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Water absorption in artificial composites: Curse or blessing? 
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A B S T R A C T   

Objectives: This study evaluated the impact of mutable water uptake on the durability of mechanical properties 
and the long-term reliability of artificial composites. 
Methods: Three resin-based CAD/CAM restorative materials (CRMs) were investigated in three-point bending 
tests to calculate flexural strength (FS), modulus of elasticity (ME), modulus of resilience (MR), modulus of 
toughness (MT), and elastic recovery (ER). All specimens (n = 180) were stored under the same conditions and 
tested in four subsets (n = 15 per material) that were respectively withdrawn after repeated thermocycling (5000 
cycles; 5–55 ◦C, H2O) and repetitive drying (7 d; 37 ◦C, air). For every specimen, weight differences were 
determined per storage condition. Likewise, loss tangent data were separately recorded via dynamic mechanical 
analysis to reliably assess damping characteristics. 
Results: Repeated thermocycling always induced weight increase and a concurrent significant loss in all me
chanical properties except for MT and ER of a polymethylmethacrylate-based CRM. Drying consistently provoked 
weight loss and raised mechanical properties to initial values. Weight increase, however, enhanced loss tangent 
values and accordingly distinct damping characteristics, whereas weight decrease markedly lowered damping 
properties. 
Significance: Water uptake repeatedly induced a decrease in common mechanical properties but concurrently 
increased damping behavior. Invertible equilibrium processes were found with no evidence for permanent 
material degradation.   

1. Introduction 

Guaranteeing the clinical functionality of artificial biomedical 
restorative materials requires the preservation of their material prop
erties during useful life. Besides a multitude of endogenous and exoge
nous variables that influence the behavior of materials in a particular 
way, a key factor that still merits careful observation is the ubiquitous 
uptake of solvents, especially water. This phenomenon, present in many 
artificial restorative materials, still plays an increasing role in dentistry 
as, besides the influence on material swelling and plasticizing [1], the 
effect of water is more frequently associated with permanent and irre
versible destruction and persistent mechanical degradation processes 
[2–5]. Therefore, examining the long-term influences of such adverse 
hygroscopic and hydrolytic effects appears to be particularly important 
for estimating clinical success during a material’s useful life. 
Water-based stability issues observed for dental restorative materials 
containing polymerized resin structures are frequently discussed for 
filling materials [4,6] as well as bonding [7–9] and luting [10] systems. 

However, it is not clear whether the effects observed can be assigned to 
reversible processes of equilibrium states. 

In general, the impact of water uptake in artificial composite-based 
materials can be categorized into effects emerging in the pure resin/ 
polymer structures [11–13], the embedded fillers [14,15], and the 
interface between fillers and resin structures [3, 16–18], namely the 
adhesion-promoting silane coating usually applied to the filler surface 
via a vulnerable silanization process [19–22]. This interlayer is 
frequently associated with hydrolytic material failure [3, 18, 23–25]. 
However, Plueddemann et al. [26] described equilibrium processes in 
this layer and Sideridou et al. [27] an advantageous effect of such sys
tems on the dynamic mechanical properties (loss tangent = tan δ) of 
dental composites that were ultimately very beneficial for generating 
energy dissipation effects and hence providing long-term material sta
bility. Likewise, Ye et al. [28] reported related sol-gel equilibria in the 
wet environment providing ‘intrinsic reinforcement of the polymer 
network’, ‘improved hydrolytic stability’, and ‘enhanced mechanical 
properties’. Such simple water equilibrium systems are widespread in 
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many biological composite materials, and in the wet condition, they 
provide pronounced energy dissipation capabilities and hence excellent 
long-term stability [29]. Most of these natural damping effects are 
practically realized via well-known energy consumption mechanisms 
like sacrificial bonds and hidden lengths [30,31]. In these particular 
cases, and in general, the presence of water appears to be vitally 
important for equilibrium formation [32] and therefore has a tremen
dous effect on the genesis of long-term material stability [33]. Likewise, 
bone [34] and tooth [35] structures were shown to reveal a markedly 
improved stability when investigated in the moist state compared to 
examinations conducted under dry conditions [36]. 

Nevertheless, many in vitro tests originally invented to optimally 
simulate clinical situations with the aim of obtaining deeper insights 
into the long-term behavior of artificial restorative materials in a moist 
environment still use processes with varied water storage conditions and 
different timescales at ambient, low or elevated temperatures (e.g. non- 
standardized thermocycling procedures [37]). Unfortunately, such in
vestigations are performed without considering relevant 
time-dependent equilibrium processes, such as mutable water sorption 
[38–40] and viscoelastic material behavior [41,42], even though both 
effects are usually present at the same time in most polymer-based 
restorative materials. Consequently, the acquired datasets, which often 
show a reduction in relevant material properties, possibly lack decisive 
time-dependent information and thus, incorrect interpretations may be 
made, especially misleading material comparisons. Hence, in this 
context, caution should be exercised in using the common technical term 
‘hydrolytic degradation’ in the original sense of deleterious effects 
resulting from permanent and irreversible processes after water uptake 
when describing final study results. It should be primarily reserved for 
transformation processes of biopolymers where a conscious chain scis
sion of chemical structures is intended to generate a special effect or 
function, such as in medical therapies [43,44]. 

Adverse hygroscopic and hydrolytic effects in dental as well as other 
biomedical restorative materials typically emerge via the alteration of 
mechanical properties and especially via their substantial decline. It is 
not yet clear whether these are generally provoked by irreversible 
chemical degradation processes or are associated with reversible pro
cesses of equilibrium states as well, which means they might even 
enhance material stability in a moist environment by degrading rigidity 
and brittleness. Therefore, this in vitro study set out to examine the 
influence of mutable water sorption on selected mechanical properties 
of three different resin-containing CAD/CAM restorative materials. 
Ceramic materials were not included in this investigation as our previ
ous studies showed no detectable deleterious effect of the water content 
on common mechanical properties [45]. The aim was to determine the 
flexural strength (FS), modulus of elasticity (ME), modulus of resilience 
(MR), modulus of toughness (MT), and elastic recovery (ER), together 
with separately measured loss tangent data (tan δ), received via dynamic 
mechanical analysis (DMA), to further characterize damping properties 
and viscoelastic deformation effects. The rationale and detailed 
description of MR, MT, and ER data have been previously reported [46]. 

Two null hypotheses were tested: 1) There is no association between 
the sign of the weight differences between two different storage condi
tions and the storage condition itself. 2) The mechanical properties of 
CAD/CAM restorative materials are independent of (A) the sign of the 
weight difference for specimens between two different storage condi
tions, and (B) the material. 

2. Materials and methods 

2.1. Materials 

For this comparative study, three commonly used CRMs were 
selected from two different material types, namely composites and 
polymers, which both exhibit deviant filler contents (Table 1). 

2.2. Specimen preparation 

2.2.1. Three-point bending 
Due to limited milling block dimensions and to enable reliable 

comparisons, bar-shaped specimens (4.0 X 1.5 X 17.0 mm3 ± 0.1 mm3, n 
= 60) were prepared for each investigated material in accordance with 
ISO 6872 [49] using a water-cooled precision saw (IsoMet™1000, 
Buehler, Esslingen, Germany) in combination with a diamond-coated 
saw blade (127-mm diameter, No. 11–4255, Buehler). Milling block 
mounts were cut off, and blocks or discs were sliced and cut to the 
desired dimensions. Specimen sizes were adjusted, and final surfaces 
were polished by grinding on wet SiC paper using P1200, P2500 (Leco 
Corp, Michigan, USA), and P4000 (Struers A/S, Ballerup, Denmark) 
successively. All materials were used under ambient laboratory condi
tions (23 ± 1 ◦C; 50 ± 5% relative humidity) [50] according to the 
manufactureŕs instructions. 

2.2.2. Dynamic Mechanical Analysis (DMA) 
Bar-shaped specimens (4.00 X 1.00 X 16.00 mm3 ± 0.05 mm3, n = 9) 

were prepared for each investigated CRM. The procedure of cutting and 
polishing was exactly the same as described in Section 2.2.1. Special 
care was taken during the adjustment of the specimen thickness to attain 
perfectly plano-parallel surfaces within the required specification 
throughout the entire bar. 

2.3. Storage conditions and data acquisition 

2.3.1. Three-point bending 
The workflow of the weighing and mechanical properties testing 

procedure is described in detail in Fig. 1 A. Directly after preparation, all 
specimens (n = 60) were separately labeled on the head side for each 
CRM using a pencil, placed on a filter paper without any further treat
ment, and stored for 14 days under strictly controlled ambient labora
tory conditions (23 ± 1 ◦C; 50 ± 5% relative humidity). This allowed the 
formation of a balanced equilibrium state and avoided adverse physi
cochemical changes in the material structure that possibly arise from 
uncontrolled desiccation processes. Subsequently, each specimen was 
separately weighed with a newly calibrated analytical balance (XS205 
Dual Range, Mettler Toledo, Giessen, Germany; accuracy: ± 0.01 mg) to 
determine the baseline of dry weight wax (x = 0 for the beginning) before 
the first controlled water absorption took place. Next, the first cycle of 
the thermocycling process was initiated using all 60 specimens at once. 
Each thermocycling process was conducted with 5000 cycles in 5 - 55 ◦C 
distilled water baths (Thermocycler THE 1100, SD Mechatronik, 
Feldkirchen-Westernham, Germany). Each cycle lasted 120 s: 45 s in a 
5 ◦C bath, 15 s to drain and transfer the samples to the second bath, 45 s 
in a 55 ◦C bath, and 15 s to transfer the samples back to the 5 ◦C bath. 
After completion, all specimens were carefully taken out one by one 
using tweezers, dried on filter paper until free from visible moisture (23 
± 1 ◦C; 50 ± 5% relative humidity), waved in the air for 10 s, and 

Table 1 
Tested materials.  

Material 
type 

Brand Code Manufacturer Lot No.$ Filler 
content / 
%# 

Composite Lava 
Ultimate 
A2 HT 

LU 3M ESPE N430105 
(b) 

72.0 

Shofu 
Block HC 
A2 LT 

SB SHOFU Inc. 021501 
(b) 

61.8 

Polymer M-PM Disc 
A2 

MPM Merz Dental 
GmbH 

10417 (d) 0.1 

$b, block; d, disc. 
# Ashing in air (1 h, 700 ± 20 ◦C, n = 3) [47,48]. 
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immediately weighed to ± 0.01 mg to obtain the weight after the first 
thermocycling wtx (x = 1 for the first cycle). Immediately after each 
weighing, 15 specimens were partly withdrawn one by one and sub
jected to a three-point bending test. 

All remaining specimens of the same CRM (n = 45) were transferred 
into an incubator (Ehret, Emmendingen, Germany), placed on a filter 
paper (lateral surface) and dried at 37 ◦C for 7 d. Subsequently, all 
specimens were cooled down to reach ambient laboratory conditions 
(23 ± 1 ◦C; 50 ± 5% relative humidity) and weighed in succession as 
described above to obtain the weight for each specimen after the first 
drying process wdx (x = 1 for the first cycle). This was identical to the 
starting value for the weight of the second cycle wax (x = 1; wd1 = wa1). 
Again, after each weighing, a total of 15 specimens were withdrawn one 
by one and subjected to a three-point bending test while all residual 
specimens (n = 30) were again subjected to thermocycling and subse
quent drying as described above to generate further weight datasets (wtx 
and wdx; x = 2) for the second process cycle. At each weighing step, 15 
specimens were again withdrawn one by one to determine the respective 
mechanical properties for the second cycle. 

The procedure described above was conducted in the same way for 
each separate CRM. The total number of 60 specimens finally led to 5 
different datasets comprising weight data before/after thermocycling 
and before/after drying (Fig. 1A, second row). At the same time, 4 
datasets were obtained for the mechanical properties that consisted of 
results acquired after each thermocycling and drying step (Fig. 1A, third 
row). 

2.3.2. Dynamic Mechanical Analysis (DMA) 
Exactly the same storage conditions were applied as described in 

Section 2.3.1 to separately determine loss tangent data for each CRM by 
using specimens with thinner dimensions (see Section 2.2.2). No addi
tional weighing of each specimen was performed such as described for 
the three-point bending test, and so de novo water absorption and 
desorption were not assessed. The entire investigation was started for 
each CRM by subjecting all specimens (n = 9) to the ‘first cycle of dry
ing’ (37 ◦C; 7 d) and thus skipping the first thermocycling process. 
Fig. 1B shows the workflow. Three specimens were removed to inves
tigate loss tangent values (tan δ) after the first cycle of material drying. 
For the remaining specimens (n = 6) the second cycle of thermocycling 
was initiated as described in Section 2.3.1, followed by the removal of 
three specimens after completion of the treatment to again determine 

loss tangent data (2. Cycle thermocycling). The remaining three speci
mens were then dried once more as described above (37 ◦C; 7 d) and 
used to finally measure loss tangent (2. Cycle drying). 

The procedure described above was performed in the same way for 
each separate CRM where the total amount of 9 specimens per CRM 
finally led to three different datasets comprising loss tangent data for 
one thermocycling and two drying cycles (Fig. 1B). Only these three 
storage types were investigated, consciously skipping the first cycle of 
thermocycling. This guaranteed reliable dry starting conditions by tak
ing into account a potentially different inherent water content of each 
investigated CRM immediately after it was purchased because the 
storage conditions prior to purchase were not known. 

2.4. Calculation of water absorption and water desorption 

The water absorption and desorption properties of all CRM speci
mens were expressed as percentage increase or decrease of weight, 
respectively, after thermocycling and drying for a predetermined time 
(see Section 2.3). This was done by using the following equations for 
weight differences after absorption (WDA) in % (1) [51] and weight 
difference after desorption (WDD) in % (2) [52]: 

WDA =
Wtx − Wax

Wax
× 100 (1)  

WDD =
Wdx − Wtx

Wtx
× 100 (2) 

with wtx (weight of the specimen after thermocycling) in g, wax 
(weight of dried specimen before thermocycling) in g, and wdx (weight of 
dried specimen after thermocycling) in g all separately determined with 
x = 1 for the first cycle and x = 2 for the second cycle (Fig. 1A). 

2.5. Three-point bending test and calculations 

Specimens were loaded until rupture in a three-point bending test 
using a newly calibrated universal testing machine (1454, Zwick/Roell, 
Ulm, Germany) with a 0.5 kN load cell to minimize the effect of system 
compliance [53]. Specimen deflection was detected via the crosshead 
motion of the testing machine as previously described [54] (incremental 
linear encoder; repeatability fw: 0.006 µm), and likewise, engineering 
stress-strain curves were used for all parameter calculations without 

Fig. 1. Workflow describing storage conditions and their different weighing cycles A) for mechanical property determination and B) for loss tangent determination. 
Frosted and faint parts of the figure denote skipped process steps. 
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correction for true stress-strain material behavior. The span width (L) 
was 15.0 mm and the crosshead speed 1 mm/min. 

Flexural strength (FS) in MPa [50], modulus of elasticity (ME) in 
MPa [50], and modulus of toughness (MT) in MJ/m3 [46] were calcu
lated using Eqs. (3), (4), and (5): 

FS =
3FmaxL
2wh2 (3)  

ME =
FlinL3

4dlinwh3 (4)  

MT =
9A
whL

(5)  

where Fmax (N) is the maximum load, L (mm) is the span width between 
the two support bars, and w (mm) and h (mm) are the width and height 
of the specimen, respectively. Flin (N) is the force in the stress-strain 
curve’s linear part, and dlin (mm) is the corresponding deflection at 
Flin. A (J) is the total area under the load-deformation curve (work 
performed by the applied load to deflect and fracture the specimen) 
obtained with the software (TestXpert; release 10.11, Zwick/Roell, Ulm, 
Germany) used for the testing machine. 

(MR) [46] in MJ/m3 (Eq. (6)) and (ER) [46] in MJ/m3 (Eq. (7)) were 
obtained and calculated with the software used for the testing machine 
(TestXpert; release 10.11, Zwick/Roell, Ulm, Germany) based on the 
respective stress-strain diagrams: 

MR =
YS2

2ME
(6)  

ER =
FS2

2ME
(7)  

where YS (MPa) represents the yield strength of the specimen, deter
mined via the software as stress at 0.05% plastic deformation [46], and 
FS (MPa) is the flexural strength. ME (MPa) is equivalent to the 
respective modulus of elasticity. 

2.6. Dynamic mechanical analysis 

Loss tangent values were determined using a dynamic mechanical 
analyzer (DMA 1, Mettler Toledo, Giessen, Germany) in combination 
with an appropriate double-walled heating chamber. For the testing of 
dry specimens, the chamber was used in just air without any liquid 
medium but at an elevated temperature of 37.0 ± 0.5 ◦C (50 ± 5% 
relative humidity). For all wet specimens after the thermocycling pro
cess, it was filled with distilled water (Aqua B. Braun, Melsungen, Ger
many). The heating chamber was always warmed up using an external 
water bath (polystat cc1, Huber, Offenburg, Germany) to ensure a 
consistent temperature of 37.0 ± 0.5 ◦C inside the chamber. The 
chamber temperature was carefully monitored via the system-integrated 
sensor. All DMA measurements were performed in the ‘three-point 
bending mode’ using customized lower support bars with a support 
distance in the device of exactly 14.85 mm to allow a reliable and 
comparable investigation of specimens received from limited block di
mensions. Specimens were centrically clamped between the three sup
port bars with a constant pre-deformation of 158 ± 2 µm to ensure a 
permanent specimen contact during the cyclic load application of the 
test procedure. After mounting the specimen, the DMA instrument’s 
specimen holder was immediately immersed into the heating chamber 
to avoid unintended cooling down of the specimen or drying out in case 
of wet measurements. The sealed system was allowed to equilibrate for 
at least 10 min to reach an inner temperature of 37.0 ± 0.5 ◦C before the 
measurement was started. A sinusoidal dynamic test load of 1 N was 
applied to each specimen with 1.5 Hz during an investigation period of 
10 min. This frequency was used to resemble previously determined 
average chewing rates in the natural tooth environment as closely as 

possible (1.58 Hz [55], 1.33 Hz [56], 1.48 ± 0.18 Hz [57], 1.57 Hz 
[58]). In contrast to the investigation of conventional mechanical 
properties in this part of the study, which determined loss tangent data, 
only one single thermocycling cycle and two drying cycles were carried 
out (see Section 2.3.2). Three specimens were investigated to generate 
15 loss tangent values (tan δ) per storage condition and accordingly 45 
values per CRM. Data were analyzed via the system software (STARe 
System, Mettler Toledo, Giessen, Germany). 

A detailed introduction to DMA technology and data acquisition is 
presented by Menard [59]. In general, loss tangent is defined as (Eq. 
(8)): 

tanδ =
Eʹ́

Eʹ (8)  

where tan δ (dimensionless) is the loss tangent (damping factor 
describing the ratio of loss modulus and storage modulus with δ repre
senting the phase lag between the applied stress and the resulting strain 
in a viscoelastic material), E’’ is the loss modulus (material ability to 
lose/dissipate energy, representing the viscous component of a visco
elastic material), and E’ is the storage modulus (material ability to store 
or return energy without phase difference between stress and strain, 
representing the elastic component of a viscoelastic material). Both 
moduli were determined by the DMA instrument as the response of the 
tested material to an oscillating loading condition. They were recorded 
simultaneously and tabulated in the system software. 

2.7. Statistical analysis 

A chi-square test of association [60] was performed to analyze the 
relation between ‘weight differences of two different storage condi
tions’, and the two parameters ‘storage condition’ and ‘cycle of storage’ 
for all specimens. In this test procedure for weight difference, a reduced 
dataset (nominal) to characterize only negative and positive weight 
difference values was used. The effect size and strength of the associa
tion was indicated via Cramer’s V. All further correlations between 
‘weight difference’ and ‘mechanical properties’ as well as ‘loss tangent’ 
were investigated via Pearson’s correlation tests (p < 0.05) by grouping 
the data according to the respective CRM and using the respective scaled 
parameters. 

Mean values and standard deviations of weight differences and me
chanical properties were calculated, and the normality of data distri
bution was tested using the Kolmogorov-Smirnov and Shapiro-Wilk 
tests. A three-way multivariate analysis of variance (MANOVA) was 
performed on the calculated means to test the influence of the material, 
sign of the specimen weight difference, and storage cycle on all inves
tigated mechanical properties (FS, ME, MR, MT, ER). Pillaís Trace test 
was used on loss tangent to account for the inhomogeneity of variances. 
Only the main effects (material, sign of the specimen weight difference, 
storage cycle) were subsequently analyzed in detail. The dataset was 
split according to the respective material and each of the four weight 
differences, followed in each case by a series of follow-up one-way 
ANOVAs conducted in combination with Welch tests to account for the 
inhomogeneity of variances. 

Post hoc comparisons were carried out to determine significant dif
ferences for each mechanical property and loss tangent values. The 
Bonferroni test was used in the case of homogeneity of variances and the 
Games-Howell test in the case of inhomogeneity of variances. All sta
tistical analyses were carried out using IBM SPSS Statistics for Windows 
(version 26.0.0.0, IBM World Trade Corporation, Armonk, NY, USA) at a 
significance level of α = 0.05. 
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3. Results 

3.1. Chi-square test of association 

The results of the chi-square test of association (2x2) show that there 
is a perfect association between ‘weight difference’ and ‘storage condi
tion’ (χ2 (1, N = 450) = 450,000, p < 0.001, V = 1.0) with a large effect 
size (Cramer’s V). Hence, specimens revealing a negative sign of weight 
difference invariably belong to the group investigated after drying and 
those with a positive sign in the group after thermocycling (Table 2). 

Conversely, no significant association was detected between ‘weight 
difference’ and ‘cycle of storage’ (χ2 (1, N = 450) = 3.571, p = 0.059, V 
= 0.089) with a negligible effect size (Cramer’s V). The sign of weight 
difference is therefore not significantly associated with the cycle of 
storage as displayed in the respective crosstab (Table 3). 

3.2. Pearson’s correlation test 

Selected results of the Pearson’s correlation tests performed are 
summarized in extracts in Table 4. This primarily focusses on reporting 
comparisons between weight difference and mechanical properties as 
well as loss tangent data and mechanical properties. Accordingly, sig
nificant and very strong ‘negative’ linear relationships were observed 
between weight difference and all mechanical properties (FS, ME, MR, 
MT, ER) for SB (− 0.751 ≤ r ≤ − 0.890, p < 0.001, n = 60) and LU 
(− 0.653 ≤ r ≤ − 0.897, p < 0.001, n = 60) while for MPM just strong 
‘negative’ linear relationships (− 0.418 ≤ r ≤ − 0.649, p < 0.001, 
n = 60) were detected. The only exception was for MT were no signifi
cant correlation was observed (r = 0.011, p = 0.934, n = 60) (Table 4). 
Conversely, very strong ‘positive’ linear relationships were detected for 
all three independent CRMs between weight difference and loss tangent 
data (0.846 ≤ r ≤ 0.994, p < 0.001, n = 45) (Table 4, eighth row). 

Furthermore, significant and likewise strong ‘negative’ linear re
lationships were found between loss tangent data and mechanical 
properties for all three CRMs (− 0.443 ≤ r ≤ − 0.899, p ≤ 0.002, n = 45) 
with only one exception, namely again for MPM and its MT dataset. That 
revealed a negligible relationship with loss tangent (r = 0.097, 
p = 0.528, n = 45) (Table 4). (n, sample size; p, significance level; r, 
Pearson’s correlation coefficient). 

3.3. Three-way multivariate analysis of variance 

Table 5 shows the results from the three-way MANOVA. As indicated 
by the p values, the two independent variables ‘material’ and ‘weight 
difference’ showed statistically significant effects (p < 0.001), while for 
the variable ‘cycle’, no significant effect was determined (p = 0.222). 
Considering the interactions, only a statistically significant effect was 
found (p < 0.020) for those combinations containing both independent 
variables ‘material’ and ‘weight difference’ together, whereas all other 
possible combinations showed no significant effect (p ≥ 0.05) (Table 5). 
Large effect sizes [61] were only determined for the independent vari
ables ‘material’ (η2

p = 0.946), ‘weight difference’ (η2
p = 0.940) and for 

their combination (η2
p = 0.469), while for all other variables and com

binations negligible effect sizes were obtained (η2
p < 0.064). 

Only the main effects were focused on and further analyzed in detail 
as they showed the highest differentiation in effect sizes. Tests of 
between-subject effects showing the influence on mechanical properties 
are described in separate tables for the fixed factors ‘material’ (Table 6), 
‘weight difference’ (Table 7), and ‘cycle’ (Table 8). For the different 
‘materials’ and both ‘weight differences’, the mechanical properties al
ways showed ‘highly significant’ effects (p < 0.001) with large effect 
sizes (η2

p > 0.338), except for the combination ‘weight difference’ and 
MT where only a ‘significant’ effect was observed (p = 0.004, η2

p =

0.050) (Table 7). Conversely, for the fixed factor ‘cycle’ all mechanical 
properties revealed no significant effects (p > 0.05) with very low effect 
sizes (η2

p < 0.020) (Table 8). 

3.4. One-way ANOVAs and post hoc comparisons 

3.4.1. Weight differences 
Statistical comparisons are documented with separate boxplot dia

grams that display CRM medians of the calculated weight differences 
between various storage conditions (Fig. 2) and the respective medians 
of all determined mechanical properties (Figs. 3 – 8). Independent of the 
material and the cycle of the storage condition, thermocycling of the 
specimen always revealed positive weight differences, whereas after 
drying constantly negative weight differences were observed (Fig. 2). 
Comparisons of these weight differences always showed means that 
were significantly different (p < 0.001), independent of whether mate
rials or storage conditions were compared (Fig. 2). 

3.4.2. Mechanical properties and loss tangent 
Opposite effects were clearly obtained for all investigated mechani

cal properties. After thermocycling nearly all cases showed significantly 
lower mean values than dried to desorb the material’s inherent water 
(uppercase letters Figs. 3 - 7) (p < 0.01). Only one exception was 
observed for MPM with its MT (Fig. 6) and ER (Fig. 7) datasets, which 
revealed no such significant differences but instead showed results that 
were partly not distinguishable (p > 0.05). 

Unlike the obvious effect of decreasing mechanical properties with 
positive specimen weight differences (thermocycling and water ab
sorption), for loss tangent datasets, opposite results were obtained that 

Table 2 
Association between sign of weight difference and storage condition.     

Storage condition     

Thermocycling Drying 37 ◦C Total 

Weight difference Negative difference Count 0 180 180   
% within weight difference 0.0% 100.0% 100.0%  

Positive difference Count 270 0 270   
% within weight difference 100.0% 0.0% 100.0% 

Total  Count 270 180 450   
% within weight difference 60.0% 40.0% 100.0%  

Table 3 
Association between sign of weight difference and cycle of storage.     

Cycle of storage     

1. 
Cycle 

2. 
Cycle 

Total 

Weight 
difference 

Negative 
difference 

Count 135 45 180   

% within weight 
difference 

75.0% 25.0% 100.0%  

Positive 
difference 

Count 180 90 270   

% within weight 
difference 

66.7% 33.3% 100.0% 

Total  Count 315 135 450   
% within weight 
difference 

70.0% 30.0% 100.0%  
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always showed the significantly highest values of loss tangent with 
thermocycling and concurrently positive specimen weight differences, 
independent of the CRM investigated (Fig. 8) (p < 0.001). Conversely, 
for drying (negative weight differences and water desorption), the 
significantly lowest loss tangent data were repeatedly acquired (Fig. 8), 
while under the same conditions, the highest mechanical properties 
were concurrently obtained (Figs. 3 - 7). 

3.4.3. Materials 
A comparison of the three different CRMs was made. For MPM, the 

significantly lowest datasets regarding FS and ME and the highest results 
for LU with SB positioned in between (p < 0.001) (lower case letters 
Figs. 3 - 4) were obtained after drying. A similar outcome was obtained 
after thermocycling, except that for FS, datasets of SB and MPM were not 
distinguishable (p > 0.05) and both together were significantly lower 

Table 4 
Selected results of Pearson’s correlation tests between weight difference values and mechanical properties (FS, ME, MR, MT, ER) and loss tangent.  

CRM property FS [MPa] ME [MPa] MR [MJ/m3] MT [MJ/m3] ER [MJ/m3] Loss tangent 

Shofu Block Weight difference r = − 0.890, 
p < 0.001 

r = − 0.890, 
p < 0.001 

r = − 0.848, 
p < 0.001 

r = − 0.751, 
p < 0.001 

r = − 0.807, 
p < 0.001 

r = 0.994, 
p < 0.001  

Loss tangent r = − 0.899, 
p < 0.001 

r = − 0.887, 
p < 0.001 

r = − 0.816, 
p < 0.001 

r = − 0.767, 
p < 0.001 

r = − 0.815, 
p < 0.001 

—————————— 

Lava Ultimate Weight difference r = − 0.843, 
p < 0.001 

r = − 0.897, 
p < 0.001 

r = − 0.861, 
p < 0.001 

r = − 0.653, 
p < 0.001 

r = − 0.765, 
p < 0.001 

r = 0.991, 
p < 0.001  

Loss tangent r = − 0.824, 
p < 0.001 

r = − 0.897, 
p < 0.001 

r = − 0.819, 
p < 0.001 

r = − 0.579, 
p < 0.001 

r = − 0.718, 
p < 0.001 

—————————— 

MPM Disc Weight difference r = − 0.630, 
p < 0.001 

r = − 0.649, 
p < 0.001 

r = − 0.587, 
p < 0.001 

r = 0.011, 
p = 0.934 

r = − 0.418, 
p = 0.001 

r = 0.846, 
p < 0.001  

Loss tangent r = − 0.705, 
p < 0.001 

r = − 0.881, 
p < 0.001 

r = − 0.632, 
p < 0.001 

r = 0.097, 
p = 0.528 

r = − 0.443, 
p = 0.002 

—————————— 

CRM, CAD/CAM restorative material 

Table 5 
Results from the multivariate analysis of variance with Pillai’s trace.  

Independent Variable Value F Hypothesis df Error df p Partial Eta squared 

Material  1.893  556.7  10  316 < 0.001  0.946 
Weight difference  0.940  491.6  5  157 < 0.001  0.940 
Cycle  0.043  1.4  5  157 0.222  0.043 
Material × Weight difference  0.938  27.9  10  316 < 0.001  0.469 
Material × Cycle  0.111  1.9  10  316 0.050  0.056 
Weight difference × Cycle  0.037  1.2  5  157 0.305  0.037 
Material × Weight difference × Cycle  0.129  2.2  10  316 0.019  0.064 

p values < 0.05 designate significant differences 

Table 6 
Test of between-subjects effects for the fixed factor material on mechanical properties.  

Dependent Variable Sum of Squares df Mean of Squares F ratio p value Partial Eta squared 

FS 105298.6 2 52649.3 482.3 < 0.001  0.857 
ME 3043636336.0 2 1521818168.0 15613.2 < 0.001  0.995 
MR 1.4 2 0.7 41.0 < 0.001  0.338 
MT 188.3 2 94.2 417.9 < 0.001  0.838 
ER 48.1 2 24.0 578.6 < 0.001  0.878 

p values < 0.05 designate significant differences. 

Table 7 
Test of between-subjects effects for the fixed factor weight difference on mechanical properties.  

Dependent Variable Sum of Squares df Mean of Squares F ratio p value Partial Eta squared 

FS 48231.5 1 48231.5 441.8 < 0.001  0.733 
ME 57836002.8 1 57836002.8 593.4 < 0.001  0.787 
MR 5.7 1 5.7 332.4 < 0.001  0.674 
MT 1.9 1 1.9 8.6 0.004  0.050 
ER 5.9 1 5.9 142.4 < 0.001  0.469 

p values < 0.05 designate significant differences. 

Table 8 
Test of between-subjects effects for the fixed factor cycle of storage on me
chanical properties.  

Dependent 
Variable 

Sum of 
Squares 

df Mean of 
Squares 

F 
ratio 

p 
value 

Partial 
Eta 
squared 

FS 323.9 1 323.9  2.967  0.087  0.018 
ME 255772.0 1 255772.0  2.624  0.107  0.016 
MR 0.001 1 0.001  0.039  0.844  0.000 
MT 0.362 1 0.362  1.606  0.207  0.010 
ER 0.075 1 0.075  1.816  0.180  0.011 

p values < 0.05 designate significant differences. 
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than the results of LU (p < 0.001) (lower case letters Fig. 3). 
The situation changes when the datasets for MT (Fig. 6) and ER 

(Fig. 7), respectively, are compared. Now MPM always reveals the 
significantly highest results for both thermocycling and drying 
(p < 0.001), while SB and LU had the lowest results, which in most cases 
were not significantly different (p > 0.05). Concerning MR (lower case 
letters Fig. 5) the results for LU and MPM were not significantly different 
(p > 0.05), irrespective of whether thermocycling or drying data were 
evaluated. But the respective comparison with SB mostly revealed the 
significantly highest data sets for SB (p < 0.05) (lower case letters 
Fig. 5). 

4. Discussion 

4.1. Influence of storage condition on weight difference and water 
equilibrium 

The well-known phenomenon that storage conditions may largely 
affect material characteristics and, ultimately, the long-term behavior of 
artificial restorative materials during their service life was also observed 
in this in vitro study. A perfect correlation between the storage condition 
and the sign of specimen weight differences was determined (χ2 (1, 
N = 450) = 450,000, p < 0.001, V = 1.0). This indicates a well-defined 

Fig. 2. Percentage weight differences between two different storage conditions. Missing identical uppercase letters on the top denote significant differences among 
cycles for the same CRM (p < 0.05). Missing identical lowercase letters below denote significant differences among different CRMs for the same cycles (p < 0.05). 
+ WDA, weight difference absorption; - WDD, weight difference desorption; circles represent outliers. 

Fig. 3. FS datasets arranged according to CRMs and storage conditions. Identical uppercase letters on the top denote no significant difference among cycles for the 
same CRM (p > 0.05). Identical lowercase letters below denote no significant differences among different CRMs for the same cycles (p > 0.05). Circles repre
sent outliers. 
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water absorption behavior of CRM specimens during thermocycling and 
likewise a specific desorption characteristic during the respective drying 
process. Therefore, the first null hypothesis that no correlation exists 
between the ‘sign of the weight difference’ and the ‘storage condition’ 
has to be rejected. 

In daily practice, the amount of absorbed water in artificial restor
ative materials as well as in natural tissues may vary considerably. It 
strongly depends on the chemical composition, molecular structure, and 
hydrophilicity of the investigated material, especially in polymer-based 
restorative materials [11,62]. Various equilibrium states may therefore 
be assumed to exist under wet conditions. These appear to be latently 
present and have the potential to be specifically triggered and shifted to 

either higher or lower degrees of water content. Such effects seem to 
have been realized in the CRMs examined in this study, which indicates 
the presence of invertible processes. Lohbauer et al. also recently 
investigated the water uptake of different CRMs but for the first time via 
coulometric titration and they reported a ‘base water content’ that could 
modulate the amount of additional water sorption [63]. This observa
tion seems to indicate the existence of alterable water equilibrium states, 
which may be influenced by exogenous factors that ultimately affect 
material properties and thus induce variable material behavior. Unfor
tunately, it is not clear whether the postulated ‘base water content’ 
(bound water) in the study of Lohbauer may be explicitly assigned to 
existing and separated ‘water molecules’ that could still be evaporated 

Fig. 4. ME datasets arranged according to CRMs and storage conditions. Identical uppercase letters on the top denote no significant difference among cycles for the 
same CRM (p > 0.05). Missing identical lowercase letters below denote significant differences among different CRMs for the same cycles (p < 0.05). Circles 
represent outliers. 

Fig. 5. MR datasets arranged according to CRMs and storage conditions. Identical uppercase letters on the top denote no significant difference among cycles for the 
same CRM (p > 0.05). Identical lowercase letters below denote no significant differences among different CRMs for the same cycles (p > 0.05). Circles repre
sent outliers. 
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and quantified or to the ‘free water’ (unbound), now under much severer 
conditions. Or should this ‘base water content’ instead be related to 
chemical reaction processes (where water is released as a reaction 
by-product) taking place under the markedly high testing temperatures 
of 200 ◦C reported by Lohbauer. These conditions were obviously 
necessary to completely evaporate the water of CRMs in the respective 
study so that is was finally available for determination via coulometric 
titration [63]. Such water-releasing chemical reaction processes may 
involve well-known transformation processes on hygroscopic and un
coated hydroxylated filler particle surfaces (omnipresent equilibria) 
[64,65] or equally on the respective silane-coated surface structures, 

where continuing condensation processes and equilibria in the silane 
layer may constantly release water [26,66], especially at the markedly 
elevated temperatures of 200 ◦C described by Lohbauer [63]. 

The ‘free volume theory’ [67] explains in detail how solvents in 
glassy polymers diffuse depending on the motion capability of individ
ual polymer chains. The main outcome of this theory is still a dual-mode 
model, which supposes that the amount of captured solvent or water 
molecules comprise two different populations in glassy polymers, 
namely those in the hole-free volume (space is continuously redis
tributed by thermal fluctuation and responsible for Henry’s sorption) 
and those in the interstitial free volume (remaining space of pre-existing 

Fig. 6. MT datasets arranged according to CRMs and storage conditions. Identical uppercase letters on the top denote no significant difference among cycles for the 
same CRM (p > 0.05). Identical lowercase letters below denote no significant differences among different CRMs for the same cycles (p > 0.05). Circles repre
sent outliers. 

Fig. 7. ER datasets arranged according to CRMs and storage conditions. Identical uppercase letters on the top denote no significant difference among cycles for the 
same CRM (p > 0.05). Identical lowercase letters below denote no significant differences among different CRMs for the same cycles (p > 0.05). Circles repre
sent outliers. 
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un-relaxed free volume responsible for Langmuir’s sorption) [67,68]. To 
some extent, this dual-mode model interpretation may plausibly support 
the results and presumptions of Lohbauer et al. [63], and it also provides 
a better understanding of the equilibrium conditions observed 
throughout the water sorption and desorption processes in our study. 
Nevertheless, further investigations for a deeper understanding of such 
free-volume phenomena are needed for a more profound understanding 
of solvent motion and equilibria processes in dental polymers, com
posites, and especially the CRMs that are now more frequently used. 

Furthermore, the question arises as to whether shifts of equilibrium 
states of the water content to an extreme side can be assigned to be 
reversible and whether they can be reverted to the original condition 
without leaving irreversibly destroyed structures behind [69,70]. Our 
study provides an initial answer for CRMs by demonstrating a revers
ibility of water sorption/desorption for two cycle times. For the 
composite-based materials (SB, LU) a very similar behavior is shown in 
the second storage cycle compared to the first (Fig. 2) (SB: 1. Cycle 
+1.23%; 2. Cycle +1.75%; LU: 1. Cycle +0.83%; 2. Cycle +1.01%). 
However, for the PMMA-based CRM (MPM) under the same conditions, 
a considerably higher effect of sorption (+7.71%) and desorption 
(− 7.81%), together with rather high standard deviations, were observed 
in the second storage cycle compared to the first (+2.77%; − 3.31%) 
(Fig. 2). This unexpected behavior of MPM compared to SB und LU may 
be explained via the assumption that during the first water storage 
(thermocycling) unreacted monomers and further freely movable com
ponents may have leached from the specimens while simultaneously 
leaving behind empty spaces inside the macromolecular structures into 
which additional water molecules could have penetrated later during 
the second storage cycle (thermocycling). This observation was also 
reported by Sideridou et al. [71], who investigated dimensional changes 
of light-cured dimethacrylate resins after sorption and desorption of 
water or ethanol in two independent treatment cycles. In the first cycle, 
they always found significantly higher SL(%) values (solubility of 
unreacted monomer) compared to the second storage cycle. At the same 
time, values of the calculated weight increase (percentage of weight 
increase of specimens - WI(%)) were always significantly higher in the 
second storage cycle. Unfortunately, no information concerning the 
impact of this phenomenon on mechanical properties is available for 

that study. 
Our study revealed only a very weak correlation between the ‘sign of 

the weight difference’ and the ‘cycle of storage’ (χ2 (1, N = 450) 
= 3.571, p = 0.059, V = 0.089). This implies that the observed effects 
on the behavior of CRMs during the respective sorption and desorption 
processes occur in a similar manner in each treatment cycle and there
fore appear to be independent of the treatment cycle. A very similar 
outcome was also observed for the parameters investigated by Sideridou 
et al. [71] (percentage water sorption, volume increase, degree of 
swelling), which showed no significant differences between two sepa
rate treatment cycles irrespective of whether water or ethanol was used 
for the sorption and desorption process in cured resin blends. This 
perfectly corroborates our results. 

4.2. Influence of weight difference and water content on mechanical 
properties 

A significant effect of the independent variable ‘weight difference’ on 
the mechanical properties was observed, which simultaneously showed 
a large effect size (p < 0.001, η2

p = 0.940). Furthermore, very strong 
‘negative’ linear relationships were observed between weight difference 
and mechanical properties but very strong ‘positive’ linear relationships 
were determined between weight difference and all loss tangent data. 
Therefore, the second null hypothesis that the mechanical properties of 
CAD/CAM restorative materials are independent of the sign of the 
weight difference has to be rejected. 

The frequently described phenomenon that mutable solvent sorption 
and desorption processes in artificial dental restorative materials may 
markedly alter their material structures [72,73], dimensions [71,74,75], 
and hence likewise change their mechanical properties [76] during their 
service life was also observed in our study. Unfortunately, in some 
previous investigations, such changes due to extensive water uptake 
were prematurely attributed to persistent hydrolytic degradation pro
cesses [2–6] and consequently to long-term mechanical deterioration. 
On the other hand, many authors primarily associate water uptake more 
logically with swelling processes of polymer networks [1], which are 
particularly perceptible in altered material properties and consequently 
in diverging restoration behavior. Nevertheless, in most of these 

Fig. 8. Loss tangent values arranged according to CRMs and storage conditions. Missing identical uppercase letters on the top denote significant differences among 
cycles for the same CRM (p < 0.05). Missing identical lowercase letters below denote significant differences among different CRMs for the same cycles (p < 0.05). n. 
a., not available. 
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investigations, very little, if any, information is available about whether 
the observed effects appear to be reversible or are associated with 
equilibrium processes, as demonstrated in our study. For the sake of 
simplicity, early studies investigated this effect more frequently for pure 
resin systems containing no reinforcing fillers. For example, the first 
results were reported for polymethylmethacrylate in 1952 during 
research on its viscoelastic material behavior [77]. In that study, water 
uptake markedly lowered the modulus data that were continuously 
recovered during a steadily increased oven storage time at 108 ◦C. The 
authors concluded ‘It seems clear-cut that the change in modulus follows 
the water loss’ demonstrating a continuous increase in modulus data 
[77]. Identical results were observed in our study for the congeneric 
polymethylmethacrylate-based MPM with the observed effects for ME 
even being repeatable a second time (Fig. 4). A very similar outcome was 
later reported for different methacrylate-based resin blends commonly 
used in dental composite materials [78] and related resin blends com
parable with commercial bonding systems where the ‘decrease in 
modulus was proportional to the degree of water sorption’ [62]. Inter
estingly, this effect of modulus decimation was only observed after 
specimen storage in water and could not be substantiated with the same 
samples stored in a hydrophobic liquid like hexadecane [62]. This 
observation clearly shows that the solvent uptake and its resulting in
fluence on long-term material properties strongly depends on the po
larity of the solvent molecules being absorbed. Similar effects were 
previously reported for matrix and interfacial cracks that occurred in 
structures with absorbed ethanol as a solvent but which were not 
similarly detected in alternative water-based systems [16]. Further 
comparable effects were discovered for aromatic dimethacrylate resins 
and their fluorinated counterparts, which showed significantly less 
water sorption and thus decreased mechanical property degradation for 
the corresponding fluorinated resin matrix [79,80]. Generally, the closer 
the match between the polarities of solvent and substrate molecules, the 
greater the likelihood of solvent uptake together with the induced 
solvent-inherent influences on the glass transition temperature (Tg) of 
polymeric structures [40,81]. Hence, solvent molecules are considered 
to change the polymer microstructure. They are capable of migrating in 
between polymer chains during the swelling and plasticization process 
and hence loosening structures and facilitating chain movement and 
slipping phenomena [82], and in this way, ultimately lower the glass 
transition temperature (Tg). As a result, common mechanical properties 
may be considerably reduced because the stiffness and rigidity of 
structures are markedly degraded. This solvent-induced impact on ma
terial properties was similarly observed in our study for all CRMs 
investigated under wet conditions, and the observed effects were even 
reversible and repeatable. While FS, ME, and MR datasets, which pri
marily describe a material’s stiffness and rigidity, were always signifi
cantly decreased after water uptake during the thermocycling process 
(Figs. 3 - 5), concurrently, loss tangent data, describing merely tough 
and damping material characteristics, showed markedly increased 
values (Fig. 8) at all times. Hence, this result explicitly exemplifies a gain 
in energy dissipation and damping properties of CRMs solely due to an 
increase in water content. A very similar effect, also resulting from a 
lowered glass transition temperature, induced a reduction in the storage 
modulus of dental nanofilled light-curing resin composites [18] while at 
the same time a significant increase in loss tangent values was observed. 
This result perfectly corroborates the findings of our study. 

A further meaningful insight into water absorption effects and 
equilibrium states is gained if filler particles are added to a resin matrix. 
Söderholm et al. [70,83] reported ‘a significant strength recovery after 
dehydration’ during tensile testing when pooled datasets of different 
commercial composite specimens were compared after previous storage 
in distilled water (60 ◦C, 6 months). Initial pooled values of dry samples 
(42.2 MPa) were again closely approached (30.8 MPa) after drying 
(desiccator 60 ◦C, 2 weeks) when compared to the previously deter
mined results of wet specimens (23.3 MPa). In the same study, data 
recovery for individual composite materials after the wetting and drying 

processes appeared to be strongly dependent on the filler composition 
and the filler surface treatment. While some composites showed a du
rable strength degradation without any data recovery, a few materials 
almost recovered or even exceeded their original values [70]. This 
observation for composite-based materials provides an early indication 
of the assumption that changes to mechanical properties, explicitly due 
to water sorption phenomena, may also be based on equilibrium effects 
of at least partly reversible processes, as already observed in just pure 
resin systems. Similarly, in our study, equilibrium processes during 
water sorption and desorption were detected for both composite-based 
CRMs (SB, LU) when mechanical properties were compared after 
repeated thermocycling or the respective drying processes. Irrespective 
of whether wet or dry conditions are considered, previous material 
properties were repeatedly attained and completely recovered even 
though a second independent cycle of specimen treatment was executed. 
Therefore, no signs of irreversible processes or material degradation 
were substantiated in any cases, which supports the assumption of 
harmless equilibrium processes being involved during regular water 
sorption in composite-based CRMs. However, the main difference be
tween the results obtained in our study and those of the early composite 
investigations of Söderholm [70] can be attributed to the optimized 
silanization procedures [21,22] and modern drying techniques used in 
the meantime for filler coating and surface treatments. This may explain 
Söderholm’s results for some composites, which did not even partly 
recover their properties after drying and where, consequently, severe 
filler degradation processes could still have occurred and played an 
important role [84]. Nevertheless, with today’s sophisticated 
silane-based filler coating technology [81], water-induced property 
degradation in contemporary composite materials is apparently due 
more to the effects primarily emerging from resin and polymer struc
tures, which may be particularly prone to a water-induced drop of their 
glass transition temperature (Tg) [85,86]. 

Despite this, in modern composite materials [87,88] and experi
mental composites [89], a steadily increasing amount of well-silanized 
fillers continuously reduces the percentage proportion of the resin ma
trix and hence also the water sorption capacity of the resulting restor
ative materials. A very similar effect was recently described for CRMs by 
Silikas et al. [87], who found a negative relationship between the filler 
weight percentage and the sorption capability of CRMs in water and 
artificial saliva. Consequently, with increased filler content, not just the 
water uptake is reduced but also potentially the well-known water-
induced effect of mechanical property degradation. This coincidently 
emerges with the general phenomenon that an increased filler content 
fundamentally raises common mechanical properties [89–91]. This 
special effect of the filler was similarly observed in our study, where 
MPM exhibited the lowest filler percentage and LU the highest (Table 1). 
At the same time, MPM showed the highest water absorption (gain in 
weight after thermocycling) and LU the lowest water uptake with SB at 
all times in between (Fig. 2). The considerably high water uptake of SB 
compared to LU was also independently observed in recent studies [87, 
92] and used in our previous publication to explain the rather high 
mechanical property decline for SB after thermocycling in comparison to 
LU and further investigated CRMs [45]. The same result was reproduced 
in the present study but with the main difference that the observed effect 
of property degradation for SB und LU following water sorption 
appeared to be completely reversible after drying the respective speci
mens, even if repeated treatment cycles were additionally applied. This 
finding clearly confirms the existence of invertible equilibrium processes 
during mutable water sorption of composite-based CRMs and so also 
verifies the presence of induced reversible effects on the alteration of 
mechanical properties. 

In contrast to the results discussed above, where for all investigated 
CRMs, conventional mechanical properties invariably revealed a 
considerable but reversible degradation after water sorption, the energy 
dissipation and material damping effects, partially emerging via visco
elastic material behavior (loss tangent data) are inversely affected 
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(Fig. 8; Table 4) with a positive impact on material stability. This like
wise reversible effect implies a considerable improvement of destructive 
energy attenuation in the wet condition for CRMs and contributes to 
protect restorations from premature failure. That may increase the ser
vice life, although during the respective water uptake, conventional 
mechanical properties, which mainly characterize a material’s rigidity 
and stiffness, are concurrently degraded. A very similar effect was pre
viously described for loss tangent data of ‘luting materials’ [10], 
‘nanofilled resin composites’ [18], and further for ‘posterior teeth 
composites’ [76,93], where this effect exhibited a marked decrease of 
the modulus and strength data during water uptake but concomitantly 
demonstrated continuously increased creep properties, which have to be 
considered as a time-dependent damping effect too [94]. This inverse 
correlation of Young’s modulus and loss tangent data has already been 
documented in detail by Ashby diagrams [95] and was recently used to 
explain different damping properties of CRMs [96]. At first glance, the 
apparently opposite effect of water uptake on the modulus and visco
elastic properties appears to be counterproductive to attain the overall 
aim of long-lasting restoration stability. However, this concept was 
developed by nature over millions of years and is realized in numerous 
natural composite materials to efficaciously protect biological structures 
like bones [34], teeth [97], and other tissues [98,99] from unwanted 
overload and its destructive impact. Hence, water sorption should not 
universally be viewed as a phenomenon that provokes irreversible 
detrimental effects on common mechanical properties of artificial 
restorative materials. Rather, like in natural composites, its emergence 
appears to be vitally important to reduce rigidity and brittleness, in
crease material flexibility and toughness, and consequently improve 
damping properties in artificial structures based on the model of nature. 
The presence of water is evidently crucial to achieving a suitable balance 
between all essential material properties with the aim of optimally 
replacing natural tissues with artificial restorative materials as bio
mimetically as possible to maximize the chances of a long-lasting service 
life. Ferracane et al. [100] also highlighted the importance of long-term 
water aging processes to reliably assess the stability of material prop
erties in the wet condition. For their experimental materials, they 
concluded ‘it is unlikely that dental composites will undergo drastic 
increases in wear or fracture rate as a result of degradation of the 
polymer matrix, filler, or filler-matrix interface in water’ [100]. This 
perception is also confirmed by the results from our study for CRMs, 
which for water-based storage media show reversible and repeatable 
material property changes resulting from a mutable water content that 
obviously belongs to variable equilibrium states. Furthermore, varying 
water uptake seems to induce a positive effect on damping character
istics, crack behavior, and hence material stability. Complementary in
vestigations to assess the influence of mutable water content on crack 
initiation and crack propagation are currently being performed in our 
labs. 

The pronounced effect of water uptake on damping characteristics of 
CRMs is most obvious for SB in the present study because the gain of loss 
tangent data in this particular case was the highest observed (almost 
doubled) followed by LU and MPM (Fig. 8). Very similar results showing 
water-induced increases in creep properties and hence damping char
acteristics were previously reported by Ruyter et al. [93] for composite 
inlay materials and recently by Silikas et al. [101] who investigated the 
viscoelastic stability of CRMs. For all dry specimens tested, they always 
reported a significantly lower ‘creep strain’ and ‘creep recovery’ 
compared to those specimens stored for three months in water. In their 
study, SB datasets constantly demonstrated the significantly highest 
creep strain results, especially in comparison to LU, thus corroborating 
the outcome described above for loss tangent data in our study. Unfor
tunately, Silikas provided no information about whether the results 
obtained were also repeatable. Nevertheless, the different behavior of SB 
and LU may be explained by their varying water uptake capabilities. 
Even though SB demonstrated only a slightly higher water uptake than 
LU (Fig. 2) [87,92] the influence of this effect on the swelling 

phenomenon, molecular slipping characteristics, and thus induced 
lowering of the glass transition temperature of the polymer matrix ap
pears to be strong enough to markedly increase the loss tangent data of 
SB, which are significantly higher than those of LU and also very closely 
approaching the prominent results of MPM (Fig. 8). This particular 
outcome demonstrates that comparatively low damping characteristics 
of an artificial composite material in the dry condition may be un
equivocally raised to significantly higher values solely due to the ab
sorption of pure water while at the same time reversibly sacrificing some 
small amounts of high-level mechanical properties like FS and ME and so 
also proportionally discarding material rigidity and brittleness. It is 
self-evident that such powerful effects may have a multitude of different 
causes on the molecular level, and in many cases, strongly depend on the 
particular material composition and polymer crosslinking structures as 
well as the solvent and solute properties. A very similar stabilization 
effect of water uptake was reported by Ferracane et al. [16], who found a 
significant increase in fracture toughness data for experimental com
posites after water aging for 14 months. The results obtained were 
explained by different filler/matrix interactions assuming partial fill
er/matrix de-bonding effects [16]. Hence, previous literature was cited 
where poorly bonded fillers were supposed to provide sites on their 
surfaces that facilitate enhanced energy dissipation effects by increasing 
the total energy needed to propagate a crack, and therewith, simulta
neously raising KIC values [102,103]. Very similar and repeatedly 
reversible effects during multiple water uptake were recently observed 
for supramolecular fibers showing drastic changes in the material 
structure and, with that, improved stress-strain behavior, damping 
characteristics and an alterable super contraction [104]. In this partic
ular case, all mechanical properties, especially the contraction behavior, 
appeared to be systematically tunable according to the humidity level, 
providing the opportunity to fabricate biomimetic muscles for prosthetic 
limbs. Consequently, future developments in composite and CRM tech
nology should likewise focus on similar material structures with 
water-tunable properties, currently often based on hydrogel chemistry 
under wet conditions [105], to incorporate improved viscoelastic ma
terial characteristics, energy dissipation capabilities, fracture resistance, 
and thus long-term durability into biomimetic artificial restorative 
materials. 

4.3. Influence of material on mechanical properties 

Another important result of our study is the substantiation of a sig
nificant effect of the independent variable ‘material’ on the mechanical 
properties where a large effect size was observed (p < 0.001, η2

p =

0.946). Hence, the third null hypothesis that the mechanical properties 
of CRMs are independent of the material has to be rejected. As previ
ously reported for CRMs and their common mechanical properties like 
FS and ME [45], also in the present study, significantly higher datasets 
were obtained for LU compared to MPM, with SB values perfectly 
positioned in between (Figs. 3 – 4). This ranking may be reasonably 
explained by the various filler weight percentages of the respective 
CRMs (Table 1) determined in the present study using the 
well-established ashing in air technique having advantages over the 
acetone dissolution method in this particular case [47]. As previously 
demonstrated for experimental composites [89,90] and contemporary 
filling materials [91], where a continuously increased filler amount was 
unequivocally accounted for a marked increase in common mechanical 
properties, similarly LU with its comparatively high filler loading 
showed the highest datasets for FS and ME observed in this study. 

A reversed sequence of the overall ranking for the same CRMs was 
found regarding material properties like MT (Fig. 6) and ER (Fig. 7), 
where datasets partially describe energy dissipation properties, such as 
permanent plastic material deformation and creep effects. Hence, in 
these cases, MPM constantly exhibited the significantly highest results 
when compared with SB and LU, which corroborates perfectly with our 
previously published findings [45,46]. The deviant behavior can 
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similarly be explained via the different filler content of the CRMs 
investigated (Table 1) and also by means of their various possibilities to 
form crosslinking structures between polymer chains. Hence, the 
comparatively high filler content of LU and SB, in combination with 
their polymer structures based solely on bis-methacrylate resins that 
predominantly generate extended crosslink densities during the poly
merization process, impede polymer chain movement, slipping of mo
lecular structures and, hence relaxation processes on the molecular 
level. These effects impart more rigid and less tough material properties 
to the final restoration. In contrast, MPM, with its exceptionally high 
content of mono-methacrylate resins and consequently lower crosslink 
densities in the cured polymer structures, together with its lack of 
reinforcing fillers, logically allows markedly improved movement of 
molecular chains that results in pronounced tough material behavior. 
Hence, MPM shows considerably higher viscoelastic material deforma
tion than LU and SB, consequently increasing MT and ER datasets. 
Similarly, the same assumption of polymer chain slipping on the mo
lecular level can be used to explain markedly higher viscoelastic 
damping capabilities of MPM when compared to those of the other 
CRMs. MPM always showed the significantly highest loss tangent data 
irrespective of whether dry or wet specimens were compared (Fig. 8). An 
identical ranking of loss tangent data, corroborating the results of the 
present study, was previously reported where the same CRMs were 
investigated but instead after storage in distilled water (24 h; 37 ◦C) 
[106]. 

Finally, a totally different order of CRMs was determined in this 
study for MR datasets that describe just the pure elastic behavior of a 
material where Hooke’s law is valid and no plastic material deformation 
occurs until very near the proportional limit [46]. All CRMs showed a 
significant reduction of MR (yield strength) in the wet condition (Fig. 5). 
A very similar water-induced effect was observed in a previous study, 
showing a comparable reduction of the flexural strength at the propor
tional limit for moistened polymethylmethacrylate-based denture base 
materials [107], thus corroborating the results for MPM in our study. 
However, SB nearly always had significantly higher datasets than LU 
and MPM (Fig. 5). This effect of a higher elastic energy conversion for SB 
during the three-point bending test appeared to be more pronounced 
after specimens were dried and is conceivably due to a decreased 
polymer chain movement and a lowered slipping effect being caused by 
a reduced moisture content between adjacent polymer chain crosslinks, 
thus enhancing material stiffness and rigidity. Furthermore, high 
crosslink densities may generally impede polymer chain movement. This 
interpretation should be treated with caution, as no supporting experi
mental data of the respective crosslink densities are available yet for a 
reliable comparison. 

4.4. Impact on clinical practice 

Our study shows that although water uptake may markedly reduce 
common mechanical properties of CRMs, this effect reveals no perma
nent harmful or destructive impact on the composite material. Rather, it 
seems that this process can be repeatedly reversed several times with 
recovery of the previous material properties. Furthermore, water ab
sorption also results in very beneficial damping characteristics, which 
could potentially improve material stability and survival rates by 
providing biomimetic energy dissipation processes. This kind of damp
ing effect, in particular, may contribute to preventing artificial material 
structures from being irreversibly destroyed in the long term. Very 
similar phenomena where water uptake induces substantial material 
flexibility and so simultaneously provokes pronounced damping char
acteristics appear to be perfectly realized in natural composite structures 
like bone [34,108], tooth [35, 97, 109], and antler [110], with this effect 
primarily emerging via a pronounced viscoelastic material behavior 
[111–113]. Hence, future developments in artificial restorative mate
rials should mainly focus on continuously improving viscoelastic ma
terial properties, which are often intensified under wet conditions [18, 

113] with considerably enhanced damping effects like those demon
strated in our study. Consequently, contrary to common perception, 
water uptake should no longer solely be viewed as an unfavorable and 
adverse effect that primarily impedes long-term material survival by 
degrading conventional mechanical properties. Instead, water uptake 
should be regarded as a vital process for the genesis of precious damping 
properties in natural and artificial environments. 

4.5. Limitations of our study 

A first limitation is the usage of pure water as a solvent to imitate 
absorption and desorption processes in the oral environment, although 
artificial salvia [114] and other food-simulating liquids like 
ethanol-water mixtures [115] are more frequently utilized. It is 
well-known that individual dietary habits and changes may involve a 
multitude of different solvent mixtures in the mouth with different pH 
values and salt concentrations, which therefore induce situation-specific 
corrosion and degradation processes. However, it is still very difficult to 
simulate such particular conditions in vitro with standardized proced
ures [116]. Nevertheless, water is involved in many studies as an inte
gral part of various mixtures and has therefore become a standard 
solvent in most in vitro studies. We therefore used pure water in our 
study to simplify the handling of the double-walled heating chamber 
during the DMA measurement and, far more importantly, to standardize 
and facilitate the specimen weighing process, because other ingredients 
in water, especially inorganic salts, could have separated on surface 
structures during water evaporation thereby negatively influencing the 
data acquisition. Furthermore, osmosis phenomena that also commonly 
arise on interfacial surface layers in contact with concentrated salt so
lutions like ‘brine’ are still not understood in detail. Therefore, we 
wanted to avoid such effects in our study. 

The CRMs investigated in our study were polymerized with opti
mized and standardized industrial procedures. This resulted in a uniform 
material quality compared to standard composite restorative materials 
cured under clinical and sometimes humid conditions with different 
procedures (chemical or light activated). This might result in different 
degrees of monomer conversions, unreacted monomers, and crosslink 
densities than in vivo, and that could considerably affect a material’s 
solvent absorption and monomer elution capability, resulting in a 
markedly different material behavior during fracture mechanical tests. 

For reasons of simplicity, we used a static test procedure for the 
three-point bending test in our study, although dynamic test methods 
based on cyclic loading conditions exist that could yield substantially 
different outcomes for the resistance of a material structure to crack 
initiation and crack propagation. Further experiments concerning this 
are currently underway in our labs. At present, we cannot state whether 
the results obtained for CRMs in our study are universally valid and can 
also be found for other contemporary, composite-based, restorative 
materials. Further standardized experiments in this line of work are 
strongly recommended to acquire a deeper understanding of long-term 
material behavior of composite-based, artificial restorative materials 
in the wet environment. 

5. Conclusions 

Within the limitations of the present in vitro investigation, the 
following conclusions can be drawn for resin-based CAD/CAM restor
ative materials. Repeated thermocycling of the same test specimens was 
invariably accompanied by controlled water absorption and a concom
itant induced loss of common mechanical properties while simulta
neously bringing about markedly improved damping characteristics to 
dissipate detrimental fracture energy. Conversely, controlled drying of 
the same specimens recurrently increased mechanical properties by 
accurately converging measured values to the initial levels but 
concomitantly lowered damping characteristics and energy dissipation 
effects considerably. Despite repeated treatment of specimens under 
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different humid storage conditions and the resulting diverging water 
content, no evidence was found for persistent hydrolytic decomposition 
processes and, accordingly, long-term mechanical degradation of CRMs. 
Controlled water uptake in artificial restorative materials appears to 
balance, instead of permanently destroying, a multitude of material 
properties. It should therefore be considered vital for the development of 
pronounced damping effects in biomimetic restorative materials. 
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