibration was carried out before each
scanning  session, torque application  was
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standardized, environmental conditions were
controlled, and STL alignments were independently
verified.

Figure 1 Experimental maxillary resin model showing implant placement in the maxillary left central
incisor region with the implant platform positioned at the simulated crestal bone level.

Figure 2. Experimental groups evaluated in the study: (A) digitally coded healing abutment, (B)
conventional scan body, and (C) conventional open-tray polyvinyl siloxane impression.
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Figure 3. Digital metrological analysis workflow showing superimposition of reference and test datasets,
color deviation mapping, three-dimensional positional assessment, and angular deviation analysis used for
evaluating implant impression accuracy.

III.  Results

The trueness and precision of the three
implant impression techniques are presented in
Tables 1 and 2. For trueness, Group A (digitally coded
healing abutment) demonstrated the lowest mean
angular deviation (1.78 + 1.15°) and linear deviation
(0.377 £ 0.015 mm), indicating the highest agreement
with the reference dataset. Group B (conventional
scan body) showed comparabletrueness values, with
a mean angular deviation of 1.82 + 1.51° and a mean
linear deviation of 0.421 £+ 0.172 mm. In contrast,
Group C (conventional open-tray PVS impression)
exhibited the highest angular deviation (3.90 +2.17°)
and linear deviation (0.937 + 0.047 mm), indicating
lower trueness compared with the digital impression
techniques (Table 1). The distribution of angular and
linear deviations for trueness is illustrated in Graphs
1 and 2.Similarly, precision analysis revealed lower
deviations for the digital impression techniques than
for the conventional impression technique (Table 2).
Group A demonstrated the lowest mean angular
deviation (1.48 = 0.34°) and linear deviation (0.073 £
0.015 mm), indicating the highest repeatability.
Group B showed slightly higher deviations, with
mean angular and linear deviations of 1.85 + 0.57°
and 0.096 £ 0.042 mm, respectively. Group C

demonstrated the highest angular deviation (4.55 +
2.51°) and linear deviation (0.176 £ 0.098 mm),
indicating ~ lower  precision and  greater
variability.Levene’s test indicated non-homogeneous
variances among the study groups (p < 0.001). One-
way ANOVA demonstrated statistically significant
differences among the three impression techniques
for both angular deviation (F =226.92, p<0.001) and
linear deviation (F = 138.59, p < 0.001) (Table 3).
Post hoc analysis revealed significant differences
between Groups A and B and highly significant
differences between both digital impression groups
and the conventional impression group.When
trueness and precision were evaluated collectively,
Group A consistently demonstrated the lowest
deviations and highest repeatability, followed by
Group B. Group C showed the greatest deviations and
variability among all groups. Overall, the digital
impression techniques exhibited superior accuracy
and consistency compared with the conventional
open-tray PVS impression technique.
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Table 1. Trueness (Mean £ SD)
Group Angular Deviation (°) Linear Deviation (mm)

Group A 1.78 £1.15 0.377 £ 0.015
Group B 1.82 £1.51 0.421 £ 0.172
Group C 3.90 +2.17 0.937 + 0.047

Table 2. Precision (Mean = SD)

Group Angular Deviation (°) Linear Deviation (mm)
Group A 1.48 +0.34 0.073 £ 0.015

Group B 1.85 + 0.57 0.096 + 0.042

Group C 4.55+2.51 0.176 + 0.098

Table 3. One-way ANOVA Results

Parameter F-value p-value

Angular deviation 226.92 <0.001

Linear deviation 138.59 <0.001

Angular Deviation Box Plot
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Graph 1: Box plot illustrating the distribution of angular deviation values among Group A, Group B and Group C
in trueness analysis.
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Linear Deviation Box Plot

1.0 1

0.8 1

0.6

Linear Deviation

> —

0.2 1

Group A

Group B
Groups

T T

Group C

Graph 2: Box plot illustrating the distribution of Linear deviation values among Group A, Group B and Group C
in trueness analysis.

IV.  Discussion

The present in-vitro study compared the
accuracy of digitally coded healing abutment,
conventional scan body, and conventional open-tray
polyvinyl siloxane (PVS) implant impression
techniques using trueness and precision as outcome
measures. The findings demonstrated that both digital
workflows showed superior accuracy compared with
the conventional impression technique. Among the
evaluated methods, the digitally coded healing
abutment group exhibited the lowest angular and
linear deviations and the highest repeatability,
followed by the conventional scan body group, while
the  conventional PVS  impression  group
demonstrated the greatest deviations and variability.

The superior performance of the digital
impression groups is consistent with recent
investigations evaluating digital implant workflows.
El-Refay et al. [13] reported that digital implant
impressions obtained wusing intraoral scanners
demonstrated high accuracy and reproducibility.
Similarly, Wang et al. [14] showed that digital
scanning protocols can significantly influence
implant impression accuracy, emphasizing the
importance of standardized scanning strategies.
Cheng et al. [15] compared photogrammetry, digital,
and conventional implant impressions and reported
superior accuracy for digital methods compared with
conventional approaches.
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The favorable performance observed in the
digitally coded healing abutment group may be
attributed to the elimination of several procedural
steps associated with conventional impression
making. Digitally coded healing abutments provide
scan-detectable geometric information without
repeated removal and reconnection of separate scan
bodies, thereby minimizing positional discrepancies.
Similar findings have been reported by Donmez et al.
[18], who demonstrated favorable trueness and
precision for combined healing abutment—scan body
systems. Furthermore, the systematic review by
Talesara et al. [19] concluded that digitally coded
healing abutments may provide accuracy comparable
to or greater than conventional implant impression
techniques.

The results obtained for the conventional
scan body group are also supported by previous
literature. Azevedo et al. [16] and Arcuri et al. [26]
demonstrated that scan body material significantly
influences digital impression accuracy. Likewise,
Motel et al. [25] reported that scan body geometry
and design affect the precision of digital implant
impressions. These factors may explain the slightly
greater variability observed in the scan body group
compared with the digitally coded healing abutment
group.

Several systematic reviews have highlighted
the advantages of digital implant impressions over
conventional techniques. Cai et al. [17], Mangano et
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al. [20], Papaspyridakos et al. [21], Yilmaz et al. [22],
Mangano et al. [23], Ender et al. [24], Vandeweghe et
al. [27], and Papaspyridakos et al. [28] consistently
reported that digital impression techniques provide
comparable or superior accuracy compared with
conventional impressions, particularly for single
implant and short-span restorations. The findings of
the present study corroborate these observations, as
both digital groups demonstrated significantly lower
angular and linear deviations than the conventional
PVS impression group.

The comparatively lower trueness and
precision observed in the conventional impression
group may be explained by the multiple clinical and
laboratory steps involved in the workflow.
Conventional  implant  impressions  require
impression coping placement, impression material
polymerization, analog connection, cast pouring, and
model digitization, each of which may introduce
cumulative dimensional changes and positional
inaccuracies. Consequently, greater angular and
linear deviations may occur during transfer of
implant position, as observed in the present study.

The improved accuracy demonstrated by the
digital workflows may also have important clinical
implications. Accurate transfer of implant position is
essential for achieving passive prosthesis fit and
minimizing biological and mechanical
complications. Improved trueness and precision may
reduce chairside adjustments, laboratory remakes,
and prosthetic misfit. Furthermore, digital workflows
offer additional advantages including enhanced
patient comfort, simplified clinical procedures, and
integration with CAD/CAM manufacturing systems
[20,21,28].

The present findings should be interpreted in
light of certain limitations. As this was an in-vitro
study, clinical variables such as saliva, soft tissue
movement, limited access, patient movement, and
intraoral lighting conditions could not be replicated.
In addition, only a single implant configuration and
one intraoral scanning system were evaluated.
Additive manufacturing technology was used to
fabricate the study model, which may not completely
reproduce clinical oral conditions [29]. Furthermore,
scanner performance and scanning protocols have
been shown to influence digital impression accuracy
[30].

Within the limitations of this study, digitally
coded healing abutments demonstrated the highest
overall accuracy, followed by conventional scan
bodies, while conventional open-tray PVS
impressions exhibited the lowest accuracy. These
findings support the growing evidence favoring
digital implant impression workflows, particularly
for single anterior implant restorations.

V.  Conclusion

Within the limitations of this in-vitro study,
significant differences were observed among the
three implant impression techniques evaluated.
Digital impression techniques demonstrated superior
trueness and precision compared with the
conventional  open-tray  polyvinyl  siloxane
impression technique. Among the digital methods,
the digitally coded healing abutment exhibited the
highest overall accuracy, followed by the
conventional scan body. Therefore, digitally coded
healing abutments may represent a reliable and
efficient approach for accurate implant position
transfer in single-implant restorations. Further
clinical studies are required to validate these findings
under in-vivo conditions.
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