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PURPOSE. The purpose of this in vitro study was to quantitatively evaluate

the effect of surface contamination within an internal hexagonal implant-
abutment connection on preload formation and preload loss under cyclic
loading conditions. MATERIALS AND METHODS. Internal hexagonal implant-
abutment assemblies were divided into three groups according to the degree

of surface contamination: no contamination (CTO0), partial contamination (CT3),
and extensive contamination (CT6). Reverse torque values were measured after
initial tightening to assess preload formation (pre-RTV). Specimens were then
subjected to cyclic loading, after which post-loading reverse torque values were
recorded (post-RTV), and absolute torque loss (ARTV) was calculated. Surface
alterations were qualitatively assessed using scanning electron microscopy (SEM).
Statistical analyses were performed to compare torque-related outcomes among
groups. RESULTS. Pre-RTV were significantly lower in the contaminated groups
than in the uncontaminated control (P <.001), with no significant difference
between CT3 and CT6. After cyclic loading, post-RTV decreased progressively with
increasing contamination (P <.001). ARTV was significantly greater in CT6 than in
CT0 and CT3 (P <.001), whereas no significant difference was observed between
CTO0 and CT3. SEM revealed localized surface wear at line angles in contaminated
specimens, whereas uncontaminated specimens exhibited minimal surface
alteration. CONCLUSION. Surface contamination within an internal hexagonal
implant-abutment connection adversely affects joint stability through two
distinct mechanical stages. While the presence of contamination primarily
compromises initial preload formation, extensive contamination accelerates
preload loss under cyclic loading. These findings suggest that even subtle
contamination, often overlooked clinically, may have meaningful implications for
implant-abutment stability. [J Adv Prosthodont 2026;18:145-54]
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INTRODUCTION

Abutment screw loosening remains one of the most
common mechanical complications in implant
prosthodontics.12 Despite the high long-term survival
rates of dental implants, screw loosening continues
to compromise prosthesis stability, increase mainte-
nance requirements, and necessitate repeated clinical
interventions.>” Consequently, this complication has
persisted as a clinically relevant issue in both daily
practice and prosthodontic research.

To date, efforts to reduce abutment screw loosening
have focused primarily on mechanical optimization
under contamination-free conditions. These investi-
gations have addressed factors such as implant-abut-
ment connection design, abutment screw geometry
and material properties, and surface treatments
intended to improve preload and reduce frictional
loss.®17 Although these studies have substantially
contributed to understanding screw joint mechanics,
they were conducted primarily under idealized exper-
imental conditions that do not fully reflect contempo-
rary clinical workflows.

As mechanical configurations became more estab-
lished, research interest gradually shifted toward
reproducing contamination-related clinical condi-
tions. Several studies have attempted to simulate
contamination with saliva, blood, or other foreign
substances to evaluate their effects on screw loos-
ening.1820 However, in most of these investigations,
contamination was applied primarily to the abutment
screw. Because abutment screws can be readily
replaced or segregated between laboratory and
clinical use, screw contamination is generally consid-
ered a manageable factor in routine prosthodontic
practice.

In contrast, contamination of the abutment itself
presents a different clinical challenge. Custom
abutments are most often fabricated in external
dental laboratories using CAD-CAM workflows and
are exposed to multiple potential sources of contam-
ination during milling, finishing, and handling proce-
dures (Fig. 1). Furthermore, prosthetic fabrication
procedures are frequently performed directly on the
same abutment, increasing the likelihood of cumu-
lative contamination.2t2> Unlike abutment screws,
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contaminated abutments cannot be readily replaced
in clinical practice and are often delivered and used
without thorough inspection or decontamination.

Despite its clinical relevance, abutment contami-
nation within an internal hexagonal implant connec-
tion has received limited focused investigation. In
internal connection implant systems, the hexagonal
portion of the abutment presents flat surfaces that
are commonly assumed to allow straightforward
visual inspection and cleaning. Consequently,
contamination in this area is often perceived as easily
manageable and tends to receive limited attention
during routine clinical procedures. However, such
assumptions may contribute to inadvertent oversight,
and the mechanical implications of abutment surface
contamination, particularly in relation to screw-loos-
ening mechanisms at the implant-abutment inter-
face, remain insufficiently elucidated.

Therefore, the purpose of this study was to conduct
a quantitative assessment of the effect of abutment
surface contamination on screw loosening mecha-
nisms in internal hexagonal implant connections.
By analyzing mechanical changes under controlled
in vitro cyclic loading conditions using statistical
methods, this study aimed to clarify the clinical
and mechanistic significance of abutment surface
contamination on the mechanical stability of the
implant-abutment joint. The null hypothesis was that
the extent of abutment surface contamination within
the internal hexagonal implant connection would not
affect the mechanical stability of the implant-abut-
ment joint under cyclic loading.

MATERIALS AND METHODS

From October 2021 to October 2022, all custom abut-
ments delivered from external dental laboratories
to the Department of Prosthodontics at a university
hospital were examined under a stereomicroscope
(SMZ-171; Motic, Xiamen, China) at X20 magnifi-
cation before clinical use. The presence of visible
contaminants, such as stone particles, polishing
residues, or unidentified debris, was documented on
the abutment surface, particularly within the internal
hexagonal connection area. Based on the extent of
contamination, each abutment was classified into

https://jap.or.kr
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one of three categories: no contamination (N-CT),
partial contamination (P-CT), and full contamination
(F-CT), as summarized in Table 1.

Ninety titanium implants (@4.5 X 11.5 mm; Neo
Biotech Co. Ltd., Seoul, Korea) were individually
embedded in auto-polymerizing acrylic resin blocks
(Ortho-Jet; Lang Dental Mfg. Co., Wheeling, IL, USA)
in accordance with ISO 14801:2016 guidelines. After
polymerization, prefabricated titanium abutments
(@4.5 X 5.5 mm; Neobiotech Co., LTD., Seoul, Korea)
were connected to each implant using titanium abut-
ment screws (@1.5 X 13 mm; Neobiotech Co., LTD.,
Seoul, Korea).

Specimens were randomly assigned to three
groups (n = 30 per group) according to the extent of
contamination on the internal hexagonal connection
surfaces (Fig. 2): CTO (control), clean abutments
without contamination; CT3 (moderate), contamina-
tion applied to three altering, non-adjacent internal
hexagonal surfaces; and CT6 (severe), contamina-
tion applied to all six internal hexagonal surfaces.
Contamination was simulated using a mixture of type
[l dental stone (Snow Rock Dental Stone; DK Mungyo,
Gimhae, Korea) and distilled water, applied to the
designated internal hexagonal surfaces with a micro-
brush by a single calibrated operator.

Abutment screws were tightened to 30 N-cm using
a calibrated digital torque device (MGT-12; Mark-10

Fig. 1. Clinical photographs showing contamination on
internal flat surfaces of hexagonal implant-abutment
connection observed during routine clinical procedures.
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Corp, Copiague, NY, USA), followed by a 10-minute
settling period and re-tightening to the same torque.
Pre-loading reverse torque values (pre-RTVs) were
measured 5 minutes after re-tightening. Specimens
were then subjected to cyclic loading in accordance
with ISO 14801:2016 (90 N, 2 Hz, 240,000 cycles). After
loading, post-loading reverse torque values (post-
RTVs) were measured using the same protocol (Fig. 3).

To qualitatively assess surface alterations after
completion of the cyclic loading protocol (240,000
cycles), a subset of specimens from CT0 and CT6
was randomly selected. The specimens were sput-
ter-coated with gold and examined under scanning
electron microscopy (SEM; S-3000N, Hitachi, Krefeld,
Germany). Images were acquired at magnifications of
X150, X500, and X2000.

The Shapiro-Wilk test was used to assess the
normality of the data distribution within each group.
To evaluate the effect of surface contamination and
mechanical loading on preload maintenance, paired
t-tests were employed to compare pre- and post-
loading RTVs within each contamination group,
and Bonferroni correction was applied to adjust for
multiple comparisons. Differences in the absolute
torque loss (ARTV) among the three groups were
assessed using one-way analysis of variance (ANOVA),
followed by Tukey’s honestly significant difference
(HSD) post hoc test to identify intergroup differences.

CTO CT6

Fig. 2. Test group specimens with internal hexagonal
implant-abutment connections contaminated with
type lll dental stone: CTO (control) and CT6 (full
contamination).
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Implant-abutment assembly
(n=90)

!

|

No contamination (CTO0)
(n=30)

Partial contamination (CT3)

Full contamination (CT6)
(n=30)

I Torque 30 Necm |

110 min

I re-Torque 30 Ncm |

15 min

| pre-RTV measurement |

| Torque 30 Ncm |

110 min

I re-Torque 30 Ncm |

| Loading 240,000 cycle |

| post-RTV measurement |

Fig. 3. Flow chart of experiment. RTV, reverse torque value.

Intergroup comparisons of pre- and post-loading RTV
values were separately performed using one-way
ANOVA with Tukey HSD post hoc analysis. All statis-
tical analyses were performed by using a statistical
software program (IBM SPSS Statistics, v29.0; IBM
Corp., Armonk, NY, USA) (a =.05).

RESULTS

A total of 265 custom abutments were evaluated
upon delivery from external dental laboratories. Each
abutment was inspected under X20 magnification,
and visible surface contamination was categorized
into one of three groups. Overall, 29.06% of custom
abutments exhibited detectable surface contamina-
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tion, most commonly consisting of stone particles
or polishing residues within the internal hexagonal
connection surfaces (Table 1).

Table 1. Frequency of custom abutments assigned to
each contamination group based on visual inspection
upon delivery from external laboratories

Number  Percentage
(N) (%)
N-CT (No contamination) 188 70.94
P-CT (Partial Contamination) 65 24.53
F-CT (Full Contamination) 12 4.53
Total 265 100.00

https://jap.or.kr
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Pre-RTVs differed significantly among the exper-
imental groups (P <.001). The control group (CTO)
demonstrated the highest pre-RTVs (27.9 £ 1.8
N-cm), which were significantly greater than those
of both CT3 (23.2 £ 2.7 N-cm) and CT6 (22.9 =
2.9 N-cm). No significant difference was observed
between CT3 and CT6 (Table 2, Fig. 4).

After cyclic loading, post-RTVs also showed signif-
icant intergroup differences (P < .001). Post-RTVs

40

Reverse torque value (N-cm)

CTO CT3 CT6

M Pre-RTV [l Post-RTV

Fig. 4. Pre- and post-loading RTVs with significant
differences (asterisks): black lines for within-group
comparison, red lines for between-group pre-loading
values, and blue lines for between-group post-loading
values. Error bars represent standard deviations.

RTV, reverse torque value.
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decreased progressively with increasing contamina-
tion severity, with the highest values recorded in CT0
(21.5 £ 3.7 N-cm) and the lowest in CT6 (8.3 = 4.7
N-cm) (Table 2, Fig. 4).

Analysis of absolute torque loss between pre- and
post-loading conditions (ARTV) revealed significant
differences among groups (P < .001). Torque loss was
significantly greater in CT6 (14.6 £ 5.3 N-cm) than
in CTO (6.5 £ 3.8 N-cm; P <.001) and CT3 (8.6 + 4.4
N-cm; P <.001). No significant difference in torque loss
was observed between CT0 and CT3 (Table 2, Fig. 5).

Scanning electron microscopy (SEM) revealed
minimal surface alteration in the uncontaminated
control specimens, with only faint machining marks
observed both before and after cyclic loading. In
contrast, contaminated specimens demonstrated
surface wear in the form of linear abrasion patterns
predominantly located along the line angles (Fig. 6).

DISCUSSION

The present study quantitatively evaluated the effects
of abutment contamination on implant-abutment
joint stability in an internal hexagonal connection.
The findings demonstrate that the mechanical
influence of surface contamination is not governed
by a single mechanism but manifests at two distinct
mechanical stages: the formation of initial preload,
reflected by preloading reverse torque values
(pre-RTVs), and the dissipation of preload under
functional loading, represented by changes in reverse
torque after cyclic loading (ARTV). Accordingly, the
null hypothesis was rejected.

Table 2. Pre- and post-loading RTVs, torque loss rates, and absolute torque loss (ARTV) for each contamination group

pre-RTVs  pre-Torque lossrate  post-RTVs post-Torque loss rate ARTV pre-post-Toruge loss
(Ncm) (%) (Ncm) (%) (Ncm) rate (%)
(CO?;?OI) 279 £ 1.8 6.9 21.5£3.72 28.4 6.5+ 3.82 22.9
cr3 232+ 2.7° 22.6 147 £ 4.1b 51.1 8.6 £ 4.42 36.5
(moderate)
cTé 22,9 £2.9° 22.5 83X 4.7° 72.3 14.6 +5.3° 63.5
(severe)

Data are expressed as mean = standard deviation. Different lowercase letters within same column indicate statistically significant differences.

RTV: reverse torque value.
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Fig. 5. (A) Comparison of RTV across groups, showing greater loss from pre- to post-loading with increasing contamination
severity. (B) Box plot of preload loss (ARTV) after cyclic loading. Asterisks indicate significant differences between groups.
RTV, reverse torque value.
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Fig. 6. Representative SEM images of internal hexagonal connection under different conditions. (A) CTO before
cyclic loading; (B) CTO after cyclic loading, exhibiting minimal additional wear consistent with baseline surface
changes; (C) CT6 after cyclic loading, abrasion in line angles, where contact with implant is concentrated.
Images in each row are shown at X 150, X500, and X 2000 magnification from left to right. SEM, scanning
electron microscope.
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Fig. 7. Stereomicroscopic images of internal wall of implant fixture before and after seating
contaminated abutment. (A) Before abutment connection, showing clean internal surface;

(B) After connection and removal of contaminated abutment, debris (red arrows) is visible along
internal wall, demonstrating transfer of contamination into fixture.

The significantly reduced pre-RTVs observed in
both contaminated groups (CT3 and CT6) suggest
that surface contamination compromises conversion
of tightening torque into effective preload. Because
preload establishment depends on complete seating
and intimate contact between surfaces, contamina-
tion within the internal connection likely interferes
with full abutment seating, thereby limiting the
achievable clamping force at the time of initial tight-
ening. This observation is consistent with previous in
vitro findings demonstrating that interfacial contam-
ination or tissue entrapment can impede complete
seating and reduce effective preload generation
during initial tightening.!? Notably, no significant
difference in pre-RTVs was detected between CT3
and CT6, suggesting that even a limited amount of
contamination may be sufficient to disrupt initial
preload formation, regardless of its extent.

In contrast, analysis of absolute torque loss (ARTV)
after cyclic loading revealed a different pattern. ARTV
reflects not only the magnitude of torque reduction
but also the behavior of preload dissipation under
functional loading. The significantly greater ARTV
observed in CT6 indicates that extensive contamina-
tion accelerates preload loss during cyclic loading.
Conversely, although CT3 demonstrated reduced
initial preload, its preload dissipation pattern
under cyclic loading was comparable to that of

https://jap.or.kr

the uncontaminated control group. These findings
imply that the pattern of preload dissipation under
functional loading varies according to the extent of
contamination.

Taken together, abutment contamination produced
a distinct pattern of mechanical behavior at the
implant-abutment interface. The control group
exhibited both efficient preload formation and stable
preload maintenance. The partially contaminated
group (CT3) showed compromised initial preload
formation but relatively preserved preload stability
pattern under cyclic loading. In contrast, the exten-
sively contaminated group (CT6) demonstrated both
compromised initial preload formation and preload
maintenance.

Previous studies on abutment screw loosening have
primarily explained the underlying mechanical mech-
anisms by focusing on the relationship between tight-
ening torque and preload, the coefficient of friction at
the contacting surfaces, the settling effect occurring
immediately after tightening, and micromotion and
surface wear induced by cyclic loading.}4243% In partic-
ular, Bickford has described screw loosening as a
continuous and unified mechanical process, in which
reduced preload leads to increased micromotion,
followed by localized wear and progressive torque
loss.!” In many in vitro investigations, variables such
as contamination, lubrication, or surface coating have
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been evaluated using a single outcome measure,
most commonly preload reduction or reverse torque
loss.

Consequently, preload formation and preload
maintenance or dissipation have generally been
interpreted along the same linear mechanistic
pathway. In contrast, the findings of the present study
indicate that preload behavior is governed by distinct
mechanisms at different stages. The early conversion
of tightening torque into preload was sensitive to the
mere presence of contamination, whereas preload
dissipation under cyclic loading demonstrated
extent-dependent behavior. Accordingly, the present
findings support a stepwise reinterpretation of
screw loosening mechanisms that have traditionally
regarded preload loss as a unified outcome.

The observed mechanical behavior may be
explained by the interaction between residual
contaminants and the internal hexagonal connection
geometry. Particulate contamination within the
connection can prevent complete seating of the abut-
ment, resulting in reduced initial clamping force and
increased susceptibility to micromotion under func-
tional loading.'” Under cyclic loading, contaminants
specifically located in the line angle and localized
contact regions may contribute to stress concentra-
tion and progressive surface wear. This mechanism
is supported by scanning electron microscopy
(SEM) findings, which demonstrated localized linear
abrasion patterns along line angles in contaminated
specimens (Fig. 6), whereas uncontaminated speci-
mens exhibited barely detectable machining marks.
Such localized wear and microgap enlargement may
further diminish antirotational stability and accel-
erate preload loss over time.

An important clinical implication of these findings
relates to the internal flat surfaces of hexagonal
abutment connections. Despite the planar nature
of these surfaces, contamination may be difficult
to detect without magnification, particularly when
contamination is minimal. As a result, contamination
may be overlooked during clinical try-in procedures.
If contaminated abutments are inserted without prior
detection, contaminants are transferred into the
internal aspect of the implant fixture, where subse-
quent access and removal become more challenging
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(Fig. 7). Once contaminants are introduced into the
fixture, repeated tightening may remain compro-
mised by incomplete seating, potentially perpetu-
ating preload instability. From a clinical perspective,
the primary risk lies not in the technical difficulty
of cleaning, but in delayed or missed recognition of
contamination.

Unlike prefabricated abutments, custom abut-
ments undergo multiple fabrication steps, including
milling, finishing, and polishing, during which surface
contamination may occur. This risk may be further
increased when abutments are manufactured by
external dental laboratories, where process standard-
ization and contamination control can be variable.
Although surface contamination may appear clinically
insignificant, the present findings suggest that it can
directly compromise implant-abutment joint stability.
Accordingly, careful inspection and decontamination
of custom abutments before clinical insertion should
be considered an essential step in implant prostho-
dontic procedures.

Several limitations of this study should be acknowl-
edged. The investigation was conducted under in
vitro conditions and therefore did not fully reproduce
the complex biological environment of the oral cavity.
In addition, a single type of particulate contamination
was evaluated, which may not represent the full
spectrum of contaminants encountered clinically.
Furthermore, the analysis was limited to internal
hexagonal connections, and generalization of these
findings to other connection designs should be
performed with caution. Future studies incorporating
different contamination types, connection geome-
tries, repeated tightening protocols, and extended
loading durations are warranted to further elucidate
the clinical relevance of surface contamination on
implant-abutment stability.

CONCLUSION

Surface contamination within an internal hexagonal
implant-abutment connection adversely affects joint
stability through two distinct mechanical stages.
While the presence of contamination primarily
compromises initial preload formation, extensive
contamination accelerates preload loss under cyclic

https://jap.or.kr
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loading. These findings suggest that even subtle
contamination, often overlooked clinically, may
have meaningful implications for implant-abutment
stability.
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