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Abstract:

Micro-gaps and preload loss at the implant-abutment interface remain major challenges affecting the long-term mechanical stability
and biological success of two-piece dental implant systems. Therefore, it is of interest to compare the micro-gap and mechanical
stability of three implant-abutment connection designs using 45 implant-abutment assemblies allocated to external hexagon, internal
hexagon and Morse taper/conical groups (n=15 each) subjected to 500,000 cycles of oblique loading at 150 N. Post-loading analysis
demonstrated a significant increase in micro-gap in all groups, with the external hexagon showing the greatest micro-gap (22.84 +
3.91 um) and reverse torque loss (31.18 * 6.42%), whereas the Morse taper/conical connection exhibited the lowest micro-gap (8.92 +
1.83 pm) and torque loss (13.76 £ 4.28%) (p < 0.001). Micromotion and survival outcomes also favored the Morse taper/conical design
under cyclic loading conditions. Thus, Morse taper/conical implant-abutment connections showed superior interface adaptation and
mechanical stability compared with external and internal hexagonal connection designs.

Keywords: Dental implants, implant-abutment interface, micro-gap, cyclic loading, screw loosening, Morse taper, mechanical

stability
Background: situation, the abutment can experience very small movements

Fixed oral rehabilitation using dental implants is the most
common treatment modality and the long-term results are
greatly dependent on the osseointegration as well as the stability
of the prosthetic superstructure. While implant-supported fixed
prostheses have high survival rates, mechanical issues like screw
loosening, loss of retention, prosthetic instability and framework
misfit have clinical relevance and can negatively affect patient
comfort and maintenance requirements [1]. The interface
between the implant and the abutment is thus a crucial area
where the biomechanical design and the biological sealing meet.
Two-piece implant systems have a minute gap between the
fixture and the abutment. This is the micro-gap, which is a space
that is typically described. It can occur right after tightening due
to manufacturing tolerances, surface roughness, component
geometry, torque accuracy and settling of contact surfaces. If the
micro-gap is located near the crestal bone, bacterial
contamination and infiltration of inflammatory cells can also
play a role in peri-implant bone remodeling [2]. Hence, the
location and dimensions of this interface are important for
prosthetic and peri-implant stability. Micro-gap is closely related
to biological significance of the micro motion. The abutment
screw and the inner walls of the implant are subjected to
functional occlusal forces over and over again. In such a

and the contact surface can move in a pumping motion. This
motion can allow for easy exchange, bacterial invasion and
generation of wear debris. Micro-gap and micromotion have
been suggested to be involved in marginal bone changes around
the implant neck, but the magnitude of their clinical contribution
is dependent on the connection design, soft tissue thickness,
platform switching, loading direction and prosthetic fit [3, 4].
The design of implant-abutment connections has changed from
external hexagonal to internal hexagonal and conical or Morse
taper. The external hexagonal connections are easy to install and
are very versatile for prosthetics, but the shallow engagement
and butt joint design can allow for more lateral movement when
loading off-axis. Internal hexagonal designs increase the depth of
engagement inside the implant body, providing greater anti-
rotational resistance. Conical and Morse taper connections
produce a wedging effect between abutments and implant walls,
which can  increase  frictional resistance, decrease
micromovement and enhance sealing capacity [5]. Numerous
laboratory investigations have demonstrated the influence of
cyclic loading on the mechanical response of implant-abutment
assemblies. The size of the micro-gap may vary with dynamic
force and it has been shown by radiographic or microscopic
examination that flat connection designs may exhibit measurable
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gaps more often than conical designs [6, 7]. The relevance of
oblique loading is especially important since posterior implant
crowns are frequently exposed to lateral forces of masticatory
function, such as in cusp-inclined occlusion, parafunction,
cantilevered restorations and angulated abutment situations.
Another important factor of joint stability is screw preload. The
clamping force between the implant and the abutment is
generated by elongation when the screw is tightened. When
loading and unloading are cyclic, preload can be lost due to
settling of microscopic irregularities and repeated bending
forces. This reduction is usually expressed as a reverse torque
value, or as a percentage torque loss. Too much torque loss can
cause the interface to open, cause micromotion and eventually
cause screw loosening or fracture. Research on screw loosening
has demonstrated that the geometry of the connection, the
design of the abutments, the torque applied, the diameter of the
implant, the material of the screw and the loading protocol all
affect the amount of torque loss following cyclic fatigue [8, 9].
Therefore, it is of interest to evaluate the micro-gap formation
and mechanical stability at the implant-abutment interface under
simulated cyclic loading conditions.

Materials and Methods:

Study design:

This was an in vitro experimental study to compare the micro-
gap formation and mechanical stability of three commonly used
implant-abutment connection designs following simulated cyclic
loading. The study was performed in a dental biomaterials and
implant prosthodontic testing laboratory. No human
participants, animal subjects or patient derived specimens were
used, so no ethical approval was required.

The number of samples:

45 titanium implant-abutment assemblies were used. The
number of 12 specimens per group was determined based on
previous laboratory studies that evaluated the mean micro-gap
and torque loss, which indicated that a minimum of 12
specimens per group would be sufficient to detect a medium to
large difference between groups with 80% power at 5%
significance. To compensate for possible specimen loss during
fatigue testing, 15 assemblies were included in each group.

Grouping:

The specimens were split into three groups based on the
implant-abutment connection design. The external hexagon
implants were in Group A, the internal hexagon implants were
in Group B and the Morse taper/conical connection implants
were in Group C. The implants were all commercially available,
bone-level, two-piece and of similar diameter and length.
Straight titanium abutments were used which matched the
respective implant systems. Original matching systems were
used to select components to reduce third party component
mismatch.

Inclusion and exclusion criteria:

©Biomedical Informatics (2026)

New, unused, intact implant and abutment components of the
same size in each system were included. Samples that had
manufacturing defects, damaged internal threads, misshapen
screw heads, incomplete seating, surface scratches at the
interface, or an abnormal torque resistance when first tightened
were removed. Powder-free gloves were used to handle
components and alcohol was used to clean components prior to
assembly.

Specimen preparation:

Each implant was embedded vertically in autopolymerizing
acrylic resin in a cylindrical mold with 3 mm of the coronal part
of the implant exposed to simulate crestal placement. The
implant orientation was standardized by using a dental
surveyor. The acrylic block was left to polymerize fully and was
left at room temperature for 24 hours before testing. The
implants were cemented with the manufacturer's recommended
torque of 30 Ncm with a calibrated digital torque device. The
same torque was then applied after 10 minutes to compensate
for settling of the screw joint.

Baseline micro-gap measurement:

Baseline micro-gap was measured at four standard points:
buccal, lingual, mesial and distal surfaces. Measurements were
made with a stereomicroscope at 80x and verified in
representative specimens with scanning electron microscopy.
Three readings were taken for each surface and the average
value was determined. The overall micro-gap for each specimen
was calculated by taking the average of all the surface
measurements.

The cyclic loading protocol:

Each specimen was inserted in a chewing simulator and loaded
in an oblique direction 30° to the long axis of the implant in a
cyclic manner. A rounded indenter made of stainless steel was
used to apply the load to the abutment crown platform. The
500,000 cycles were applied at 150 N and 2 Hz, a simulated
functional fatigue challenge, to each specimen. The specimens
were examined every 100,000 cycles for the presence of visible
loosening, screw fracture, abutment displacement or
catastrophic failure. Mechanical stability assessment: Mechanical
stability was evaluated using reverse torque value, percentage
torque loss and micromotion under standard load. The torque
was measured immediately after cyclic loading with a digital
torque gauge in reverse direction. The percentage torque loss
was determined as follows:

(Initial torque - reverse torque) / initial torque x 100

The micromotion was measured with a non-contact digital
displacement sensor under a static oblique load of 150 N and the
values were recorded in micrometers.

Primary outcome:
The primary outcome was post-loading micro-gap at the
implant-abutment interface. Secondary outcomes included
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changes in micro-gap, reverse torque value, percentage torque
loss, micromotion and mechanical failure. Failure was
considered to be any visible loosening of the screws, any
displacement of the abutments, fracture of the screws, or failure
to perform the entire cyclic loading protocol.

Data analysis:

Data were analyzed by statistical analysis using the use of the
spreadsheet software and standard statistical software. The
Shapiro-Wilk test was used to determine normality. Data for
continuous variables were reported as mean + SD. One-way
analysis of variance and Tukey post-hoc tests were used to make
intergroup comparisons. Paired t-tests were used to compare
within-group pre-loading and post-loading micro-gap values.
Chi-square test or Fisher exact test was used to compare
categorical outcomes. A p value of < 0.05 was deemed
statistically significant.

Results:

All 45 implant-abutment assemblies were included in the final
analysis. During cyclic loading, no specimen exhibited screw
fracture or catastrophic implant body failure. In the external
hexagon group, however, three specimens showed visible screw
loosening and one specimen in the internal hexagon group
showed visible screw loosening. The Morse taper/conical group
did not show any signs of loosening. The baseline micro-gap
values were significantly different among the groups (p < 0.001).
The highest mean baseline micro-gap was found in the external
hexagon specimens (14.62 + 2.88 pum), followed by the internal
hexagon specimens (1038 + 221 pm) and the Morse
taper/conical specimens (6.74 + 1.52 um). The micro-gap was
significantly increased in all groups after cyclic loading (p <
0.001 within-group comparisons). The external hexagon group
had the highest post-loading micro-gap (22.84 + 3.91 pm) and the
lowest micro-gap was in the Morse taper/conical group (8.92

Table 1: Comparison of micro-gap values before and after cyclic loading
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1.83 pm). The results of these are given in Table 1. There were
also significant differences between the groups in mechanical
stability parameters. The lowest reverse torque value was
obtained for the external hexagon group (20.65 + 1.93 Ncm)
while the highest percentage torque loss was recorded for the
same group (31.18 + 6.42%). The internal hexagon group
exhibited a medium reverse torque retention (24.31 + 2.16 Ncm)
and torque loss (18.96 * 5.37%). The Morse taper/conical group
had the highest reverse torque value (25.87 + 1.29 Ncm) and the
lowest torque loss (13.76 + 4.28%). The differences between the
groups were statistically significant (p < 0.001) as presented in
Table 2. Under static oblique loading, the external hexagon
group demonstrated the greatest micromotion (27.42 + 5.86 pm),
followed by the internal hexagon group (17.95 + 4.13 um),
whereas the Morse taper/conical group exhibited the lowest
micromotion (9.84 + 2.62 pm), indicating superior mechanical
stability. All specimens in the three groups successfully
completed 500,000 cycles of cyclic loading without catastrophic
failure or screw fracture (Table 3). Visible screw loosening
occurred most frequently in the external hexagon group (20.0%),
followed by the internal hexagon group (6.7%), while no screw
loosening was observed in the Morse taper/conical group, with
the intergroup difference being statistically significant (p =
0.041). Abutment displacement was also more common in the
external hexagon group (13.3%) than in the internal hexagon
group (6.7%), whereas no displacement occurred in the Morse
taper/conical group; however, this difference did not reach
statistical significance (p = 0.098). Overall, the findings
demonstrated a significant association between implant-
abutment connection design and mechanical performance, with
the Morse taper/conical connection showing the highest stability
and the external hexagon connection exhibiting the greatest
susceptibility to mechanical complications (Table 3).

Parameter External hexagon (n=15) Internal hexagon (n=15) Morse taper/conical (n=15) p-value
Baseline micro-gap (um) 14.62 + 2.88 10.38 £ 2.21 6.74 +1.52 <0.001
Post-loading micro-gap (um) 22.84 +3.91 15.26 £2.74 8.92+1.83 <0.001
Mean increase in micro-gap (um) 8.22 £2.46 4.88 £1.96 218 £1.12 <0.001
Within-group p-value <0.001 <0.001 <0.001 -

Table 2: Mechanical stability outcomes after cyclic loading
Parameter External hexagon (n=15) Internal hexagon (n=15) Morse taper/conical (n=15) p-value
Initial tightening torque (Ncm) 30 30 -
Reverse torque value (Ncm) 20.65 +1.93 2431+216 25.87+1.29 <0.001
Torque loss (%) 31.18 £ 6.42 18.96 £ 5.37 13.76 £ 4.28 <0.001
Micromotion under 150 N load (um) 27.42 + 5.86 17.95 +4.13 9.84 +£2.62 <0.001

Table 3: Mechanical events and overall performance during cyclic loading

Outcome External hexagon (n=15)  Internal hexagon (n=15)  Morse taper/conical (n=15)  p-value
Completed 500,000 cycles 15 (100%) 15 (100%) 15 (100%) 1.000
Visible screw loosening 3 (20.0%) 1(6.7%) 0(0.0%) 0.041
Abutment displacement 2 (13.3%) 1(6.7%) 0(0.0%) 0.098
Screw fracture 0 (0.0%) 0(0.0%) 0(0.0%) .
Catastrophic failure 0 (0.0%) 0 (0.0%) 0 (0.0%) -
Discussion: stability of the implant-abutment interface. The null hypothesis

The in vitro study in the present work aimed to assess the effect
of simulated cyclic loading on the micro-gap and mechanical

was rejected as significant differences were found between the
three different connection designs (external hexagon, internal
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hexagon and Morse taper/conical connection). The micro-gap in
all groups was increased by cyclic loading, with the largest
increase in the external hexagon assemblies and the smallest
increase in the Morse taper/conical assemblies. The same
differences were found for torque loss and micromotion,
indicating that the implant-abutment connection design is a
significant factor in the stability of the implant under repeated
functional loading. The micro-gap is not just an irregularity in
size, it is a mechanically active interface. Although the implant is
tightened per manufacturer's instructions, there are microscopic
irregularities at the implant-abutment junction. The initial
tightening and re-tightening process causes embedment
relaxation of the contact surfaces. Repeated bending and
compressive forces during subsequent cyclic loading can cause
further changes to the interface. In the present study, the
increase of micro-gap in all groups is in accordance with the
concept that fatigue loading alters the spatial relationship
between the implant and the abutment components [10].
Samples with external hexagon exhibited the maximum post-
loading micro-gap and torque loss. This could be attributed to
shallow external anti-rotational geometry and butt joint seating
pattern. During oblique loading, bending moments are
generated around the screw joint due to lateral forces. The more
shallow the internal engagements of the interface, the more load
the screw takes. The combined increase in micro-gap, torque loss
and micromotion for this group is due to progressive reduction
in preload, followed by additional separation of the interfaces. It
has been demonstrated in previous studies that flat and external
connection geometry are more prone to measurable gaps under
dynamic load than conical systems [7, 11]. The intermediate
performance group was the internal hexagon group. Internal
engagement provides greater depth of abutment seating into the
implant and greater resistance to lateral movement than external
hexagon designs. But there are still flat contact surfaces and
stress concentrating angles within the internal hexagon. These
features can help to decrease, but not eliminate, micromotion
under oblique cyclic loading. The findings indicate that internal
hexagon designs offer greater mechanical stability than external
designs, but may not be as resistant to fatigue opening of the
interface as conical friction-fit designs. The Morse taper/conical
group exhibited the least amount of micro-gap, torque loss and
micromotion. This behavior is explained by intimate contact of
the conical walls and a wedging mechanism that creates
frictional resistance at the implant-abutment interface. The larger
contact area can help to distribute the load more effectively and
minimize the reliance on screws. Conical connections have been
demonstrated to have less formation of micro-gaps and
micromovements compared to flat implant-abutment interfaces
through high-speed radiographic observations [7]. The present
results confirm the mechanical advantage of conical engagement
under oblique loading. Reverse torque value is clinically relevant
as it is an indirect measure of screw preload after functional
challenge. The external hexagon group experienced an average
loss of about 33% of the initial tightening torque, while the
Morse taper/conical specimens experienced a relatively small
loss in torque. A systematic study of cyclic loading and screw
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stability has also shown that all of the connection types can lose
preload, but that the average torque loss is greater for external
hexagon designs compared to conical and Morse taper designs
[12]. This is in line with the idea that the connection geometry
and screw-joint mechanics should be taken into account when
selecting the implant system, especially in the posterior area and
in high loading conditions. The results of the micromotion
analysis also support the mechanical stability interpretation.
External hexagon assemblies showed almost three times the
micromotion recorded in Morse taper/conical assemblies.
Progressive wear, screw loosening and repeated micro-opening
of the interface can occur due to micromotion. It may also cause
microleakage via a dynamic pumping mechanism even if the
static micro-gap is small. Experimental testing of leakage and
screw loosening under cyclic loading has revealed that dynamic
loading can exacerbate leakage and decrease joint stability [13,
14]. So, static fit is not necessarily a good indicator of long-term
performance. The biological significance of micro-gap and
micromotion must be taken with a pinch of salt as the present
study lacked bacterial leakage testing and biological tissue
response. The literature, however, suggests that the micro-gap
can be a route for bacterial colonization and inflammatory
challenge close to the crestal bone. Micro-gap, micromotion and
microleakage have been correlated with marginal bone changes
around the implant neck [3, 4]. The final outcome in clinical
situations is a multifactorial process, which is influenced by
tissue thickness, oral hygiene, emergence of the prostheses,
positioning of the implants, occlusal design and maintenance.
However, the reduction of interface instability is a rational
approach to reduce combined mechanical and biological risks is
still a sensible objective. The loading protocol used in this study
was designed to mimic repeated functional loading rather than
extreme catastrophic loading. The load of 150 N applied
obliquely for 500,000 cycles is a significant laboratory fatigue
test. The oblique loading was chosen because the non-axial force
is more harmful to the screw joint than solely axial compression.
Lateral loading components are often present in posterior
implant restorations, angled abutments and parafunctional
activity. Abutment angulation and collar length have been found
to affect screw loosening following dynamic loading in previous
studies, highlighting the importance of planning the prostheses
and controlling occlusion [15]. The present results have
implications for implant prosthodontics and periodontology. For
high load areas (molar regions) or parafunctional habits,
connection designs that reduce micromotion and maintain
preload may be more advantageous. Further reduction of the
risk of screw loosening can be achieved by proper use of
calibrated torque devices, re-tightening after initial settling,
passively fitting prostheses, controlled occlusal contacts and
routine maintenance. It is also important to not assume that all
internal connections will perform the same, as geometry, taper
angle, manufacturing precision and material properties can
impact outcomes [16]. One of the methodological aspects of this
study was the use of original matching components. Abutments
that are not original may exhibit greater micromovement and
micro-gap formation than original abutments due to variations
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in manufacturing tolerances and contact geometry [17]. The
integrity of the implant-abutment interface is a critical
determinant of implant success, as micro-gaps may promote
microbial leakage, micromovement and subsequent biological or
mechanical  complications [18].  Connection  geometry
significantly influences interfacial stability, with internal conical
connections generally exhibiting smaller micro-gaps and greater
resistance to gap enlargement under functional loading than
external or internal hexagonal designs [19]. Cyclic loading may
progressively increase the implant-abutment micro-gap, while
the magnitude of this change depends on the abutment material
and manufacturing technique [20]. Thus, the present results are
for matched systems and do not necessarily represent the added
instability that can be present in mismatched systems. This
distinction is important for clinical translation. There were some
limitations to this study. It was performed in laboratory
conditions and cannot completely simulate intraoral thermal
changes, saliva, bacterial film, peri-implant bone elasticity,
morphology of the prosthetic crown and patient-specific occlusal
patterns. The implants were embedded in acrylic resin to
standardise the implants, but this does not fully replicate the
viscoelastic properties of cortical and cancellous bone. Only
straight abutments and one loading protocol were used. This
study excluded the following: thermocycling, bacterial leakage
evaluation, finite element analysis and long-term corrosion
assessment. Future studies should include cyclic loading,
thermocycling, saliva simulation, microbial leakage, micro-
computed tomography and fracture resistance testing. The study
does offer some useful comparative data, however, given these
constraints. The steady ranking in all four categories (micro-gap,
torque loss, micromotion and visible loosening) suggests that
connection design affects dimensional adaptation as well as
mechanical stability. The best overall performance was found
with Morse taper/conical connections, followed by internal
hexagon and external hexagon designs. These results are
consistent with recent micro-CT and mechanical testing that
indicate that interface fit and stability is influenced by the type of
abutments, connection geometry and fatigue challenge [21].

Conclusion:
We show that all connection designs tested showed a significant
increase of micro-gaps at the implant-abutment interface when
subjected to simulate cyclic loading. The mechanical stability
was the best with Morse taper/conical assemblies, whereas the
post-loading micro-gap, torque loss and micromotion were the
highest with external hexagon assemblies. Thus, the conical
» N
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friction-fit implant-abutment connection can be considered more
resistant to interface opening and preload loss under repeated
oblique functional loading.
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