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Abstract

Objectives The purpose of the present study was to evaluate the retentive forces of CAD/CAM-fabricated polyetheretherketone
(PEEK) secondary crowns on zirconia primary crowns over an artificial aging period representing 10 years of clinical service and
compare them to electroformed secondary crowns made from pure gold.

Material and methods Implant-supported zirconia primary crowns (N =20) were CAD/CAM milled and provided either with
electroformed secondary crowns (group ZE; N = 10) or CAD/CAM-fabricated PEEK secondary crowns (group ZP; N=10). All
secondary crowns were attached to a casted tertiary structure to ensure adequate stability. A universal testing machine was used to
determine the retentive force values at baseline and after 1, 3, 5, and 10 years of simulated aging in the presence of artificial saliva.
Data were analyzed applying Kolmogorov-Smirnov, Kruskal-Wallis, and Mann-Whitney U test. Level of significance was set at
p<0.05.

Results Retentive forces were not different for the groups ZE and ZP at baseline (median ZE 2.85 N; ZP 2.8 N; p<0.218).
Because retentive force values changed significantly over simulation time for group ZE (Kruskal-Wallis; p <0.028), the values
between the test groups ZE and ZP differed significantly (Mann-Whitney U) at 5 years (ZE 3.03 N; ZP 2.76 N; p <0.003) and
10 years (ZE 3.1 N; ZP 2.78 N; p<0.011).

Conclusions PEEK secondary crowns exhibit stable retentive force values over 10 years of simulated aging showing no signs of
deterioration while the retentive force values of electroformed secondary crowns increase over time.

Clinical relevance PEEK might be a suitable alternative to proven metallic materials for the fabrication of secondary crowns.

Keywords CAD/CAM - Double crowns - Electroforming - Polyetheretherketone (PEEK) - Retentive force - Implant prosthetics -
Zirconia

Introduction

A variety of different treatment options is available in modern
dentistry, including conventional concepts that have proven
their reliability for decades, but also innovative computer-
aided workflows that have created entirely new opportunities
[1].

The double crown technique was described as early as
1886, when American dentist R. Walter Starr attached a
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removable bridge by means of double crown technique [2].
Ever since, double crowns have become established as a solid
treatment option in everyday dental practice, especially to at-
tach removable partial dentures (RPDs) [3]. Nowadays, dou-
ble crown systems are commonly used to anchor dentures to
the residual dentition or to dental implants, or combined to
both [4, 5]. Double crown systems consist of an inner primary
crown attached to the tooth or implant and a precisely
matching outer secondary crown firmly connected to the den-
ture [6]. The retentive effect of classical double crown systems
is based on the mechanical principles of either friction or
wedging. The original telescopic crown, as described by
Bottger in 1953, is based on the principle of friction of
parallelized surfaces [7]. A variation of the telescopic double
crown is the clearance fit double crown presented by
Hofmann in 1966, which provides guidance and resistance
to horizontal displacement but no vertical support [8]. Not
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much later, Korber introduced the conical double crown sys-
tem in 1968, thus establishing a system in which retention is
based on the principle of wedging [9]. For both telescopic and
conical double crown systems, high patient comfort and fa-
vorable long-term survival rates have been reported [4,
10—12]. Double crowns effectively transfer the occlusal forces
along the longitudinal axis of the abutment tooth or implant
abutment. In addition, they provide guidance, support, and
protection against dislodging movements [3]. Further benefits
are whether tooth or implant supported, the universal applica-
bility, the good hygiene capability, and uncomplicated expan-
sion options [3, 13]. Primary and secondary crowns common-
ly made from precious, reduced precious, and non-precious
alloys are usually manufactured using analogue casting
methods, primarily the lost-wax technique [13, 14].

Another younger approach is represented by the
electroforming of secondary crowns, as introduced by
Diedrichs and Rosenhain [15]. The galvanic process entails
the electrolytic deposition of gold ions on a specially prepared
master die or the conical primary crown [16]. Using this tech-
nology, the retention between inner and outer crown is basi-
cally created by hydraulic adhesion [17, 18]. The retentive
force is determined by the gap between the primary and the
secondary telescopic crown as well as the composition and
viscosity of the saliva and the denture’s removal speed
[19-21]. The technology exhibits certain advantages. The
electroforming process leads to a reproducible and exact fit
without a need for manual adjustments resulting in an ideally
balanced degree of retentive force, which is almost indepen-
dent of individual chewing pressure [18]. Intraorally bonding
the secondary crowns to the tertiary framework ensures the
“passive fit,” which is considered desirable in terms of proper
stress distribution, especially with implant-supported dentures
[20, 22]. On the downside, the complexity and technique sen-
sitivity of technology leads to a time-consuming and expen-
sive manufacturing process [23].

The application of zirconia as a primary crown material has
undoubtedly proven to be reliable in terms of retention and
wear performance [20, 24, 25]. In general, aesthetic virtues,
superior physical properties, and a high level of biocompati-
bility make zirconia an interesting material that meets many of
the requirements of modern dentistry [26]. Additionally, zir-
conia can be excellently embedded in the CAD/CAM
workflow and thus bridges the gap for the double crown sys-
tems to computer-aided technologies.

Dental CAD/CAM, for its part, has advantages such as the
use of modern high capacity materials, increased efficiency in
the dental laboratory, or better quality control, resulting in im-
proved predictability, fit, and durability of the denture [27].
One of these innovative materials that have recently been
established is polyetheretherketone (PEEK). PEEK has long
been used in medicine as a high performance thermoplastic
resin having favorable physicochemical properties [28]. It is
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a modified semi-crystalline polyaryletherketone (PAEK) with
an elastic modulus (3—4 GPa) that can be altered relatively
casily to resemble that of human cortical bone and dentine
(18 GPa) [29]. Due to its properties and history in orthopedics,
PEEK first appeared in the dental discourse as a possible alter-
native material for dental implants. Inferior osteoconductive
potential and bioactivity of current PEEK materials compared
to titanium have impeded, inter alia, its serious implementation
on this matter [30]. Nevertheless, exhibiting chemical inertness
and thus superior biocompatibility, high thermal and chemical
resistance, low water solubility [28], moderate biofilm forma-
tion [31], and excellent mechanical properties [28, 32], PEEK
has attracted attention and is increasingly being used in fixed
and removable prosthetics [33]. The possibility of efficiently
processing PEEK within the framework of the digital
workflow makes it particularly interesting for modern dentistry
and an appealing possible alternative to electroformed second-
ary crowns in implant-prosthetics.

So far, few in vitro studies have been conducted on the
performance of PEEK as a double crown material, but it has
been consistently reported that it could be a suitable material
for the indication [34-37].

This in vitro study aimed to compare the changes in reten-
tive force values of CAD/CAM produced PEEK secondary
crowns during artificial aging and compare them to
electroformed ones (control). Retentive force values were
measured before, during, and after 10,000 separation cycles
and simultaneous thermocycling. The null hypothesis was that
there will be no difference between the retentive force values
of PEEK secondary crowns and the electroformed ones.
Further on, it was hypothesized that artificial aging has no
influence on the retentive force values of both experimental
groups over time.

Materials and methods

The experimental setup of the study is presented in Fig. 1. The
CAD/CAM-fabricated primary crowns made from zirconia
(N=20) were attached to implant-supported titanium bases
and the secondary crowns were either electroformed from
pure gold (group ZE; N=10) or CAD/CAM-fabricated from
PEEK (group ZP; N=10). A tertiary framework made from
non-precious alloy to which the secondary crown was adhe-
sively attached was manufactured to prevent the secondary
crowns from damage during artificial aging [17].

Primary crowns

On a lab analogue implant (ZZ Base C-CL MI 5.0,
Zirkonzahn, Gais, Italy), a scan marker (ZZ Base C-CL SM
5.0, Zirkonzahn) was mounted and scanned using a structured
light scanner (S600 Arti Scanner, Zirkonzahn). Applying a
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Fig. 1 Experimental setup

modeling software (Modellier; version 6194, Zirkonzahn), an
abutment was designed featuring a cone angle of 1° and a
vertical height of 7 mm. The abutment was milled (M1
Milling Unit, Zirkonzahn) 20 times from a zirconia blank
(Anatomic Coloured 95H14 A2, LOT ZB6256A,
Zirkonzahn). Adhesive cementation of the zirconia abutments
onto the titanium bases (ZZ Base C-CI PCTBH 5,0,
Zirkonzahn) was carried out according to the manufacturer’s
specifications using a self-curing luting composite (Multilink
Hybrid Abutment HO 0, Ivoclar Vivadent AG, Schaan, FL).
The specimens were circularly finished manually, utilizing a
water-cooled grinder with a 1° cone angle (Acurata,
Thurmansbang, Germany) and a parallelometer.

Electroformed secondary gold crowns

In the group ZE, the primary crowns were spray-coated
(Solaris, Degudent, Hanau, Germany) with a thin layer of
conductive silver lacquer using an airbrush gun (Sirius
Dental, Frankfurt, Germany) and the secondary crowns were
then electroformed in an automated electroplater (Preciano 1Q,
Heraeus Kulzer, Hanau, Germany). Device setting was chosen
to create gold layers of approximately 0.25-0.3 mm in thick-
ness. Subsequently, the secondary crowns were adhesively
attached (AGC CEM, Wieland Pforzheim, Germany) to
casted tertiary structures made from non-precious alloy
(Remanium Star, Ispringen, Germany).

CAD/CAM secondary PEEK crowns

In the group ZP, every primary crown was coated with a thin
and even layer of scan spray (Zirko Scanspray, Zirkonzahn)

and scanned (S600 Arti Scanner, Zirkonzahn). Using the
CAD software, a secondary crown with a wall thickness of
0.3 mm was modeled for each primary crown. All 10 second-
ary crowns of the group ZP were milled from one PEEK resin
blank (Tecno Med 95 H12, LOT 7286, Zirkonzahn) using
appropriate milling cutters (PMMA CAD/CAM O 2L, @ 1L,
and O 0.5S, Zirkonzahn). The PEEK crowns were also adhe-
sively attached to the tertiary structures.

Artificial aging and retentive force measurements

To simulate clinical conditions as close as possible, the re-
tentive force measurements and the artificial aging proce-
dures were conducted in a bath of artificial saliva
(Glandosane, Fresenius, Bad Homburg, Germany). The re-
tentive force values were determined at a separation speed
of 1000 mm/min [20, 25, 38]. After baseline testing, all
samples were subjected to artificial aging in the chewing
simulator (Chewing Simulator CS-4, Mechatronic,
Feldkirchen-Westerham, Germany), undergoing 1095 ag-
ing cycles (representing 1 year of clinical service with 3
times removal/day) and simultaneous thermocycling
(5 °C/55 °C). A special specimen holder ensured that the
secondary crowns were only moving along the insertion
axis during joining and separating of the components
(Fig. 2) [25]. Joining speed was set at 60 mm/s and separa-
tion speed at 10 mm/s. The joining force was 20 N [25].
Retentive force measurements were conducted and subse-
quently repeated after 3 years (3285 cycles), 5 years
(5475 cycles), and 10 years (10,950 separation cycles) of
artificial aging.
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Fig. 2 Schematic representation of the specimen holder. (1) Gadget to
mount the die of the chewing simulator, (2) ball joint, (3) guide pins, (4)
gadget to mount the specimen, (5) resin to fix the secondary crown, (6)
implant with primary crown embedded in resin, (7) screw thread to mount
the chewing simulator, (8) specimen, and (9) screw to adjust the specimen
[25]

Statistical analysis

Kolmogorov-Smirnov test was applied to evaluate whether
the values were distributed normally within the test groups.
Kruskal-Wallis test was applied to find out if a difference in
retentive forces occurred within the groups over time. To com-
pare the groups with each other at different stages of artificial
aging, the Mann-Whitney U test was used.

For statistical evaluation, the software SPSS (Statistics
23.0, SPSS Inc., Stanford, USA) was used and level of signif-
icance was set at p < 0.05.

Results

Retentive forces were not different for secondary crowns
made from PEEK and electroformed the ones at baseline.
The groups ZE and ZP showed median retentive force values
of 2.85 N and 2.8 N respectively. Retentive force values
changed over artificial aging time only for group ZE.
Groups ZE and ZP displayed 3.03 N (ZE) and 2.76 N (ZP)
after 5 years as well as 3.1 N (ZE) and 2.78 N (ZP) after
10 years of simulated aging.
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Mann-Whitney U test showed no significant differences at
baseline (p <0.218), after 1 year (1095 cycles; p <0.52), and
after 3 years (3285 cycles; p <0.52). Significant differences
could be found between group ZE and group ZP after 5 years
(5475 cycles; p <0.003) and after 10 years (10,950 cycles; p <
0.011). This is due to the fact that a significant (Kruskal-Wallis
test) raise of retentive forces was observed over time for group
ZE (p £0.028). Group ZP did not display significant aging-
related changes whatsoever (p <0.938).

The results for retentive force values over time for groups
ZE and ZP are given in Fig. 3 and Table 1.

Discussion

This study evaluated the differences in retentive force over
time of CAD/CAM-fabricated secondary crowns made from
a polyetheretherketone (PEEK) versus electroformed second-
ary crowns made from pure gold on zirconia primary crowns.
Electroformed secondary crowns are expensive to manufac-
ture [23] and have proven prone to some complications [22].
The intention of the current investigation was therefore to
examine a completely digital method of efficiently producing
double crowns for implant prosthetic use, stripping out some
of the disadvantages of the electroformed secondary crowns,
but also operating according to the hydraulic principle and
ensuring a satisfactory passive fit.

The artificial aging had significant influence on the reten-
tive force of the electroformed primary crowns by means of an
increase of their retentive force. The PEEK secondary crowns
presented stable retentive force values over the time of simu-
lation. Also, the retentive force values differed between
groups ZE and ZP after 5 and 10 years of simulation.
Therefore, both hypotheses had to be rejected.

Previous studies have shown that the retentive force of
double crowns depends on cone angle, abutment height, pre-
cision of fit, material, and artificial aging [17, 20, 25, 39].
Especially for electroformed secondary crowns, a growth of
retentive force results from an increasing abutment height and
decreasing cone angle [20, 25]. The height of 7 mm chosen for
all primary crowns in the present study represents a clinically
relevant value [20, 25]. Also, a cone angle of 1° means a
clinical standard that was used in previous studies [34-37].
In addition to the shape of the primary crown, the thickness of
the conductive silver lacquer of about 0.008—0.012 mm also
affects the retentive force values [15]. Another factor is the
presence and quality of artificial saliva [20, 39]. The substitute
used in this study has proven its ability to mimic the charac-
teristics of human saliva [40].

Weigl showed that retentive force values of electroformed
secondary crowns are not correlated to masticatory forces [17]
and therefore the applied joining force of 40 N was not sup-
posed to have a significant impact. The number of 10,000
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separation cycles representing 10 years of clinical service has
proven to be adequate to receive sound results [19, 24, 25, 41].
Separation speed values in previous investigations varied
widely between 1 mm/min [23] and 1000 mm/min [20, 25,
38], whereby many authors recently chose a value of about
50 mm/min [34, 36, 37]. However, Ohkawa et al. found that a
clinically relevant separation speed of a telescopic denture
was around 6000 mm/min [38]. Since the separation speed
affects the retentive force values of double crowns based on

Table 1 Descriptive statistics of retentive force values including mean,
standard deviation (SD), median, and interquartile range (IQR) of the
group ZE and group ZP at baseline and after 1, 3, 5, and 10 years of
artificial aging

Aging cycles N Mean SD  Median IQR
Baseline ZE 10 2.86 0.11 285 0.12
ZP 10 2.59 0.46 2.80 0.72
1 year (1095 cycl.) ZE 10 2.89 0.11 2.88 0.18
ZP 10 2.53 054 277 0.70
3 years (3285 cycl.) ZE 10 294 0.16 2.88 0.26
ZP 10 248 0.58 2.69 0.80
5 years (5475 cycl.) ZE 10 3.00 0.12  3.03 0.21
ZP 10 252 0.53 276 0.80
10 years (10,950 cycl.) ZE 10 3.04 0.19 3.10 0.15
ZP 10 255 051 278 0.84

hydraulic retention [21], a separation speed of 1000 mm/min
was chosen in accordance with earlier investigations [20, 25,
38].

Usually, patients feature two or more double crowns and
abutment teeth or implants are distributed heterogeneously,
which affects not least handling and thus clinical retentive
behavior. Nonetheless, as many previous studies agreed on
testing single double crown specimens [19, 20, 23-25,
34-37, 41], and in order to obtain comparable results, this
modus operandi appeared plausible and therefore was
adopted.

The retentive force values found in this study are in line and
comparable with the results of Engels et al. They tested
electroformed secondary crowns with 7-mm-high zirconia pri-
mary crowns, which exhibited baseline retentive force values
of 1.68 N (cone angle 2°) and 3.44 N (cone angle 0°) respec-
tively [25]. A mean baseline retentive force of 2.86 N at a cone
angle of 1° in the present study seems thus plausible. Overall,
the results of investigations dealing with the retentive force
values of electroformed secondary crowns on zirconia primary
crowns are rather discrepant. In contrast to the present results,
Beuer et al. observed significantly lower retentive force values
in specimen with cone angles of 0° and 2°. Nevertheless, they
claimed zirconia to be an alternative to high gold alloys for
primary crowns [20], as patients seem to be satisfied with
retentive force values of 2.5-3 N for RPDs in general [42].
Other investigators found higher retentive force values for
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electroformed secondary crowns on zirconia primary crowns
of 5.57 N [24] or even 7.4 N [14] in similar experimental
setups.

The increase in retentive force values observed in the
electroformed secondary crowns after aging is in contrast to
other findings, which mostly exhibit decreasing retentive
forces [14, 25] or no significant changes [17, 24]. In opposi-
tion, and therefore in line with the present study, Dillschneider
et al. showed slightly increasing retentive force values for
electroformed secondary crowns on zirconia primary crowns
during artificial aging [41], but did not comment on possible
causes. The phenomenon of increasing values could be attrib-
uted to the high ductility of the pure gold. As a result, the
electroformed secondary crowns gradually adapt better to the
primary crowns, while the gap sizes decrease. Consequently,
the hydraulic operating principle gets stronger and retentive
force increases.

Engels et al. also demonstrated that electroformed second-
ary crowns were not necessarily superior to conventional cast
secondary crowns in terms of retentive force and wear behav-
ior but displayed more predictable retentive force values [25].
On the contrary, Dillschneider et al. found electroformed sec-
ondary crowns to show more consistency in retentive force
values over time compared to conventional cast secondary
crowns [41]. Bayer et al. found a slightly higher level of re-
tention force for electroformed secondary crowns, but no sig-
nificant difference in wear behavior. Thus, both technologies,
electroforming and casting, were regarded as applicable for
clinical practice [19]. As different physical principles of reten-
tion take effect and the fields of clinical application vary, the
direct comparison of conventional cast telescopic or conical
double crowns with the ones operating on the hydraulic prin-
ciple was not within the scope of the present study.

Focusing on PEEK secondary crowns, only a few in vitro
studies are existing [35-37]. The authors of the present inves-
tigation are not aware of profound clinical data. Hahnel et al.
presented a case report, describing the usage of PEEK in a
double crown-retained RPD. They recommended that,
concerning the difficulties in bonding to PEEK and the lack
of knowledge regarding retentive behavior, it should only be
used in interim dentures at present, and further investigations
are necessary [43].

So far, all authors of laboratory studies rated their findings
as promising and PEEK as an interesting material option for
double crown prosthetics. Only Merk et al. investigated the
retentive force values of PEEK secondary crowns on zirconia
primary crowns [36]. The milled secondary crowns with a
cone angle of 1° presented an average retentive force of
6.07 N [36], and thus significantly higher values compared
to the ones in the present study. The explanation for this could
be found in different settings of the production parameters
during the CAD/CAM production. Merk et al. noted that
one of the most important aspects of CAD/CAM production
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is the definition of software parameters for the design of the
secondary crowns [36]. By varying the “offset,” in other
words defining the gap size between the primary and second-
ary crown, the retentive force values can be adjusted. This fact
provides interesting possibilities to digitally tailor the retentive
force individually for each anchor of the denture to the indi-
vidual clinical situation and needs. In accordance with the
findings of Wagner et al. [35], the PEEK secondary crowns
exhibited constant retentive force values during artificial ag-
ing, which could be attributed to the excellent mechanical and
physicochemical properties of the material [28]. Though the
level of median values was on the same level at baseline for
groups ZE and ZP, group ZP exhibited higher degree of var-
iance (IQR (interquartile range) values).

This leads to the assumption that the manual processing steps
within the almost entirely digital workflow of the PEEK second-
ary crowns, especially the spray-coating of the primary crowns,
might influence the resulting retentive forces. This assumption
subsequently resulted in an expansion of the study design to find
out about the impact of the manual handling processes during the
fabrication of the PEEK secondary crowns.

Therefore, test specimen No. 6 was randomly selected from
the group ZP and 10 secondary crowns (group ZPI) were milled
from one PEEK blank, applying the same dataset (V= 10) and
thus identical production parameters. The specimens underwent
baseline retentive force measurements (group ZPI) and the re-
sults were then compared with baseline retentive force values of
groups ZE and ZP. Results are given in Fig. 4.

By avoiding the impact of imprecisions during manual
processing steps, more precisely, variations in the application
of'scan spray, the IQR in group ZPI (0.21 N) could be reduced
in comparison to group ZP (IQR 0.72 N); however, it still does
not reach the reproducibility of group ZE (IQR 0.12 N). This
means, although the manual application of scan spray was
conducted by a skilled expert under standardized conditions,
it represents a source of error within the digital workflow and
should be subject to further investigations. Repeating the mill-
ing process with identical design and production parameters
for one single specimen, it could be shown that the CAM
process scarcely presented any variance and thus its impact
on the overall result seems to be negligible.

Due to these promising results in terms of manufacturing
accuracy, another future topic could be the approach of pro-
ducing secondary crowns and framework as a monolithic
workpiece [23]. This could, on condition of an acceptable
passive fit, help further minimize the work effort, diminish
potential sources of technical complications, and although less
crucial in implant-prosthetics, reduce space requirements.

An invaluable advantage of the complete digital fabrication
of double crowns is that in case of loss of retention or any
other damage to the secondary crown, any part of the structure
can be reproduced any number of times based on the stored
data.
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The findings of this in vitro study suggest that CAD/CAM-
manufactured secondary crowns made from poly-
etheretherketone (PEEK) are able to provide sufficient and
stable retentive force values even after artificial aging
representing 10 years of clinical use. Based on these data,
PEEK secondary crowns could offer an efficient and appro-
priate alternative to electroformed secondary crowns used in
removable implant prosthetics and forward the integration into
the digital workflow. Further clinical investigations on the
long-term behavior and survival rates under clinical condi-
tions are necessary. As the higher IQRs of PEEK secondary
crowns can be attributed to systemic inaccuracies, particularly
with regard to manual processing steps, future scientific ef-
forts should also address this issue.
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