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Abstract: Transferring the intraoral situation accurately to the dental laboratory is crucial for fabricat-
ing precise restorations. This study aimed to compare the dimensional accuracy of a new hydrophilic
quadrofunctional vinyl polysiloxane (VPS) and polyether (PE), in combination with different impres-
sion techniques (mono-phase single step or dual-phase single step). The reference model simulated a
partially edentulous mandible. Stainless-steel precision balls were welded to specific teeth and were
used to detect dimensional deviations. Fifteen impressions were made for each of the following four
test groups: (1) VPS mono-phase, (2) PE mono-phase, (3) VPS dual-phase, and (4) PE dual-phase.
Global accuracy was measured by deviations from the reference model, while local accuracy focused
on the trueness and precision of abutment tooth surfaces. Statistical analysis was conducted using
ANOVA (α = 0.05). All distances were underestimated, with the highest global inaccuracies for
the cross-arch distance, ranging from −82 µm to −109 µm. The abutment tooth surfaces showed
excellent local accuracy for all the materials and techniques, with crown surface trueness < 10 µm
and precision < 12 µm. Inlay surfaces had higher inaccuracies (trueness < 15 µm, precision < 26 µm).
Within the limitations of this study, all impression materials and techniques can be used to produce
models with clinically acceptable accuracy.

Keywords: accuracy; impression technique; vinyl polysiloxane; polyether

1. Introduction

The accuracy of fit of tooth-supported restorations depends on many factors during
the fabrication process, of which the accuracy of the impression and the resulting cast are
probably the most important. The basic prerequisite for accurately fitting dental restorations
is an almost error-free transfer of the intraoral situation to the dental laboratory. Today,
dentists have two basic approaches to making an impression—the conventional approach
using plastic impression materials and the digital approach using an intraoral scan.

Digital impressions are currently the focus of much scientific attention and are being
used more and more in everyday practice. Compared with conventional impressions,
digital impressions save time [1,2], increase patient comfort [1,2] and, depending on the
indication, improve accuracy. However, despite these clinical and economic benefits, there
are limitations. One limitation is that subgingival preparation margins, poorly visible
proximal contact areas, insufficient mouth opening, or anatomical features in the retromolar
space can make digital impressions difficult or even impossible. Another limitation is that
intraoral scanners are only feasible for certain indications. While superior fit has been
reported for single crowns and three-unit fixed partial dentures fabricated using digital
impressions [3], scan volumes larger than half a jaw are considered unsuitable for the
fabrication of fixed partial dentures [4–7]. Finally, for technical or physical reasons, there
is currently no straightforward way to fabricate removable partial or complete dentures
based on digital impressions alone [8,9]. Therefore, conventional impressions still play an
important role in everyday dental practice.
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Two main materials are used to take conventional impressions of teeth or implants
supporting fixed or removable dental prosthesis—polyether (PE) and vinyl polysiloxane
(VPS) [10,11].

There is no ideal material for every situation [12,13], with each material having its own
limitations. Therefore, the dental industry continues to develop improved or even novel
materials for conventional impressions. However, the suitability of these new materials
must be scientifically tested.

The aim of this study was to compare the dimensional accuracy of a novel VPS material
with improved hydrophilicity (hydrophilic quadrofunctional vinyl polysiloxane) with that
of established PE materials in combination with different impression techniques (mono-
phase single step or dual-phase single step) over short and long distances as well as their
accuracy (trueness and precision) and angular changes at the abutment tooth level. The
null hypotheses were that accuracy would not be influenced by material class, impression
technique, or impression material.

2. Materials and Methods

An edentulous mandibular arch was fabricated from steel and fitted with cobalt–
chromium teeth (Figure 1). The partially edentulous arch model simulated the conditions
for a fixed partial denture with complete crown preparations on the left first premolar (LP)
and first molar (LM) and a trihydral inlay preparation on the right second premolar (RP).
Stainless-steel precision balls (diameter = 3.175 mm; G3; shape deviation ≤ 0.08 µm; mean
roughness value Ra ≤ 0.01 µm; variation of ball diameter ≤ 0.13 µm) were welded onto
the right second molar (B1 with center P1), onto the left first molar (B2 with center P2), and
between the central incisors (B3 with center P3). The model was covered with polymethyl
methacrylate resin to simulate the attached gingiva.
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Figure 1. Occlusal view of the reference model.

Before being welded to the model base, all prepared teeth were measured with high
precision to create a digital reference dataset on the tooth level (µscan with CF4 sensor,
NanoFocus AG (Oberhausen, Germany); surface grid = 50 µm; accuracy < 1 µm). To
determine the spatial positioning of the precision balls and the prepared teeth after being
welded to the steel base, measurements were made using a coordinate measuring machine
(Mar-Vision 222, Hexagon Metrology (Wetzlar, Germany); accuracy < 1–2 µm).

A global coordinate system was defined by the centers of the precision balls (P1, P2,
and P3) as follows (Figure 2): P1 as the origin, x-axis in the direction P1P2, and the xy-plane
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defined by all three center points, with the y-axis oriented in the anterior direction. A local
coordinate system with axes parallel to those of the global coordinate system was added at
the respective center of the margin of each prepared tooth, resulting in angles of 0◦ between
the corresponding tooth axes in the reference model. The reference distances between the
center points of the precision balls and of the margins are shown in Table 1.
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Figure 2. Defined distances between center of each precision ball (turquoise dashed) and between
center points on margin level of prepared teeth (blue dotted). LM, left first molar; LP, left first
premolar; RP, right first premolar; P1, center point of precision ball 1; P2, center point of precision ball
2; P3, center point of precision ball 3.

Table 1. Reference distances between center points of precision balls and margins (margin level) as
well as between intersection points of vertical axis of local coordinate systems (z-axis) with respective
tooth surface (surface level).

Distances between Precision Balls Distances between Prepared Teeth

[mm]
P1P2 P1P3 P2P3 LPLM LMRP LPRP

Margin level Surface level Margin level Surface level Margin level Surface level
40.338 35.916 31.927 15.400 15.359 41.515 41.500 36.578 36.498

A total of 15 impressions per test group were made from the reference model (Table 2).
All impressions were removed from the model after 12 min, which is twice the clinical
setting time of the PE material and 2.4 times the setting time of the VPS material. The
extended setting time at room temperature for VPS was chosen because shrinkage effects
could still be detected 10 min (which would be twice the setting time of the material)
after mixing. Metallic rim-lock trays were used, individualized with an incisal stop and a
dorsal dam, to guarantee a minimum distance between the tray and the metallic reference
model and positional stability during setting as well as to support a seamless flow of
the impression material to the tooth row. All impressions were disinfected for 5 min
(PrintoSept-ID, Alpro Medical GmbH (St. Georgen, Germany)) and then poured with type
IV gypsum (esthetic-base gold, dentona AG (Dortmund, Germany)) no earlier than 1 h after
removal from the model. The saw-cut models were scanned using a laboratory scanner
(D2000, 3shape A/S (Kopenhagen, Denmark)) with a quality control software to generate a
digital dataset in the STL file format.

First, the position of the ball centers (given diameter d = 3.175 mm) was determined by
optimization (method of least squares; squared deviations at the triangle corner points were
weighted with proportionate surface area using MATLAB version R2020a, MathWorks
(Natick, MA, USA), and the deviations for distances defined by the ball centers, ∆P1P2,
∆P1P3, and ∆P2P3, were calculated in relation to the respective reference distances. For the
prepared teeth, each reference tooth surface, together with its local coordinate system, was
aligned separately to the scan data by means of a best-fit algorithm (Geomagic Design X;
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3D Systems (Rock Hill, SC, USA). Distance deviations (∆LMLP, ∆LMRP, and ∆LPRP) were
then assessed between the origins of the coordinate systems (margin level), located at the
center of the margin line, and between the intersection points of the vertical axes (z-axes)
of the local coordinate systems with the respective occlusal tooth surface (surface level). In
addition, angular deviations between the x-axes (∆α), the y-axes (∆β), and the z-axes (∆γ)
after individual tooth alignment were assessed.

Table 2. Test groups differing in impression material/material combination, material class, and
impression technique.

Test Group Impression Material/Material Combinations Material Class Impression Technique

VPS-MP Aquasil Ultra+ Medium Vinyl polysiloxane Mono-phase

PE-MP Impregum Penta Soft Polyether Mono-phase

VPS-DP Aquasil Ultra+ Heavy/XLV Vinyl polysiloxane Dual-phase

PE-DP Impregum Penta H Duo Soft/Garant L Duo Soft Polyether Dual-phase

Distance deviations were analyzed using both signed and unsigned values. The
accuracy of the individual surfaces of the prepared teeth within the margin line was
analyzed in terms of trueness (mean mesh deviation between reference and scan) and
precision (standard deviation of the mesh deviations along the surface). To evaluate
trueness and precision, unsigned (absolute) values were used.

All results were displayed as boxplot diagrams for descriptive analysis. In boxplots,
circles/asterixes mark mild/extreme outliers deviating more than 1.5/3.0 times the in-
terquartile range from the respective quartile value. Significant (α = 0.05) factors were
quantified using ANOVA and Tukey’s post hoc tests (SPSS 24 (Armonk, NY, USA)).

3. Results

In general, distances were underestimated independent of the test group. Mean
distance deviations between the precision ball centers were highest for the cross-arch
distance (P1P2) and ranged between −82 µm for the PE-DP group and −109 µm for the
VPS-MP group (Table 3, Figure 3). Distances between the abutment teeth (Table 3, Figure 4)
were reproduced more accurately. Mean distance deviations were not larger than −63 µm
(measured for VPS-DP) at the margin line level and −84 µm (measured for VPS-MP) at
the surface level for long distances (LMRP and LPRP). All the gypsum models showed
high accuracy independent of the impression material for the frequent clinical application
of three-unit fixed partial dentures. The mean deviations for the distance between the
respective abutment teeth (LMLP) never exceeded −18 µm (measured for PE-MP) at
the margin line level and −16 µm (measured for VPS-MP, PE-MP, and VPS-DP) at the
surface level.

Gypsum casts fabricated from PE impressions showed slightly less deviation from the
reference model than those fabricated from the VPS impression materials. The accuracy
between the VPS and the PE did not differ more than 15 µm for the mono-phase impressions
and 27 µm for the dual-phase impressions. No statistically significant influence of material
class was found for distances defined by the precision ball centers (p = 0.131), whereas
distances between the abutment teeth did have a significant effect (p = 0.001).

For the impression technique (mono-phase/dual-phase), a significant effect was found
for both distances defined by the precision ball centers and for distances between the
abutment teeth at the surface level (p ≤ 0.036) but not for distances between the abutment
teeth at the margin line level (p = 0.169).

Concerning the distances defined by the precision ball center points, multiple compar-
isons revealed no significant differences between the two mono-phase impression materials,
VPS-MP and PE-MP (p = 0.989), and the two dual-phase impression materials, VPS-DP and
PE-DP (p = 0.265). For distances between the abutment teeth at the margin line and surface
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level, a significant difference was observed between the dual-phase impression materials
(p < 0.001) but not for the mono-phase impression materials (p ≥ 0.145).

Table 3. Deviations in distances between center points of precision balls and of margins (margin
level) as well as between intersection points of vertical axis of local coordinate systems (z-axis) with
respective tooth surface (surface level).

Test group Distance Level
Distance Deviations [µm]

Mean Value Standard
Deviation Minimum Median Maximum

VPS-MP

P1P2 - −109 24 −154 −109 −60
P1P3 - −83 14 −106 −87 −64
P2P3 - −66 15 −92 −67 −39

LMLP
Margin −13 11 −32 −13 4
Surface −16 13 39 −16 5

LMRP
Margin −58 21 −109 −53 −28
Surface −84 17 −123 −82 −59

LPRP
Margin −58 23 −109 −53 −23
Surface −84 17 −114 −80 −47

PE-MP

P1P2 - −94 20 −131 −89 −65
P1P3 - −93 25 −141 −91 −50
P2P3 - −66 26 −132 −56 −42

LMLP Margin −18 14 −36 −23 6
Surface −16 16 −38 −23 17

LMRP Margin −49 12 −69 −45 −33
Surface −69 15 −96 −72 −48

LPRP Margin −48 19 −80 −42 −23
Surface −69 20 −96 −66 −37

VPS-DP

P1P2 - −91 25 −120 −97 −15
P1P3 - −80 27 −134 −82 −38
P2P3 - −56 18 −78 −58 −8

LMLP
Margin −13 11 −37 −13 7
Surface −16 14 −46 −13 4

LMRP Margin −63 28 −107 −61 −10
Surface −83 28 −125 −89 −19

LPRP Margin −59 27 −104 −58 −21
Surface −79 26 −127 −76 −45

PE-DP

P1P2 - −82 40 −161 −77 20
P1P3 - −68 36 −140 −66 19
P2P3 - −47 32 −114 −47 8

LMLP Margin −12 16 −43 −10 18
Surface −9 19 −42 −10 36

LMRP Margin −36 31 −88 −43 35
Surface −53 37 −111 −63 34

LPRP Margin −34 29 −74 −40 20
Surface −56 29 −101 −60 −5
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The mean angular deviations between the tooth axes (given by the attached local
coordinate systems) ranged between 0.8◦ and 1.2◦ for all three axes and all test groups.
Maximum angular changes never exceeded 2◦. For the most important case, angular
changes between the vertical tooth axes (z-axes), the results are given in Table 4. Once
again, excellent accuracy was observed for the three-unit fixed partial denture, with mean
angular changes of about 0.2◦ independent of the impression material. For longer distances,
the upper limit was 0.8◦.
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Table 4. Vertical angular deviations for prepared teeth.

Angular Deviation Test Group Mean Value Standard Deviation Minimum Median Maximum

[◦]

∆α

VPS-MP 1.0 0.1 0.8 1.0 1.3

PE-MP 1.0 0.2 0.7 1.0 1.8

VPS-DP 1.0 0.1 0.7 1.0 1.2

PE-DP 1.1 0.3 0.8 1.1 1.9

∆β

VPS-MP 1.1 0.1 0.9 1.1 1.2

PE-MP 1.1 0.2 1.0 1.1 1.7

VPS-DP 1.0 0.1 0.9 1.0 1.2

PE-DP 1.2 0.2 1.0 1.2 2.0

∆γ

VPS-MP 0.8 0.1 0.6 0.9 1.0

PE-MP 0.8 0.1 0.7 0.8 1.1

VPS-DP 0.8 0.1 0.7 0.8 0.9

PE-DP 0.9 0.1 0.7 0.8 1.1

The local accuracy of the gypsum master casts was comparable in all test groups
(p = 0.089, Table 5 and Figure 5). Excellent accuracy was obtained for the abutment
teeth with full crown preparations (trueness < 10 µm, precision < 12 µm), whereas inlay
preparations were more challenging and showed significantly lower accuracy (p < 0.001;
trueness < 15 µm, precision < 26 µm).

Table 5. Trueness (precision) for individual prepared teeth.

Tooth Test Group Mean Value Standard Deviation Minimum Median Maximum

[µm]

LP

VPS-MP 8 (7) 2 (2) 6 (5) 7 (6) 13 (10)

PE-MP 8 (7) 1 (2) 6 (5) 8 (7) 11 (12)

VPS-DP 9 (10) 2 (2) 7 (6) 8 (7) 14 (39)

PE-DP 7 (6) 1 (1) 6 (5) 8 (6) 9 (7)

LM

VPS-MP 10 (9) 3 (3) 5 (6) 10 (8) 17 (16)

PE-MP 9 (11) 4 (6) 5 (5) 8 (9) 16 (27)

VPS-DP 10 (9) 5 (5) 5 (5) 9 (8) 21 (26)

PE-DP 8 (9) 2 (4) 6 (5) 8 (7) 13 (20)

RP

VPS-MP 13 (23) 3 (14) 10 (13) 12 (18) 22 (56)

PE-MP 13 (24) 2 (9) 10 (13) 13 (19) 15 (40)

VPS-DP 14 (26) 2 (14) 11 (13) 14 (22) 20 (70)

PE-DP 13 (25) 2 (11) 10 (14) 13 (22) 17 (48)
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4. Discussion

The null hypothesis that accuracy would not be influenced by material class, impres-
sion technique, or impression material had to be partially rejected. The local accuracy of
the plaster master casts was not different between the groups but did differ between the
preparation designs. With respect to global accuracy, the results suggest that the deviations
in the plaster master casts generated on the basis of VPS and PE materials were, in general,
small but partially significant different.

This study involved every stage of the workflow, including disinfection of the im-
pression. Disinfection has been shown to influence the impression material’s dimensional
accuracy and the surface detail reproduction [14,15]. There is no standard method for
disinfecting dental impressions. Various alternative methods can be found in the literature,
including the following: ethylene oxide [16], autoclave [16], microwave [17], ultraviolet
radiation [18,19], immediate pour and disinfection of the cast [20,21], and chemical disin-
fection, by the spray or immersion method [22,23]. Chemical disinfection by immersion
is considered the most effective method for reducing most microorganisms. As different
impression materials have different chemical and physical properties, the manufacturer’s
recommendations for disinfection of the respective impression material in terms of du-
ration and method should be strictly adhered to [24–26]. Accordingly, this study used
a disinfectant in the manner intended by the manufacturer for the impression materials
used. Dimensional accuracy and stability of impression materials are crucial factors for
successive production of dental restorations. According to Walker et al., regardless of
the disinfection protocol (not disinfected or disinfected with two different disinfectant
solutions, in combination, with two different time intervals), no significant difference was
found for VPS in terms of dimensional accuracy [14]. For PE, a significant difference
was found between the disinfected and non-disinfected impressions. This is due to the
expansion of PE caused by the absorption of water from the disinfectant solution [14]. In
addition to the global accuracy, the local accuracy of an impression is also important. While
the surfaces of the VPS impressions showed no changes after disinfection, NaOCL (0.5%)
had a significant effect on the surface quality of PE impression, resulting in a mottled or
matte/sticky surface. If an impression is not poured directly, the long-term stability of
the impression materials is also important. VPS and PE were reported to show a signifi-
cant difference in their dimensional stability over time. This effect was observed for the
non-disinfected and disinfected impressions. However, it is important to emphasize at this
point that any changes in accuracy caused by different disinfection methods or registered
by measurements at different times have no clinically relevant influence [14,15,22,27,28].
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Nevertheless, it seemed reasonable and important to consider disinfection as an integral
step in the clinical process of model fabrication, as well as to reflect any potential impact on
model accuracy in the results of this study.

Irrespective of the impression material and impression technique, all plaster casts
were scaled down overall, and all molded structures experienced a certain degree of
lingual tilt. This further shortened the distances at the occlusal surface level compared
with distance deviations at the margin level. The direction of scale remains controversial
in the literature. Some studies have reported an enlarged scale [29], while others have
reported both enlarged and scaled-down measurements [7,30,31]. The reference situation
in the present study might have been underestimated because a plaster with less than 0.1%
expansion was used, which may not have compensated for the shrinkage of the impression
material. Since all distances were too short, a higher expansion of the plaster cast would
have improved the accuracy. To compensate the −80 µm to −100 µm deviation on the
40 mm cross-arch distance, a plaster with 0.20% to 0.25% more expansion than the one used
in our study would have been necessary. This problem cannot be completely solved in
such a simplistic manner since there will be shape deviations that cannot be compensated
for by a scaling process, but a higher expansion would have been beneficial in our study
since all the distances were underestimated.

Additionally, the results show that impression accuracy depends on the impression
technique, with lower deviations when using the dual-phase technique. This is in contrast
to the findings of previous studies. Johnson et al. reported better accuracy with the
mono-phase technique than with the dual-phase technique [32], and an earlier study on
the same reference model showed that regular-setting polyether impressions performed
better with the mono-phase technique than those with the dual-phase technique [33].
Nevertheless, the results are in line with the expectation that the dual-phase technique has
greater dimensional stability. Dimensional deviations should be lower with the dual-phase
technique because the filler content is higher in the highly viscous phase.

With regard to local accuracy of the impressions/plaster casts, both trueness and
precision were excellent, independent of the material class, impression technique, and
impression material. However, the full-crown preparations deviated significantly less
than the inlay-preparations, indicating that accurate impressions/plaster casts of inlay
preparations are more challenging than those for full-crown-preparations. This might
be because of the accessibility of an inlay cavity during the scanning process is much
worse than that of a full-crown preparation when digitizing the plaster cast or the more
challenging situation during impression-making and pouring of the plaster-casts. However,
in general, the observed accuracy of the tested impression materials/techniques is in the
range of that which has been demonstrated in previous studies [31,33].

Both impression material class and impression technique are suitable for taking highly
accurate impressions of single crowns, fixed partial dentures, inlays, or a complete dental
arch. Accuracy differs only slightly between impression materials, so it is reasonable to
assume that other factors determine which impression material should be used in a daily
routine. This decision may be influenced by economic factors (price, shelf life, storability),
patient-related factors (taste, demolding force), physical properties (tear strength, compati-
bility with astringents or disinfectants, tolerance towards moisture), biological properties
(toxicity), and handling differences. Seen in this way, the almost five times higher tear
strength of the VPS-DP compared to the PE-DP, in combination with the two to three times
easier removal of a VPS impression compared to a PE impression due to less adhesion to the
tooth hard substances, might represent a noticeable advantage [13,14]. Impression materials
with clinical approval were used in this study. The probability of the impression materials
used triggering an allergic or toxic reaction is therefore low. Nevertheless, the literature
attributes a certain cytotoxic potential to impression materials [34]. Roberta et al. were
able to show that PE drastically reduces cell proliferation in comparison with VPS. At the
same time, however, no difference was found between the two materials in terms of their
cytotoxicity [35]. A cytotoxic effect was found even after a short exposure time of 10 min
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of the human gingival fibroblast cells to various impression materials. Dentists should
therefore select an impression material with low cytotoxicity and the shortest possible
setting time and ensure that all impression residues are removed from the oral cavity [36].

As digital impressions cannot currently be used for all indications, it seems reasonable
to continue the development of new impression materials and the further development and
enhancement of existing impression materials [4–9,37]. The focus should be on conventional
impression materials that set quickly or whose setting behavior can be controlled by the
clinician.

There are some limitations to this study. This was an in vitro study looking at one
partially edentulous situation with prepared and unprepared metal teeth, so the results
may not apply to other dental situations. Future studies should be conducted on additional
models of different partially edentulous situations.

That being said, metal teeth do not have uncharacteristically higher demolding forces
compared with natural teeth [38]. It can be stated that the material properties of the metal
reference teeth in relation to the demolding forces are comparable to the properties of
natural teeth.

Another limitation is that the workflow in this study represents a best-case scenario.
The impression tray was fixed and completely immobile during the setting of the impression
material, so the clinically relevant influences of patient movements or changes in the
position of the impression tray on accuracy were not observed. In addition, the effects of
moisture or saliva, sulcus fluid, and blood could not be investigated in vitro.

Moreover, the number of samples is limited. However, 15 samples seem to be a
sufficient sample size. In a previous study using an identical model and an identical
evaluation strategy, significant differences were found with an even smaller (n = 10) or a
similar number of samples (n = 16) [33,38].

5. Conclusions

Within the limitations of this study, the following conclusions were drawn:

1. VPS and PE impression materials have adequate accuracy for all clinical applications.
2. The dual-phase impression technique may give a more accurate impression.
3. Short distances are displayed more accurately than long distances regardless of the

impression material.
4. Inlay preparations are less accurate than full crown preparations, regardless of the

impression material used.
5. The choice of impression material and impression technique lies with the treating

clinician and is not only dependent on the accuracy of the impression material.
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