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The success of implant-sup-
ported prostheses depends on
harmonious gingival contour
and restoration design." Proper
emergence profile, papilla pre-
servation, and hygiene are
achieved through well-designed
healing  abutments.”  While
standard abutments do not ac-
curately replicate the natural
tooth-gingiva  relationship,”
custom abutments better pre-
serve gingival morphology after
extraction”” and provide a more
favorable emergence profile.”
Custom abutments also main-
tain alveolar contour, support
gingival health, and reduce
plaque accumulation.” In grafted
sites, they help stabilize the graft
without sutures'”'" while pre-
venting tissue compression'”
and improving esthetics through
optimal gingival posmonmg
Materials used for custom

healing abutments include polymethyl methacrylate
(PMMA), polyetheretherketone (PEEK), zirconia, titanium,
and resin composite, used alone or in combination.” Tra-
ditionally fabricated using conventional techniques such as

ABSTRACT

Statement of problem. The effects of laser irradiation, airborne-particle abrasion, and electrolytic
cleaning on the surface roughness of 3-dimensionally (3D) printed resin and PEEK healing
abutments remain unclear.

Purpose. The purpose of this in vitro study was to examine surface changes after different
treatment methods were applied to the surfaces of the different 3D printed resin and PEEK
materials used as custom healing abutments.

Material and methods. Disk-shaped specimens (3x10 mm) were fabricated from three 3D
printed resins (VarseoSmile TriniQ, Saremco Print Crowntec, C&B Ceramic Resin) and PEEK
(CopraPeek) (N=240). Specimens were assigned to 5 surface treatment groups: erbium-doped
yttrium aluminum garnet (Er:-YAG), neodymium-doped yttrium aluminum garnet (Nd:YAG), diode
laser, airborne-particle abrasion, and GalvoSurge (n=48). Surface roughness (Ra) was measured at
baseline (T0) and after treatment (T1). Representative specimens were examined using scanning
electron microscopy (SEM). Data were analyzed using nonparametric tests (a=.05).

Results. Airborne-particle abrasion and Er:-YAG significantly increased surface roughness in all
groups (P<.05). The highest roughness was observed in the Crowntec-airborne-particle abrasion
group (0.89 +0.09 um), and the lowest in the TriniQ-GalvoSurge group (0.09 +0.02 pym).
GalvoSurge caused no significant change in TriniQ and PEEK but increased roughness in C&B
and Crowntec. Nd:YAG showed no effect in TriniQ and C&B but increased roughness in Crowntec
and PEEK, while diode laser affected only Crowntec (P<.05). SEM analysis confirmed treatment-
dependent surface morphology changes.

Conclusions. Surface treatments altered resin and PEEK surface properties. Airborne-particle
abrasion and Er:YAG laser treatments resulted in the greatest increases in surface roughness, while
GalvoSurge and diode laser treatments generally caused minimal or nonsignificant changes. (J
Prosthet Dent XXXX;XXX:XXX-XXX)

adding flowable resin composite to interim abutments."” '

These restorations can now be digitally designed with
computer-aided design and computer-aided manu-
facturing (CAD-CAM) systems and placed at surgery."'
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Clinical Implications

The surface characteristics of custom healing
abutments may be altered during routine
decontamination. Understanding how different
treatments interact with 3D printed resins and
PEEK may help clinicians select protocols that
minimize surface alterations.

Advances in digitally assisted dentistry have also increased
the use of 3-dimensionally (3D) printed resins because of
their affordability, biocompatibility, polishability, and fa-
vorable mechanical properties.'”

Adequate oral hygiene is critical for implant success but
may be compromised in elderly or disabled patients.'*"”
Healing abutments can serve as plaque-retentive surfaces,
increasing the risk of complications if not properly main-
tained.” Decontamination methods include mechanical,
chemical, and laser-assisted approaches, such as curettes,
ultrasonic devices, air-polishing, and agents like chlor-
hexidine, hydrogen peroxide, and citric acid. Erbium-
doped yttrium aluminum garnet (Er:YAG) and diode lasers
effectively remove biofilm with minimal surface damage,
while electrolytic systems such as GalvoSurge provide
additional maintenance options.'””" " Although decon-
tamination methods effectively remove biofilm, they may
alter the surface properties of healing abutments because
of unavoidable contact, potentially increasing plaque ac-
cumulation and affecting peri-implant tissues.” ~* There-
fore, evaluating treatment-induced surface changes is
essential.”” However, current evidence remains limited,
and this study aimed to address this gap and contribute to
improved long-term prosthetic and periodontal outcomes.

Although previous studies have evaluated la-
ser-material interactions in resin-based materials and
PEEK, they have focused mainly on bond strength or
isolated laser applications.” "' Evidence of their surface
effects on contemporary 3D printed dental resins re-
mains limited. In addition, some recently introduced
materials such as VarseoSmile TriniQ have not been
much investigated, particularly in terms of their re-
sponse to different decontamination protocols. Fur-
thermore, although electrolytic cleaning systems such as
GalvoSurge have been studied for implant decontami-
nation, their effects on additively manufactured
polymer-based healing abutments are not well estab-
lished."” "’ Therefore, evaluating the combined effects of
laser, mechanical, and electrolytic treatments on 3D
printed resins and PEEK is clinically relevant.

Accordingly, this study aimed to evaluate and com-
pare the effects of laser modalities, airborne-particle
abrasion, and electrolytic cleaning on the surface
roughness and morphology of 3D printed resin and the
PEEK materials used for custom healing abutments. The
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null hypothesis was that the applied surface treatment
methods would not significantly affect the surface
roughness or morphology of the tested materials.

MATERIAL AND METHODS

In this in vitro study, the effects of different surface
treatments on the surface roughness and morphology of
3D printed resin and PEEK materials were evaluated.
Standardized disk-shaped specimens from three 3D
printed resins and one PEEK material were subjected to
Er:'YAG, neodymium-doped yttrium aluminum garnet
(Nd:YAG), diode laser irradiation, airborne-particle abra-
sion, and electrolytic cleaning (GalvoSurge). Surface
roughness was measured before and after treatment using
contact profilometry, and representative surface mor-
phology was assessed by scanning electron microscopy.

Three 3D printed resin materials and one PEEK
material were used: VarseoSmile TriniQ (BEGO GmbH
& Co KG),** Saremco Print Crowntec (Saremco Dental
AG),"” C&B Ceramic Resin (Dentafab; 3BFAB Teknoloji
AS)," and CopraPeek (White Peaks Dental Solutions).
The sample size was determined by power analysis
using surface roughness (Ra) as the primary outcome.
An effect size of 0.40 was assumed based on previous
studies of surface treatments for polymer-based mate-
rials. With a=.05 and a power 0of.80, the minimum
sample size was n=6 per subgroup; this was increased to
n=12 to improve robustness and reduce variability.
Specimens were allocated to 5 treatment groups:
Er:-YAG laser, Nd:YAG laser, diode laser, airborne-par-
ticle abrasion, and GalvoSurge (n=48 per group), to-
taling 240 specimens.

Disk-shaped resin specimens (@10x3mm)"’ were
fabricated from standard tessellation language (STL) data
using a printer with spark plasma sintering (SPS) tech-
nology (ASIGA MAX UV; Asiga) according to the man-
ufacturers’ instructions. Postpolymerizing of Saremco
Print Crowntec and VarseoSmile TriniQ was performed
using 5000 flashes in a nitrogen unit (Otoflash; NK
Optik), while Dentafab C&B Ceramic Resin was post-
polymerized in a nitrogen unit (Otoflash G-171; NK
Optik). PEEK specimens were milled from prefabricated
blocks using STL data with a 5-axis CAD-CAM milling
unit (CORITEC 550i; Imes-Icore GmbH, Yamazaki
Mazak). Specimens were then sectioned to a height of
3mm under water cooling using a cutting device (Me-
catome T180; Presi). To standardize specimen surfaces,
sequential polishing was performed under water cooling
using silicon carbide papers (600, 800, 1000, and 1200
grit) (Worth Sanayi Uriinleri Tic Ltd $ti) on a polishing
machine (Minitech 233; Presi) at 250 rpm for 30 seconds.
Specimen thickness and diameter were then remeasured
using digital calipers (Digimatic Caliper 500-196-30;
Mutitoyo America Corp). Specimens were subsequently
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cleaned in an ultrasonic bath with 90% alcohol and im-
mersed in distilled water for 15 minutes.

The laser parameters used in this study were selected
based on previously published studies™” ™ and to reflect the
clinically relevant settings reported for surface treatment and
decontamination procedures. These parameters were stan-
dardized to allow direct comparison between different laser
modalities and to simulate commonly applied clinical proto-
cols. Er:YAG laser irradiation (LightWalker AT; Fotona) was
performed at 2940 nm, 150 mJ, 10 Hz, 1.5W, and 113.04 J/cm?
using an HO2 handpiece in noncontact mode, perpendicular to
the specimen surface at a distance of 10 mm for 20 seconds
under water cooling.”*" For Nd:YAG laser treatment, spe-
cimen surfaces were coated with a carbon-containing marker
to enhance absorption.”” Irradiation (LightWalker AT; Fotona)
was performed at 1064 nm using a 300-pm fiber, with 150 m),
20Hz, 3W, and 2123.1]/cm? applied perpendicularly at a
distance of 10mm for 20 seconds under water cooling.”"
Diode laser irradiation (Woodpecker DTE p-Laser Blue
Woodpecker) was performed at 976 nm using a 300-pm fiber,
with 300 mJ, 1.2 W, and 555.5 J/cmm?, applied perpendicularly at
a distance of 10 mm for 20 seconds under water cooling.”*"
Airborne-particle abrasion was performed using an air-flow
device (Air-Flow Handy 2+ EMS) with 50-pm aluminum
oxide particles applied at 100% power from a distance of 5 mm
for 60 seconds™ A cleaning system (GalvoSurge Dental Im-
plant Cleaning System; GalvoSurge Dental AG) was applied
according to the manufacturer’s instructions by securing the
device head onto the specimens and delivering an electrolytic
current for 2 minutes. The cleaning solution, containing so-
dium formate, hydroxycarboxylic acid sodium salt, and distilled
water, was pumped from the reservoir and evenly distributed
over the specimen surfaces. The device automatically stopped
at the end of the cydle.”"’

After surface treatments, the specimens were ultra-
sonically cleaned for 60 seconds and dried. Surface
roughness (Ra) was measured at baseline (T0) and
posttreatment (T1) using a profilometer (Perthometer
M1; Mahr GmbH). A 5-um diamond stylus traversed the
surface under a 0.75mN load at 0.5 mm/second over
350 pum. The device was calibrated before each mea-
surement. For each specimen, measurements were ob-
tained from 3 points in a clockwise direction and
averaged to obtain a single value.”*"’ A total of 240
specimens (720 TO and 720 T1 measurements) were
analyzed. All measurements were performed by a single
investigator to ensure consistency, consistent with pre-
vious studies using a single-operator approach in contact
profilometry for surface roughness evaluation.”"”*

From each group, 1 specimen with a surface roughness
value closest to the group mean was selected for scanning
electron microscopy (SEM). The specimens were dried at
37 °C for 24 hours and sputter-coated with gold-palladium
(EM ACE200; Leica). Surface morphology was examined
using a scanning electron microscope (Zeiss EVO LS10 VP;
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Zeiss), and photomicrographs were obtained at x1000
magnification.

The data were analyzed using a statistical software
package (IBM SPSS Statistics for Windows, v28; IBM
Corp). The normality of the data was assessed using the
Shapiro-Wilk test, and homogeneity of variance was
evaluated using the Levene test. Because of the non-
normal distribution of the data, comparisons between
groups were conducted using the Kruskal-Wallis H test,
while pairwise intergroup comparisons were performed
using the Mann-Whitney U test. For each material,
specimens were allocated into 5 treatment groups
(n=12); every specimen was individually numbered, and
posttreatment (T1) measurements were obtained from
the same specimens, enabling paired comparisons and
minimizing interspecimen variability. To account for
baseline differences among materials, treatment effects
were primarily evaluated using within-group compar-
isons between baseline (T0) and posttreatment (T1)
measurements. Additionally, the comparison of speci-
mens before and after surface treatments was evaluated
using the Wilcoxon signed-rank test (x=.05).

RESULTS

The Shapiro-Wilk test indicated that the data were not
normally distributed (P<.05 for all groups); homogeneity
of variance was not consistently met according to the
Levene test; therefore, nonparametric statistical analyses
were performed. The mean surface roughness values for
each group are presented in Table 1. Significant inter-
group differences were found at baseline (T0), with the
lowest value observed for the TriniQ group and the
highest value observed for the PEEK group. From TO to
T1, in all groups, the airborne-particle abrasion and
Er-'YAG treatments were observed to statistically sig-
nificantly increase surface roughness values compared
with baseline values (P<.05). Following the GalvoSurge
treatment, no significant difference was observed in the
TriniQ and PEEK groups (P>.05), whereas a statistically
significant difference was observed in the C&B and
Crowntec groups. After Nd:YAG treatment, no significant
difference was found in the TriniQ and C&B groups
(P>.05), while the roughness values significantly in-
creased in the Crowntec and PEEK groups (P<.05). Fol-
lowing the Diode application, no significant increase was
observed in the TriniQ, C&B, or PEEK groups (P>.05),
whereas a statistically significant increase was found in
the Crowntec group (P<.05).

At T1, the surface roughness values in the TriniQ, C
&B, and Crowntec groups were observed to follow the
following trend based on pairwise comparisons:
Airborne-particle abrasion>Er-YAG>GalvoSurge=Nd-
YAG=Diode. In the PEEK group, the surface roughness
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Table 1.Mean +SD roughness values (Ra, um) of materials evaluated

Surface Treatments +P
Airborne-particle abrasion GalvoSurge Er-YAG Nd-YAG Diode

Product Mean +SD Mean +SD Mean +SD Mean +SD Mean +SD

TriniQ TO 0.10 +£0.02** 0.09 £0.02%* 0.09 +0.02%* 0.09 +£0.01** 0.10 +£0.02%*
T 0.55 +0.09>* 0.09 +0.02*8 0.24 +0.03°¢ 0.10 +0.02%8 0.1 #0.05*F *
+4p .002 295 002 456 248

C&B To 0.10 +£0.02** 0.10 £0.02%* 0.09 +0.02%* 0.09 +£0.01** 0.09 +£0.02°*
T 0.77 +0.07°* 0.12 +0.02°8 0.17 £0.04°¢ 0.10 +0.03*® 0.09 +0.02°® *
+4p .002 010 .002 239 169

Crowntec To 0.09 +£0.01** 0.10 £0.02%* 0.10 £0.01%* 0.10 +£0.02** 0.10 £0.02**
T 0.89 +0.09>* 0.12 +0.02>8 0.32 +0.08°¢ 0.12 +0.03>8 0.13 +0.04>8 *
+4p .002 028 .002 045 002

PEEK ToO 0.14 +0.04>* 0.12 £0.03** 0.11 £0.02%* 0.13 +£0.03** 0.13 +0.03**
T 0.53 +0.05>* 0.12 £0.03%¢ 0.33 £0.08°¢ 0.16 +0.03>P 0.14 +0.05%E° *
+4p .002 754 002 012 146

Er-YAG, erbium-doped yttrium aluminum garnet; Nd-YAG, neodymium-doped yttrium aluminum garnet; PEEK, polyetheretherketone; Ra, surface
roughness; SD, standard deviation; TO, baseline; T1, posttreatment. Lowercase letters in-group (columns), uppercase letters (rows) indicate statistical

difference between groups. *P<.05. *Kruskal-Wallis test. **Wilcoxon signed-rank test.

values were statistically ranked as airborne-particle
abrasion>Er-YAG>Nd-YAG >Diode=GalvoSurge.
Representative SEM images under x1000 magnifi-
cation corroborated the profilometric findings (Figs. 1,
2). The untreated control specimens (Fig. 1) exhibited
relatively smooth surfaces. The 3D printed resin mate-
rials showed visible layer patterns and minor surface
irregularities characteristic of additive manufacturing,
whereas PEEK specimens demonstrated a more homo-
geneous surface with subtle machining marks.
Following surface treatments (Fig. 2), the surface
morphology varied depending on the method and ma-
terial. Airborne-particle abrasion caused pronounced
alterations in all materials, with grooves, pits, and dis-
rupted topography. Er:-YAG laser also produced notice-
able changes, including localized pits and surface
irregularities. Nd:YAG effects were material-dependent,
with minimal changes in TriniQ and C&B but localized
irregularities in Crowntec and PEEK. Diode laser caused
minimal alterations overall, except for localized irregu-
larities in Crowntec. GalvoSurge resulted in limited
changes, preserving surface features in TriniQQ and PEEK
while causing mild irregularities in C&B and Crowntec.
Overall, SEM findings confirmed treatment- and mate-
rial-dependent surface changes, consistent with rough-
ness measurements.
TriniQ Crowntec

ST

DISCUSSION

The null hypothesis that the applied surface treatment
methods would not significantly affect the surface
roughness or morphology of the tested materials was
rejected, as surface treatments significantly affected the
surface roughness of 3D printed resin and PEEK mate-
rials, with differences depending on both treatment type
and material (P<.05). The surface treatment protocols
evaluated, including laser irradiation, airborne-particle
abrasion, and electrolytic cleaning, were selected to re-
present commonly used clinical decontamination
methods for peri-implant maintenance and peri-im-
plantitis therapy. These approaches have been widely
applied to remove biofilm and surface contaminants
from implant components, including healing abut-
ments.' "~ 292744 Among  the evaluated materials,
Crowntec showed the greatest susceptibility to surface
roughening, with significant increases after all treat-
ments, including GalvoSurge, neodymium-doped yt-
trium aluminum garnet (Nd:YAG), and diode laser
(P<.05). In contrast, TriniQ and PEEK were more re-
sistant, particularly after GalvoSurge and diode laser
(P>.05). These differences may be related to variations in
resin composition, filler distribution, and polymer
structure, affecting surface hardness and laser-material
interaction. Materials with higher filler content or

Figure 1. Representative scanning electron microscopy (SEM) images of materials before surface treatments. Original magnification x1000.
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TriniQ

Crowntec

Airborne-particle
abrasion Diode laser Nd: YAG laser Er: YAG laser

GalvoSurge

C&B

PEEK

Figure 2. Representative scanning electron microscopy (SEM) image of materials after surface treatments. Original magnification x1000.

ceramic reinforcement may exhibit greater surface dis-
ruption because of differential ablation of organic and
inorganic phases.”’”" The stability of PEEK is likely re-
lated to its semicrystalline structure and high thermal
stability, which limit surface damage under non-
aggressive treatments.” """

Airborne-particle abrasion and Er:YAG laser pro-
duced the greatest increases in surface roughness, with
significant changes in all groups (P<.05). Airborne-par-
ticle abrasion yielded the highest Ra values, particularly
in Crowntec, reflecting aggressive mechanical rough-
ening because of high-velocity particle impact, con-
sistent with previous studies.”””” Similarly, Er:YAG laser
significantly increased roughness in all materials, likely

Karabagli et al

because of thermomechanical ablation, where rapid
water-mediated heating causes micro-explosions, re-
sulting in pits and surface irregularities.”* " In con-
trast, Nd:YAG and diode lasers showed material-
dependent effects, with significant increases mainly in
Crowntec and, for Nd:YAG, PEEK (P<.05), while TriniQ
and C&B remained largely unaffected (P>.05). The
higher susceptibility of Crowntec may be related to its
heterogeneous filler—-matrix structure, increasing sensi-
tivity to thermal stress.””"” The roughening of PEEK
after Nd:YAG may be attributed to photothermal effects
at 1064 nm, causing localized melting and resolidifica-
tion, further influenced by its semicrystalline struc-
ture.”***! In contrast, the more homogeneous
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methacrylate-based structure of TriniQ and C&B may
explain their lower surface alteration.”™ """

GalvoSurge treatment showed a conservative effect
on surface roughness, with no significant changes in
TriniQ and PEEK (P>.05) and with mild increases in C&
B and Crowntec (P<.05), remaining lower than airborne-
particle abrasion and Er:YAG. This supports its electro-
Iytic mechanism, which removes biofilm without me-
chanical or thermal damage. Previous studies report
similarly effective decontamination with preserved sur-
face topography.””** The limited surface alteration was
likely because of the mild chemical composition of the
cleaning solution, primarily containing sodium formate
and weak organic acid salts, which disrupt biofilm
without degrading the polymer matrices or filler phases.
Consequently, the absence of strong oxidizing or acidic
components likely minimizes matrix softening and fil-
ler-matrix interface damage.”” "’

Clinically, these findings are relevant, as excessive
surface roughening has been associated with increased
plaque accumulation and peri-implant inflammation.” A
roughness threshold of approximately 0.2pm (Ra) has
been proposed as critical for bacterial retention.”” There-
fore, treatments that achieve decontamination while pre-
serving surface integrity may be preferable for the long-
term use of custom healing abutments.”” However, surface
roughness remains an indirect indicator, as biofilm for-
mation and tissue response are also influenced by material
properties and host-related factors.

The pronounced roughening effect of airborne-par-
ticle abrasion on 3D printed resins is consistent with
Kang et al,”’ who reported significant roughness in-
creases following the alumina airborne-particle abrasion
of UDMA- and BEMA-based resins, associated with
porous morphology and surface irregularities caused by
high-velocity particle impact. Similar findings were ob-
served in the present study, particularly in Crowntec and
TriniQ (P<.05). Regarding laser effects on PEEK, the
results partially agree with those of Asik et al,”* who
reported increased roughness with all laser types. Al-
though laser application increased Ra values in this
study, Er:'YAG produced significantly greater roughness
than Nd:YAG and diode lasers (P<.05), likely because of
differences in laser parameters, energy density, and
cooling conditions.

Although laser—material interactions have been studied
in resin-based materials and PEEK,**’ existing research
has primarily focused on surface wettability, ablation be-
havior, and bond strength in conventional materials, with
limited data on contemporary 3D printed dental resins and
their response to laser-based decontamination. Evidence
on newer materials such as VarseoSmile TriniQQ has been
particularly scarce, especially regarding their response to
different decontamination methods. Similarly, while elec-
trolytic systems like GalvoSurge are used for implant
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decontamination, their effects on additively manufactured
polymer-based healing abutments remain unclear.”"’
Therefore, direct comparisons with the literature are lim-
ited, and the present findings may provide a preliminary
basis for future research in this field.

Limitations of this study included the in vitro design
that cannot fully replicate the dynamic oral environment,
including salivary flow, temperature variations, and bio-
film maturation. In addition, only a single parameter set
was used for each surface treatment; different laser set-
tings or exposure times may yield different results.
Moreover, biological outcomes such as biofilm formation
and cellular responses were not evaluated; therefore, the
clinical implications of the observed surface roughness
changes should be interpreted with caution. Flat disk-
shaped specimens were used to standardize measure-
ments, but this approach does not fully represent the
complex geometry of clinical healing abutments. Future
studies should use in vitro biofilm models or in vivo de-
signs to better reflect clinical conditions, investigate a
broader range of laser parameters and exposure times,
and incorporate biological endpoints such as cell viability
and bacterial adhesion assays.

CONCLUSIONS

Based on the findings of this in vitro study, the following
conclusions were drawn:

1. Surface treatments affected the roughness and
morphology of 3D printed resin and PEEK materials
in a material- and method-dependent manner.

2. Airborne-particle abrasion and Er:YAG produced
the greatest roughness increases within each ma-
terial, whereas diode laser and GalvoSurge largely
preserved surface integrity.

3. Neodymium-doped yttrium aluminum garnet
(Nd:YAG) showed material-dependent effects,
with notable increases in Crowntec and PEEK.

4. These findings suggested that surface treatment
selection for custom healing abutments should be
material-specific, as excessive roughening may be
associated with increased plaque accumulation.
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