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Objective: To compare the marginal fit and mechanical performance of three-unit implant-
supported fixed dental prostheses (ISFDPs) fabricated using fully digital and conventional

workflows.

Methods: Three-unit ISFDP specimens in this study simulated the restoration of three consecu-
tively missing teeth in the mandibular posterior region. Twenty-four specimens were divided
into three groups: the zirconia fully digital (ZFD) group received zirconia ISFDPs fabricated
using a fully digital workflow; the polyetherketoneketone fully digital (PFD) group received
polyetherketoneketone (PEKK) ISFDPs fabricated using a fully digital workflow; and the zir-
conia control (ZC) group received zirconia ISFDPs fabricated using a conventional workflow.
Marginal gaps between restorations and abutments during passive and active fit were meas-
ured, and initial screw loosening torque values of restorations were recorded. After undergoing
1,200,000 cycles of vertical loading, the restorations were reassessed for marginal gaps and

loosening torque values.

Results: Marginal fit under passive and active fit in the ZFD group showed no significant dif-
ference in relation to the ZC group. Marginal gaps in the PFD group (134.39 + 41.13 um) under
passive fit were significantly larger than in the ZFD group, and decreased significantly under
active fit (22.28 + 10.45 um). No significant difference in marginal fit was observed before
and after cyclic loading in all groups. No significant difference was found in loosening torque
change between the ZFD and ZC groups, whereas the change in the PFD group (median —2.13%,
Q25 =3.30%/Q75 0.28%) was significantly lower than in the ZC group (median —5.83%, Q25

~8.46%/Q75 ~3.75%).

Conclusion: Three-unit ISFDPs fabricated using fully digital and conventional workflows
exhibit similar marginal fit and mechanical performance. Additionally, PEKK ISFDPs dem-
onstrate clinically acceptable marginal fit and mechanical performance.
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The model-free fully digital workflow for implant-sup-
ported fixed dental prostheses (ISFDPs) includes acquir-
ing digital impressions through intraoral scanning (I0S)
and fabricating restorations based on the digital data
using CAD/CAM.! Compared to the model-based con-
ventional workflow that relies on conventional impres-
sions, the model-free, fully digital workflow offers great-
er efficiency, reduced costs and the potential to improve
patient comfort and acceptance.>* However, since the
model-free fully digital workflow relies on the IOS sys-
tem, clinical scepticism remains regarding its ability to
produce digital impressions with reliable accuracy.’

In clinical practice, the accuracy of impressions can
impact the marginal fit and mechanical performance
of implant restorations significantly. Implant restor-
ations with significant marginal discrepancies and poor
mechanical performance increase the risk of biological
and mechanical complications, such as microleakage,
screw loosening, abutment fracture and implant frac-
ture.®8 Absolute marginal fit is unattainable in clinical
practice,®! and a marginal discrepancy of 10 to 150 ym
is generally considered acceptable.!1"1* Existing studies
often employ in vitro cyclic loading to simulate oral
chewing function, allowing for the assessment of im-
plant restoration mechanical performance.!>18

Several clinical studies have shown that the mar-
ginal fit and mechanical performance of single implant
restorations fabricated using a fully digital workflow
are similar or even superior to those using a conven-
tional workflow.!%20 However, disagreement remains
regarding the clinical application of the fully digital
workflow in multi-unit implant restorations. Abduo
et al?! and Ellakany et al?? both observed a decrease
in the accuracy of digital scans with increasing span
by comparing full-arch and short span scanning. For
three-unit ISFDPs, Alsharbaty et al®® and Alshawaf et
al?* demonstrated that the accuracy of digital impres-
sions was lower than that of conventional impressions,
while Schepke et al*® and Hashemi et al?® reported that
their accuracy was similar.

In the model-free, fully digital workflow, prosthetic
materials suitable for CAD/CAM milling include nickel-
chromium alloys, titanium and zirconia.?” Zirconia is
recognised clinically as a reliable choice for posterior
single crowns and three-unit ISFDPs due to its excellent
mechanical properties, biocompatibility and aesthetic
effects.?8-31 Recently, a novel polymeric material, poly-
etherketoneketone (PEKK), exhibits superior physical,
mechanical and biological properties, making it poten-
tially suitable for dental restorations.?? Some studies
have found that PEKK materials demonstrated better
marginal fit333> as well as higher fatigue limits and
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longer fatigue life® in fixed restorations than zirconia
materials. These studies, however, only evaluated res-
torations on natural teeth and did not investigate im-
plant restorations. There is a lack of studies comparing
the marginal fit and mechanical performance of three-
unit ISFDPs made from various materials and fabricat-
ed using different workflows. This in-vitro study aims to
validate the feasibility of fabricating three-unit ISFDPs
with two kinds of materials using the model-free fully
digital workflow.

Materials and methods

In-vitro three-unit ISFDP specimen fabrication and
grouping

According to the International Organization for Stand-
ardization (ISO) 14801:2016 standard, three-unit ISFDP
specimens were fabricated. First, 24 self-curing acrylic
resin (Denture BasePolymer; Nissin, Kyoto, Japan) blocks
with dimensions 0f4.0x 2.0 x 2.0 cm were prepared. Two
parallel implants (OsseoSpeed TX 4.0 X 11 mm; Astra
Tech Implant System, Dentsply Sirona, Charlotte, NC,
USA) were inserted vertically in each resin block to sim-
ulate the second premolar and second molar, and the
distance between the implant axis was 20 mm. The abut-
ments (20° UniAbutment, Astra Tech Implant System,
diameter 3.5 mm, 20° apical taper, height 2.15 mm and
rim height 1 mm) were connected to the implants with
a torque of 20 Ncm. The 24 specimens were randomly
divided into three groups, and 24 three-unit ISFDPs were
designed and fabricated as follows (Fig 1).

In the zirconia fully digital (ZFD) group and PEKK
fully digital (PFD) group, fully digital workflows were
employed for the design and fabrication of three-
unit ISFDPs. For the ZFD group, scan bodies (DESS
Intraoral Scan Body on 20° UniAbutment; Dental Smart
Solutions) were connected to the 20° UniAbutment,
and an IOS system (TRIOS Standard-P11; 3Shape,
Copenhagen, Denmark) was used to obtain the digital
models (Fig2a to c). The scan data were imported
into CAD software (Exocad Dental CAD, v3.0; Exocad,
Darmstadt, Germany). A three-unit ISFDP was designed
virtually and transferred to the CAM system. Eight
zirconia three-unit ISFDPs were fabricated using a
five-axis computer numerical control dental milling
machine (Organical Multi Milling System and Desktop
8S Mill; Organical CAD/CAM, Berlin, Germany), then
the ISFDPs were finalised. The same workflow and mill-
ing machine were used in the PFD group to fabricate
eight PEKK three-unit ISFDPs.
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Fig2a to f Process of
obtaining digital models
and three-unit ISFDPs in the
three groups. ISFDP speci-
men (a); scanning rod (b);
digital model (c); ZC group
(d); ZFD group (e); PFD
group (f).

In the zirconia control (ZC) group, the model-based
conventional workflow was employed. The implant
transfer posts (Implant Transfer; Astra Tech Implant
System) were connected to the 20° UniAbutments and a
conventional open-tray analogue impression was taken
for each model with polyether impression material
(3M Impregum Penta; 3M, St. Paul, MN, USA). The im-
plant analogues were secured to the implant transfer
posts. Type V gypsum casts (DieStone; Kulzer, Essen,
Germany) were poured. The same scan bodies were then
fixed onto the implant analogues, and the casts were
digitalised using a laboratory scanner (3Shape D2000;
3Shape). Thereafter, the scan data were imported into
the CAD software, a digital titanium base was virtually
connected to each UniAbutment and the zirconia three-
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unit ISFDPs were designed virtually and transferred to
the CAM system. Eight zirconia three-unit ISFDPs were
fabricated. The zirconia three-unit ISFDPs were then
bonded with the titanium base (Titanium Cylinder,
Astra Tech Implant System, on 20° UniAbutment).

Subsequently, all three-unit ISFDPs were delivered
onto the resin block specimen and connected to the 20°
UniAbutments with screws torqued to 15 Nem (Fig 2d
to f).

Measurement of marginal fit of three-unit ISFDPs

The marginal gaps between the three-unit ISFDP and the
implant abutment at the second molar were measured
using a 3D laser scanning microscope with 0.001 um
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accuracy (10x objective lens, numerical aperture 0.95
with a violet laser source, 1.95 pm plane spatial resolu-
tion; VK-X200; Keyence) under three conditions. Under
the no screw-tightening condition, the restoration
screws were not tightened at either the second premolar
or the second molar, and the marginal gap between the
restoration and the abutment at the second molar was
measured. Under the unilateral screw-tightening condi-
tion, only the restoration screws at the second premolar
were tightened to 15 Ncm, and the marginal gap at the
second molar was measured as an indicator to evaluate
the passive fit of the three-unit ISFDPs.1? Under the bilat-
eral screw-tightening condition, the screws at both the
second premolar and the second molar were tightened
to 15 Ncm, and the marginal gap at the second molar
was measured to evaluate the active fit of the three-unit
ISFDPs.!3 For each three-unit ISFDP, six positions were
selected on the buccal and lingual sides for gap meas-
urement, namely mesio-lingual (ML), lingual (L), disto-
lingual (DL), mesio-buccal (MB), buccal (B) and disto-
buccal (DB). Subsequently, the data was imported into
analysis software (VK-X Multi-File Analyzer v2.1.1.11;
Keyence, Osaka, Japan) for measurement, as shown in
Fig 3. The mean marginal gap between the restoration
and the abutment on the buccal and lingual sides was
calculated.

Cyclic loading test

The mechanical performance of the ISFDPs was evalu-
ated using cyclic loading experiments. Before cyclic
loading, all the screws of the three-unit ISFDPs were
tightened with a torque of 15 Ncm to connect the second
premolar and second molar to the abutments using a
torque wrench. After 24 hours, the gaps between the
restoration and the abutments on the buccal and lingual
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Fig 3a to f Measurement
of the marginal gap of the
three-unit ISFDP using the
VK-X200. Raw elevation
image (a); image after
Gaussian smoothing (b);
surface levelling (c); image
after surface levelling (d);
edge line fitting (e); gap
measurement (f).

sides were measured using a 3D laser scanning micro-
scope. Subsequently, the loosening torque values of the
screws in the second premolar and second molar before
cyclic loading were measured using an electronic torque
meter (Torque Meter TQ-8800; Lutron, Coopersburg, PA,
USA), denoted as V! (Fig 4a). Then, the screws of the
three-unit ISFDPs were tightened again with a torque of
15 Ncm and the resin block with the ISFDPs was fixed on
a loading platform of a cyclic loading instrument (Elec-
troPuls E1000; Instron, Norwood, MA, USA). A stainless-
steel loading head (length 30 mm, width 8 mm, height
10 mm and loading surface radius 0.5 mm) was verti-
cally applied to the central fossa of the occlusal surface
of the three-unit ISFDPs for cyclic fatigue testing (Fig 4b
and c), simulating clinical chewing conditions. This
study followed the ISO 14801 standard and used a load of
50 N with a frequency of 15 Hz for 1,200,000 cyclic load-
ing, simulating 5 years of clinical performance.3”-4? The
machine stopped at 120,000, 600,000 and 1,200,000 load-
ing cycles to monitor and record any mechanical com-
plications such as screw loosening or abutment or im-
plant fracture. After cyclic loading, the gaps between the
restoration and the abutments on the buccal and lingual
sides were measured again. Additionally, the torque val-
ues of the restoration screws were measured again and
denoted as V!;. The formula for calculating the torque
change (8) is as follows:

Vi — Vg
Vs

9:

X 100%

Statistical analysis

The power analysis was based on a two-sample ¢ test,
and the estimated standard deviation (SD) is the pooled
standard deviation estimated from prior studies. The
data originated from an in vitro study assessing mar-
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Figd4atoc Cyclic loading test. An electronic torque meter was used to measure loosening torque values of restoration screws (a);
frontal view of cyclic loading on the central fossa of the three-unit ISFDP (b); lateral view of cyclic loading on the central fossa of the
three-unit ISFDP (c).

Table 1 Marginal gaps of ZC Group, ZFD Group and PFD Group under all screw-tightening conditions.

No screw-tightening, Unilateral screw-tightening,

[EELEX N (1))

Bilateral screw-tightening,
mean t SD (pm)

mean t SD (um)

Buccal 77.65+12.93 97.45+21.25 38.91+7.16
ZC Lingual 102.99 + 15.03 97.55 + 25.07 35.74 £15.03
Mean 90.32+11.90 97.50 + 20.36 37.33+8.44
Buccal 48.44 +19.06 64.24 +40.99 41.00 +15.88
ZFD Lingual 62.85 +46.74 65.20 +41.00 33.28 +18.15
Mean 55.65+25.13 64.72 +38.16 37.14+11.09
Buccal 122.64 + 25.59 137.49 +50.14 25.24 £12.05
PFD Lingual 143.51 + 20.65 131.30 + 34.99 19.32 +£09.48
Mean 133.07 £21.64 134.39+41.13 22.28 £10.45

ginal gaps of three-unit ISFDPs fabricated using differ-
ent techniques.*! The sample size was eight per group,
with a power of 80%.

All data were imported into statistical software (SPSS
v27.0; IBM, Armonk, NY, USA) for descriptive statistical
analysis. The normality of the data was assessed using
Shapiro-Wilk tests, whereas the equality of variances
was evaluated using a Levene test. Parametric tests and
post-hoc pairwise comparison tests (Student-Newman-
Keuls test) were conducted to compare the marginal
gaps under three screw-tightening conditions in each
group. An independent samples t test was employed to
analyse the statistical differences in marginal fit among
the groups. A repeated measures analysis of variance
(ANOVA) was conducted to statistically analyse the
marginal fit of the restoration before and after cyclic
loading for the three groups. As the loosening torque
change values were not normally distributed, a nonpar-
ametric Mann-Whitney U test was used to analyse the
differences among the three groups. The significance
level a was set at 5%.

Results

As shown in Table 1 and Fig 5, the marginal fit between
the restoration and the abutment was found to differ

Chinese Journal of Dental Research

significantly among the three groups under the three
screw-tightening conditions (P < 0.01). Compared to the
marginal gap (ZC group 90.32 + 11.90 um; ZFD group
55.65 + 25.13 um; PFD group 133.07 + 21.64 pm) under
the no screw-tightening condition, there was no signifi-
cant increase in the gaps (ZC group 97.50 + 20.36 um;
ZFD group 64.72 £+ 38.16 um; PFD group 134.39 + 41.13
um) between the restoration and the abutment under
the unilateral screw-tightening condition (P > 0.05). Fur-
thermore, when subjected to bilateral screw-tightening
conditions, the marginal gaps between the restoration
and the abutment were significantly reduced in all three
groups (ZC group 37.33 + 8.44 um; ZFD group 37.14 +
11.09 um; PFD group 22.28 + 10.45 um). As shown in
Table 2, there was no significant difference in passive fit
between the ZC group (97.50 + 20.36 um) and ZFD group
(64.72 + 38.16 pum) (P > 0.05).

A significant difference (P = 0.003) was found in the
passive fit condition between the restorations fabricat-
ed from the two materials and the abutments (Table 3).
The marginal gap for PEKK was larger than that for zir-
conia under passive fit conditions; however, as shown
in Table 4, under bilateral screw-tightening conditions
(active fit), the marginal gap for the PFD group (22.28
+10.45 um) was significantly smaller than that for the
ZFD group (37.14 + 11.09 pm) (P = 0.015).
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Fig5atob Marginal gaps
for all three groups under
different screw-tightening
conditions. Gaps under
different screw-tightening
conditions within each
group (a) and across
groups under the same
screw-tightening condition
(b). *P < 0.05; **P < 0.01.

Table 2 Marginal gaps of three-unit ISFDPs under the unilateral screw-tightening condition using conventional and fully digital

workflows.
ea eme ocatio group ea D D group ea D P value
Buccal 97.45+21.25 64.24 + 40.99 0.061
Lingual 97.55 + 25.07 65.20 +41.00 0.082
Mean 97.50 + 20.36 64.72 +38.16 0.051

Table 3 Marginal gaps of three-unit ISFDPs under the unilateral screw-tightening condition with different restoration materials.

ea eme ocatio D group ea ) D group ea ) a
Buccal 64.24 + 40.99 137.49 £50.14 0.006**
Lingual 65.20 +41.00 131.30 + 34.99 0.004**
Mean 64.72 + 38.16 134.39+41.13 0.003**

**p <0.01.

Table 4 Marginal gaps for three-unit ISFDPs under the bilateral screw-tightening condition with different restoration materials.

easurement locatio D group, mea ) D group, mea ) a
Buccal 41.00 +15.88 25.24 +12.05 0.042*
Lingual 33.28+18.15 19.32 +09.48 0.081
Mean 37.14+11.09 22.28 +10.45 0.015*

*P <0.05.

No fractures or loosening of the implants, abutments
or restorations were observed across all specimens dur-
ing the 1,200,000 cycles of loading. As shown in Table 5,

no significant differences
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were found in the mean of

the marginal gaps of the restorations before and after
cyclic loading among the three groups (P > 0.05).

Box plots were generated to visualise the loosening
torque change (Fig6). There was no significant dif-
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Table 5 Repeated measures ANOVA of marginal gaps before and after cyclic loading. P value denotes the significance of marginal

gap differences before and after cyclic loading.

32.46 + 6.65

A o A )

ZC group 33.93+6.59 0.180
ZFD group 34.50 +£8.03 33.02+£11.23 0.789
PFD group 21.75+5.72 20.68 +7.33 0.670
Main effect of time 0.686 NA NA

NA, not applicable.

ference in loosening torque change between the ZC
group (median -5.83%, Q25 —8.46%/Q75 —3.75%) and
ZFD group (median -4.20%, Q25 —8.26%/Q75 —1.23%)
(P > 0.05), whereas the PFD group (median —2.13%,
Q25 —3.30%/Q75 0.28%) exhibited significantly smaller
loosening torque change compared to the former two
groups (P < 0.05).

Discussion

This study demonstrates no significant difference in
marginal fit and mechanical performance between res-
torations fabricated using conventional and fully digital
workflows. Additionally, PEKK exhibits acceptable mar-
ginal fit and superior mechanical properties as a novel
restorative material.

This study provides experimental data support for
the clinical application of digital technology in fabricat-
ing three-unit ISFDPs. Compared with the model-based
conventional workflow, the model-free, fully digital
workflow mitigates the risk of deformation in conven-
tional impressions and has fewer manual errors. Abduo
et al*? demonstrated that the digital impression offers
greater accuracy than the conventional impression of
the three-unit ISFDPs. This study further investigated
the marginal fit and mechanical properties of multi-
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unit ISFDPs fabricated using different workflows, pro-
viding more intuitive data support for clinical applica-
tions.

In this study, no significant difference was found
in marginal fit between the restoration and the abut-
ment in the three-unit ISFDPs fabricated using the
fully digital workflow compared to the conventional
workflow. Under passive fit conditions, the marginal
discrepancy was approximately 65 um at the second
molars, while under active fit conditions, it was within
40 pm. Stimmelmayr et al'? utilised the silicone rub-
ber impression replica technique to measure the mar-
ginal gaps between the restoration and the abutment
of three-unit ISFDPs and suggested that a marginal
discrepancy within 160 um under the passive fit condi-
tion is acceptable. Similarly, Rutkunas et al*® used a
stereomicroscope to measure horizontal and vertical
discrepancies between the restoration and the abut-
ment and proposed that marginal discrepancies within
150 um in both vertical and horizontal dimensions are
acceptable. Therefore, the three-unit ISFDPs fabricated
using the digital workflow in this study demonstrated
excellent passive fit capabilities.

This study provides measurement results of mar-
ginal gaps before and after cyclic loading using high-
precision 3D laser scanning microscopy, confirming
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no significant misfit in the three-unit ISFDPs fabricated
with a fully digital workflow. The silicone replica tech-
nique is widely used to evaluate the marginal fit of
restorations.** However, this technique also has limita-
tions that lead to measurement errors, such as the tear-
ing of fragile replicas. In this study, a 3D surface topog-
raphy microscope with nanoscale resolution enabled
precise marginal localisation and directly observed
the marginal gaps. This method allowed for dynamic
measurement of changes in the marginal gap before
and after cyclic loading.

No complications were observed in all the three-unit
ISFDPs fabricated by model-free fully digital workflows
after 1,200,000 cycles of cyclic loading in this study.
The authors found that the median loosening torque
change of the PFD and ZFD groups was lower than that
of the ZC group, with a significant difference observed
between the PFD and ZC groups. The results indi-
cate that the mechanical performance using the fully
digital workflow is not inferior to that achieved with
the conventional workflow. This result was consistent
with those of Ramalho et al,*> who compared the cyclic
loading Weibull modulus of digital one-piece mono-
lithic crowns and conventional crowns cemented onto
titanium bases and found no significant difference.

The relationship between marginal misfit and loos-
ening torque change is worth noting. This study found
that the loosening torque change in the PFD group was
significantly lower than that in the ZC group and the
ZFD group. Before cyclic loading, the mean marginal
gaps were 21.75, 32.46 and 34.50 um in the PFD, ZC and
ZFD group, respectively (Table 5). Under conditions
of marginal misfit, tightening the restoration screws
leads to additional stress. As cyclic loading progresses,
thread slippage occurs, releasing stress and resulting in
decreased loosening torque.'® In summary, ISFDPs with
larger marginal gaps exhibit a greater torque change
rate after loading.

Computer numeric controlled (CNC) milling tech-
nology enables high-precision fabrication of ISFDPs.
Commonly used materials for CNC-milled prostheses
include titanium, zirconia and PEKK. Titanium is wide-
ly applied due to its excellent mechanical properties,
biocompatibility and osseointegration capacity; how-
ever, its metallic colour may compromise aesthetics,
and necessitates the use of a zirconia shell. A system-
atic review by Kim et al* reported a 5-year cumula-
tive survival rate of 99.6% for zirconia-based ISFDPs.
Regarding the precision of milling, Abduo et al*’ found
that CNC-milled titanium and zirconia frameworks had
comparable vertical marginal fit when used in three-
unit ISFDPs.
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This study suggests that PEKK can be used as a new
restorative material, and its marginal fit and mechanical
performance showed certain advantages. PEKK belongs
to the polyaryletherketone family, similar to polyethere-
therketone (PEEK). PEKK offers higher-performance
thermoplastic properties than PEEK, excellent fracture
resistance and a compression strength that exceeds PEEK
by 80%.4® Additionally, PEKK exhibits similar compres-
sive strength and a smaller elastic modulus compared to
dentine, indicating its potential as a restorative mater-
ial.®2 The present authors found no significant difference
in marginal fit before and after cyclic loading for PEKK,
and the PFD group had the lowest loosening torque
change among the three groups. Similarly, Alsadon et al3
demonstrated that PEKK composite crowns exhibited the
highest fatigue limit, excellent fatigue life and the high-
est survival rate under various loads.

A limitation of this study is that the findings are only
applicable to a specific workflow under the OsseoSpeed
TX Implant System involving three-unit ISFDPs with
parallel implant axis. In model-free fully digital work-
flows, variations in implant axis angles and arch
spans may affect the precision of restoration design.
Therefore, further research is needed to evaluate the
model-free fully digital workflow using various implant
systems and implant axis angles.

Conclusion

In this study, the three-unit ISFDPs fabricated using a ful-
ly digital workflow showed non-inferior results in terms
of marginal fit and mechanical performance compared
to those fabricated using a conventional workflow. Nota-
bly, after simulating 5 years of cyclic loading, the three-
unit ISFDPs fabricated using the fully digital workflow
maintained excellent mechanical performance, with
PEKK showing particularly superior properties that
may enhance the long-term survival of the restorations.
These results illustrate the clinical feasibility of utilising
a fully digital workflow for the fabrication of three-unit
ISFDPs and identify PEKK as a particularly promising
material for CAD/CAM milling in restorative dentistry.
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