
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The 
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available 
in this article, unless otherwise stated in a credit line to the data.

Koehler et al. BMC Oral Health          (2024) 24:206 
https://doi.org/10.1186/s12903-024-03967-7

BMC Oral Health

*Correspondence:
Stefan Schwan
stefan.schwan@imws.fraunhofer.de

Full list of author information is available at the end of the article

Abstract
Background  The various physical and chemical conditions within the oral cavity are hypothesized to have a 
significant influence on the behavior of denture adhesives and therefore the overall comfort of denture wearers. As 
such, this study aims to understand the influence of oral cavity physiological parameters such as temperature (17 to 
52 °C), pH (2, 7, 10), and denture adhesive swelling due to saliva (20–120%) on the behavior of denture adhesives. 
This study further aims to emphasize the need for a collective approach to modelling the in-situ behavior of denture 
adhesives.

Methods  Rheological measurements were carried out using the Super Polygrip Ultra fresh brand denture adhesive 
cream to evaluate its storage modulus (G´) and loss modulus (G´´) values at a range of physiologically relevant 
temperatures, pH values, and degrees of swelling, to represent and characterize the wide variety of conditions that 
occur within the oral cavity.

Results  Rheological data was recorded with respect to variation of temperature, pH, and swelling. Overall, it can 
be seen that the physiological conditions of the oral cavity have an influence on the rheological properties of 
the denture adhesive cream. Specifically, our data indicates that the adhesive’s mechanical properties are weakly 
influenced by pH, but do change with respect to the temperature in the oral cavity and the swelling rate of the 
adhesive.

Conclusions  Our results suggest that the collective inter-play of the parameters pH, temperature and swelling ratio 
have an influence on the behavior of the denture adhesive. The results clearly highlight the need for developing a 
multi-parameter viscoelastic material model to understand the collective influence of physiological parameters on the 
performance of denture adhesives. Multi-parameter models can also potentially be utilized in numerically simulating 
denture adhesives using finite element simulations.
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Background
Both partial and complete dentures are classic treatments 
for restoring functionality and aesthetic appearance in 
cases with the loss of several or all teeth. Patients with 
these prosthetics often also use denture adhesive cream 
[1]. The use of adhesives has been reported to make 
patients feel more secure in their social environment, 
being less afraid that the denture will loosen or fall out 
when they speak or eat [2–6]. Dentists naturally strive 
for ideal retention when fabricating a denture, which 
do not necessarily require the use of an adhesive cream. 
Nevertheless, many patients use denture adhesives. In 
addition to its positive effect on patient satisfaction, stud-
ies have also shown that denture adhesives significantly 
improve retention, stability, and chewing performance 
[2, 3, 6–9]. This applies to both well-fitting and ill-fitting 
dentures. However, an ill-fitting denture can lead to soft 
tissue trauma (pressure points, etc.) and accelerated 
alveolar ridge atrophy. Thus, denture adhesives on their 
own cannot replace relining by the dentist [3, 4, 10]. In 
its mode of operation, the denture adhesive supports the 
retention mechanisms of a denture by increasing the vis-
cosity of the saliva between the denture and the support-
ing mucosa [5, 7]. Responsible for this are the defined 
“active ingredients” of an adhesive, such as karaya gum, 
sodium carboxymethylcellulose, and synthetic polymers 
(e.g. polyethylene oxide, acrylamides, acetic polyvinyl), 
which swell and become more viscous in the presence of 
saliva [5]. In addition, “inactive ingredients” such as pet-
rolatum, mineral oil, and polyethylene oxide act as bind-
ers in these products [11]. Since the ideal bonding agent 
should ensure retention of the denture for 12 to 16 h [5], 
the product should be exposed to the conditions in the 
oral cavity for a longer period of time for relevant testing.

Due to the presence of saliva, the oral cavity is always a 
moist environment under normal physiology conditions. 
Lenz et al. (2000) describe the oral cavity and orophar-
ynx regarding its composition of different cell types and 
tissues, including salivary gland epithelia [12]. Saliva is 
produced by these major salivary glands (parotid gland, 
sublingual gland, and sublingual gland) and several minor 
salivary glands scattered throughout the oral cavity [13]. 
Saliva has a key role in chewing, swallowing, and diges-
tion, as well as maintaining moisture in the oral cavity 
[13]. Consequently, denture adhesives are also influenced 
by the presence and quantity of saliva [14].

As another consideration, saliva has a certain pH value, 
which averages 6.8 in the unstimulated state and 7.8 in 
the stimulated state [15]. Factors such as the amount of 
salivary secretion, saliva mineral concentration, breath-
ing through the nose versus the mouth, and diet have an 
influence on fluctuations in pH [15, 16]. The pH experi-
enced in the oral cavity can be influenced by the type of 
food ingested, with values ranging from 1.0 to 10.5 being 

reported as a function of different foods [15]. Accord-
ing to the work of Fallahi et al. (2017) [17], under acidic 
conditions higher hydrogen bonding is observed between 
the polymer chains of denture adhesives. Meanwhile in 
the case of an alkaline environment, ionic bonding was 
potentially observed between the polymer chains, which 
lowers the adhesive strength of such denture adhesives.

Additionally, denture adhesives in the oral cavity 
are also exposed to changes in temperature. On aver-
age, a temperature of approximately 34  °C can be mea-
sured over a period of 24  h [16]. Temperature, like pH, 
is also subject to natural fluctuations caused by, among 
other things: food and beverage composition, changes in 
ambient temperature, breathing with the mouth closed 
or open, or smoking [18]. For example, temperatures 
ranging from 1.62 to 65.43  °C could be measured dur-
ing consumption of hot or cold beverages in a study by 
Barclays et al. (2005) [19]. Although adhesive behavior 
is strongly influenced by physiological conditions, it is 
critical that its mechanical behavior is stable and main-
tained in regards to the wider range of potential tem-
perature, pH, and water content [9, 20]. Gill et al. 2017 
[21] test an adhesive formulation with two primary vari-
ants (hydrated and not hydrated), demonstrating the 
impact of swelling of the adhesive. Furthermore, Fallahi 
et al. (2017) [17] primarily investigate the denture adhe-
sive at three specific temperatures in the oral cavity, i.e. 
0, 37 and 60 °C. As the parameters in the oral cavity are 
changing dynamically, there is a need to understand the 
influence of even minor changes in temperature, pH, 
and other oral environment factors. As such, there is a 
need for an in-depth analysis of these parameters on the 
mechanical behavior of the adhesive formulation. To the 
author’s knowledge, past studies have not focused on 
these complex relationships and in many cases, they were 
not considered in great detail.

The aim of this study is to investigate the influence of 
oral cavity physiological parameters such as temperature, 
pH, and saliva-induced swelling on the mechanical prop-
erties of a denture adhesive cream. This study further 
aims to characterize this behavior through rheological 
studies.

Methods
An in vitro study of denture adhesive cream was con-
ducted to determine the storage modulus, G´, and the 
loss modulus, G´´, to characterize the adhesive’s visco-
elastic properties. To simulate the physiological con-
ditions of the oral cavity for this purpose, three major 
parameters were considered. The factors evaluated are 
illustrated in Fig.  1. The pH of the artificial saliva was 
adjusted to acidic value of 2 and an alkaline value of 10, in 
addition to a neutral value of 7. For each of these values, 
the swelling rates of the adhesive cream were determined 
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in order to simulate adhesives under the influence of 
swelling due to saliva.

Denture adhesive and artificial saliva
Super Poligrip Ultra Fresh (GlaxoSmithKline, United 
Kingdom) denture adhesive cream, which is representa-
tive of the cream-type adhesives, was used for testing. 
Products of the same batch were used for all samples. 
Preparation of the artificial saliva was based on Pratten 
et al. (1998) [22]. The following ingredients were added to 
distilled water: 2.5 g/L hog gastric mucin, 3.5 g/L sodium 
chloride, 0.2  g/L calcium chloride, 0.2  g/L potassium 
chloride, 1  g/L ‘Lab-lemco’ powder, 2  g/L yeast extract 
and 5 g/L proteose peptone (all chemicals were supplied 
by Carl Roth, Germany). After autoclaving at 121 °C for 
15  min, 1.25  ml of 40% urea was added to the artificial 
saliva. Measurements were performed with artificial 
saliva of different pH values. For this purpose, a pH meter 
with accuracy to nearest hundredth (S40-SevenMulti™ 
pH-Meter, Mettler Toledo), 10% NaOH solution, and 
20% HCl solution were used to adjust the pH to 2, 7, or 
10, respectively.

Swelling ratio vs. time measurement
During preparation, the swelling rates of Super Poli-
grip® Ultra Fresh denture adhesive were determined for 
each pH value. The mass increase of the adhesive cream 
was determined after incubation in artificial saliva over 
a period of 2.5  h. For this purpose, 1.57  g of the adhe-
sive cream was applied to individual, specially prepared 
cell sieves, the bottoms of which were replaced by a 
round piece of filter paper. The mass was determined 
every 10 min to the nearest thousandth using a precision 

balance. A total of 18 samples were analyzed to deter-
mine the swelling, with six samples for each of pH 2, 7, 
and 10, which took place at a constant temperature of 
22  °C. With the subsequently calculated average values, 
the swelling rate per time could be determined. Using the 
software OriginPro 2019 (OriginLab Corporation, MA 
United States), graphs of these values could be generated 
and the time an adhesive sample has to rest in saliva to 
reach a certain swelling percentage could be calculated. 
Equation 1 was used for calculating the swell values.

	

(
m − m0

m0

)
*100� (1)

Rheological measurements
A rotational rheometer from the Haake company 
(Thermo Fisher Scientific Inc, MA United States) was 
used to quantify viscoelastic properties. The setup 
includes two congruent round metal plates (35  mm 
diameter), which are parallel to each other at a distance of 
1  mm during the measurement. Parallel plate geometry 
was selected due to consideration of the higher viscosity 
of the denture adhesive being investigated. In addition, a 
shear rate of 0.3% and frequency range of 0.01 to 10 Hz 
were used. For each decade, 10 measurement points 
were determined, with three measurements being taken 
for each point. The average values of these were used 
for subsequent calculations. A total of 136 samples were 
measured, distributed as follows: across three pH values 
(pH 2, 7, and 10), eight temperatures (ranging from 17 to 
52 °C, in 5 °C steps each) and on five to six swelling rates, 
which were determined depending on the respective pH 

Fig. 1   Determination of the viscoelastic behavior for the physiological chewing range by means of frequency sweep (0.01 to 10 Hz) test on a plate 
rheometer in the plate-plate (P-P) measurement configuration with a plate distance of 1 mm
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value (see above). The desired temperature was set on the 
rheometer before each measurement.

To negate the potentially confounding effect of shear 
deformation, a new sample was prepared for each mea-
surement. To prepare each measurement, a sample of 
the adhesive cream was placed in artificial saliva for an 
amount of time according to the data obtained in the 
swelling test. For this purpose, the sample was placed on 
a sample container with a bottom made of filter paper 
and placed in a 6-well plate containing artificial saliva 
(at pH 2, 7, or 10). After the time to reach the desired 
swelling rate had elapsed, the sample was removed and 
briefly placed on cellulose paper to allow excess saliva to 
drain. The prepared sample was then applied to the lower 
plate of the rheometer, and the measuring gap of 1 mm 
was subsequently approached. The excess sample was 
removed with the aid of a spatula and discarded.

The rheological experiments yielded values for the stor-
age modulus (G´) and loss modulus (G´´) of the adhesive 
sample as a function of the applied strain and the initial 
measurement parameters (i.e. temperature, degree of 
swelling, and pH of the solution). These values were used 
to describe the viscoelastic material behavior of the den-
ture adhesive.

Statistics
In determining the threshold ratio, it was assumed that a 
normal distribution exists for each threshold level. Thus, 
the number of parallel samples for determination was set 
at 6 and the hypothesis was tested with the one-sample 
t-test. Since the starting material is all from the same lot 
(i.e. a homogeneous composition over the entirety can be 
assumed), the rheometric tests were carried out on one 
sample per test point. The significance of individual input 
parameters on the resulting relaxation spectrum for the 
output variables of storage and loss moduli were analyzed 
using the multiple linear regression analysis technique, 
which is a commonly used predictive analysis to examine 
whether a set of predictor variables can accurately pre-
dict the output variable. It was performed considering 
the entire domain of the three input variables: pH, swell-
ing, and temperature, with a confidence level of 98%. The 
probability of seeing a response described by the p-value 
was compared with the significance level of 0.02, which 
is based on the selected confidence level of 98%. Initially 
a null hypothesis that the predictor variables of tempera-
ture, pH, and swelling ratio do not have an influence on 
the response variables is assumed and this is evaluated 
based on the evaluated p-values.

Results
Based on the weight measurements for the adhesive 
creams at different time intervals, the time taken to attain 
a particular swelling percent at constant temperature was 

evaluated. This data is recorded in Table 1. This compari-
son for pH values of 2, 7, and 10 is further highlighted in 
Fig. 2. Beyond 140 min all the specimens approach satu-
ration levels, i.e. the subsequent increase in swelling is 
infinitesimal with respect to time.

Storage and loss modulus
The graphs in Figs.  3 and 4 show the changes in stor-
age modulus, G´, and loss modulus, G´´, in the corre-
sponding frequency range at different temperatures. The 
columns divide the graphs according to the pH of the 
artificial saliva in which the samples were swollen: on the 
left is for a pH value of 2, in the middle pH 7, and on the 
right pH 10. The rows show the values of equal swelling 
rate. The first line shows the values at 60% swelling, the 
second at 100%, and the third at 120%. As a swell rate of 
100% for Polygrip at pH 2 is equal to the maximum value 
or near saturation of the sample, a lower plot in left col-
umn is omitted.

In general, it was observed that with increasing fre-
quency, the values of G´ and G´´ also increased. The 
curves showed similar trends in all diagrams, although in 
the range from 0.01 to approximately 0.03  Hz a steeper 

Table 1  Time in which the sample reaches a determined 
swelling percent, for different pH values
Room temperature (23 °C) pH 2 pH 7 pH 

10
Swelling (%) time (min) time (min) time 

(min)
20 7.1 11.7 10.8
40 25.2 26.6 24.3
60 45.5 42.4 39.8
80 76.9 61.6 58.0
100 132.9 85.6 80.8
120 --- 122.4 112.9

Fig. 2   Time elapsed to attain a specific swelling percent ratio, for different 
pH values at which the adhesive was maintained
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slope of the curves was usually striking. In Fig. 3 (a) the 
values of different temperatures for pH 2 and swelling 
60% are shown. Here it was noticed that the curves for 
17 °C, 47 °C, and 52 °C showed approximately linear pro-
gressions. As the frequency increased, the fluctuations 
in the values for G´´ at different temperatures became 
larger; the curves fanned out further. The highest val-
ues occurred at a temperature of 32  °C, and the lowest 
at 52  °C. The values of 22 and 52  °C stood out in Fig. 3 
(b) because of their weaker and almost constant increase. 
In general, the curves of different temperatures in this 
diagram are close to each other and the values hardly 
vary. The values here are largest in the temperature 
range between 37 and 47  °C, and smallest at 27  °C. Fig-
ure 3 (c) represents the measurement results of different 
temperatures for pH 10 and swelling 60%. Here it was 
noticed that the relative variation in G´´ values at differ-
ent temperatures was negligible as frequency was varied 
between 0.01 and 10 Hz, i.e. the values hardly fluctuated. 
At a temperature of 47 °C, G´´ was at its lowest. For this, 
an approximately linear monotonic behavior was again 
noticed, which is also true for 17 and 52 °C. Figure 3 (d) 
shows similarities to Fig. 3 (a). The values for G´´ again 
varied more for the different temperatures. This also 

increased with increasing frequency. Under colder mea-
surement conditions, higher G´´ values could be seen. 
Figure  3 (e) also demonstrates that the span of G´´ val-
ues for different temperatures increased with increasing 
frequency. This is also true for Fig. 3 (f ) and Fig. 3 (g). In 
these two diagrams, except for the curve for 52 °C and in 
Fig. 3 (f ) that for 47 °C, hardly any fluctuations occurred 
for G´´ at different temperatures. On the contrary, the 
curves in Fig. 3 (h) again show larger temperature-depen-
dent changes observed with increasing frequency. It was 
noticed that in the low frequency ranges, the G´´ values 
are higher at higher temperatures, as seen for pH 7 and 
pH 10. With increasing frequency, this changed, and the 
colder temperatures showed higher values. The plots 
shown in Fig. 4 are very similar to those in Fig. 3 and dif-
fer only in the range of values of the results for G´ and are 
larger than that for G´´.

The 3D plot in Fig. 5 attempts to capture this combined 
influence of swelling and pH on the adhesive cream’s loss 
modulus behavior. This plot is for 32  °C, which was the 
closest measurement point to the described average tem-
perature of 34 °C. The adhesive generally shows a higher 
loss modulus at pH 7 for all three swelling ratios depicted 
in Fig. 5.

Fig. 3   Plot of G´´ in the frequency range from 0.01 to 10 Hz at (a) pH 2 and swelling 60%; (b) pH 7 and swelling 60%; (c) pH 10 and swelling 60%; (d) pH 
2 and swelling 100%; (e) pH 7 and swelling 100%; (f) pH 10 and swelling 100%; (g) pH 7 and swelling 120% and (h) pH 10 and swelling 120%
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The results obtained for the multiple linear regression 
test for the prediction of storage modulus is presented 
in the Table  2. The p-values for all three parameters of 
temperature, pH, and swelling were observed to be lower 
than the significance value of 0.02 for the storage mod-
ulus values. In other words, the storage modulus values 
can be estimated with the confidence level of the predic-
tion being greater than 99.99% for all the three parame-
ters for our experimental data.

Similarly, p-values lower than 0.02 were observed 
for the case of loss modulus as well, as documented in 
Table  3. Again, it was observed that the predictor vari-
ables could predict the loss modulus with a confidence of 
99.99% or higher.

Discussions
Several in vitro test methods have been proposed in 
previous studies to characterize the effects of the physi-
ological conditions of the oral cavity on the viscoelastic 
behavior of denture adhesive cream. However, standard 
test models are generally lacking. This in vitro study 
investigated whether the parameters of pH, temperature, 
and swelling ratio influence the mechanical properties of 

denture adhesive cream. The data obtained in this study 
indicates that these parameters have a significant impact 
on mechanical behavior. This result is comparable to pre-
vious studies in the literature that have suspected and 
demonstrated a similar influence [17, 21]. .

The individual probability values presented in Tables 2 
and 3 show that the null hypothesis can be rejected and 
that the three input variables of temperature, pH, and 
swelling ratio have a strong influence on the storage and 
loss modulus values. Figure  6 illustrates the predicted 
values of G´´ with respect to the corresponding experi-
mentally determined values. The loss modulus plot has 
a regression parameter R-squared value of 0.88, which 
we consider to be a solid fit given the large variability 
and complexity of the test specimen. Additionally, the 
highest residuals were represented by only a few cases; 
excluding these values increased the R-squared value to 
around 0.96. The individual observations are depicted 
by the blue markers in Fig. 6 with the blue line indicat-
ing the fit function evaluated based on the multiple lin-
ear regression analysis. The red lines represent the 98% 
confidence level thresholds assumed in this study. From 
Fig. 6 it can be postulated that the fit function represents 

Fig. 4   Plot of G´ in the frequency range from 0.01 to 10 Hz at (a) pH 2 and swelling 60%; (b) pH 7 and swelling 60%; (c) pH 10 and swelling 60%; (d) pH 2 
and swelling 100%; (e) pH 7 and swelling 100%; (f) pH 10 and swelling 100%; (g) pH 7 and swelling 120% and (h) pH 10 and swelling 120%
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a good approximation for capturing the variation of the 
input variables.

Comparing the curves shown in Figs. 3 and 4 regard-
ing dependence on the selected parameters, it is possible 
to estimate how they influence the mechanical properties 
of an adhesive cream. The influence of pH value can be 
seen in the figures, by comparing the horizontally adja-
cent graphs across the different pH values tested. Here, 

Table 2  Results from the multiple linear regression test for the 
prediction of response variable storage modulus values based on 
the input variables of temperature, swelling ratio, and pH
Source p value Confidence 

of prediction 
(%)

Signifi-
cance

Temperature < 0.0001 99.9999 Highly 
Significant

Swelling Ratio < 0.0001 99.9999 Highly 
Significant

pH < 0.001 99.999 Highly 
Significant

Intercept < 0.0001 99.9999 Highly 
Significant

Table 3  Results from the multiple linear regression test for the 
prediction of response variable loss modulus values based on the 
input variables of temperature, swelling ratio, and pH
Source p value Confidence of 

prediction (%)
Signifi-
cance

Temperature < 0.0001 99.9999 Highly 
Significant

Swelling Ratio < 0.0001 99.9999 Highly 
Significant

pH < 0.001 99.999 Highly 
Significant

Intercept < 0.0001 99.9999 Highly 
Significant

Fig. 6   Plot showing the accuracy of predicting loss modulus values based 
on the curve fit in comparison to the experimentally determined values

 

Fig. 5   Loss modulus behavior of the adhesive cream with respect to both pH and frequency at a constant temperature of 32 °C and for varying swelling 
ratios from 60–120%
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it is notable that the values for G´ and G´´ cover the 
same range of values for all three pH values, as well as 
for the swelling values of 60%, 100%, and 120%. As such, 
it can be concluded that the pH of saliva does not inde-
pendently have a great influence on the storage modulus 
and loss modulus of the adhesive cream. The influence 
of swelling can be obtained by comparing the graphs 
located in each individual column. Here it can be seen 
that the curves shift lower in the diagram with increas-
ing swelling, i.e. the values of G´ and G´´ become smaller 
with increasing swelling. This trend is observed simi-
larly for pH values of 2, 7, and 10. With increased swell-
ing, the values for the storage modulus and loss modulus 
decrease. That is, the damping properties of the adhesive 
cream decrease. In this study rheological testing was 
carried out once the adhesive attained specific levels of 
swelling when immersed in artificial saliva. As such, this 
is an idealized test scenario assuming that the volume of 
saliva or the flow rate of saliva is not changing. In real-
ity, the salivary flow volume is constantly varying based 
on the secretion of saliva by the salivary glands as well 
as the flow rate constantly changing. The idealized sce-
nario used in this study was implemented to simplify the 
variables involved and provide a qualitative understand-
ing of the influence of swelling on the damping behavior 
of the adhesive. As such, it is argued that the swelling of 
the adhesive affects the damping behavior of the adhe-
sive cream. Therefore, the degree of maximum swelling 
attained by denture adhesives in the oral cavity should be 
studied in greater detail in order to improve the comfort 
of denture wearers.

The influence of temperature and the fluctuations in 
the measured values must also be considered in each 
individual graph. In most cases, the curves are close 
together. At pH 2, the curves are widely spaced. The fluc-
tuations in the values for G´ and G´´ are thus greater here 
than at pH 7 and pH 10. Generally, as the temperature 
increases, a decrease in viscosity is seen through the 
decreasing loss modulus values. This could be a result of 
long cross-linked polymer chains realigning with increas-
ing temperature. Comparable results have been found 
in the works of Fallahi et al. (2018) and Gill et al. (2017) 
with similar investigations of the Poligrip denture adhe-
sive and the role of physiological conditions [17, 21]. As 
reported in these studies, the influence of water content 
and temperature reduced the values of G´ and G´´; con-
sequently, both have a significant bearing on adhesive 
mechanical properties [17, 21].

However, the three selected parameters cannot be 
considered individually in the oral cavity under physi-
ological conditions, as they influence one another and 
all act simultaneously on the adhesive. In this study, the 
measurement ranges were extended or adapted closer 
to the physiologically relevant conditions. It must also 

be taken into account that saliva only has direct contact 
with a small part of the adhesive cream, namely at the 
denture margins. The selected frequency range describes 
the load a denture may experience in typical daily use. 
Thus, very low frequencies represent the resting state, i.e. 
an unloaded prosthetic, while higher frequencies simu-
late loads that can occur during occlusion. The chewing 
frequency can also vary as the mastication process pro-
gresses and as both the volume of the food and food par-
ticle size decrease. Higher chewing strokes are needed, 
and this increases linearly with the increasing volume 
of food. Based on the work of Po et al. (2011) the chew-
ing frequency for the tested group ranged from 0.9 to 
2.15 Hz, with a mean value of 1.58 Hz [23]. In the present 
work, the measurement spectrum was further expanded 
outside this range, from 0.01 to 10  Hz. The following 
movement sequences were hypothesized for the given 
frequencies: 0.01  Hz corresponds to the resting state, 
1  Hz to slow chewing, and 10  Hz to fast chewing. The 
wider testing range was selected in order to encompass 
and take into account the entire spectrum of possible 
bite frequencies and to understand the material behavior 
from a mechanical and rheological standpoint. The study 
assumes an idealized bite force action, focusing only on 
the bite force application rather than a complete chewing 
cycle that would include both the opening and closing 
of the mandible in order to reduce the complexity of the 
variables involved.

With the selected pH range, the authors investigated 
physiological borderline cases which are only rarely 
exceeded or undershot in the oral cavity. For example, 
Loke et al. (2016) were able to determine pH values of 
1.0 and 10.5 [24]. This is influenced by various factors 
such as salivary secretion and the content of the ingested 
food [16, 24]. Similarly, the temperature in the oral cav-
ity is also influenced by various factors. The selected 
temperature range in this study covers more realistic 
temperatures compared to Fallahi et al. (2018) and Gill 
et al. (2017) [17, 21], who for instance have focused on 
larger increments in the temperature domain (i.e., 0, 37, 
and 60  °C) [17, 21]. Temperature within the oral cavity 
is a vital consideration and could lead to problems like 
denture burns. Furthermore, as the denture adhesive 
is present inside the oral cavity and experiencing both 
minor and major fluctuations in temperature because of 
both the dynamics of the oral cavity and also the incom-
plete contact of the adhesive to the oral cavity due to 
being covered by a chewable prosthesis with a minimum 
material thickness of 1.5 to 2 mm [25]. To study this very 
effect in greater detail and better understand the influ-
ence of more realistic and subtle changes in temperature, 
we have used smaller temperature intervals and investi-
gated the adhesive at 5 °C steps between 17 and 52 °C.
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If we now consider the collective influence of all the 
selected parameters on the denture adhesive, changes 
in the mechanical properties can be seen. Most striking 
are the larger temperature-dependent variations with 
increasing frequency, which occur for pH 2. This is not 
so noticeable for pH 7 and pH 10. Here the curves are 
more compactly spaced, and the fluctuations are smaller. 
However, the variation also increases with increasing fre-
quency. This indicates that, on one hand, the temperature 
of an “acidic” food has more influence on the attenuat-
ing properties than that of a “neutral pH” food. On the 
other hand, it also depends on whether the patient is 
chewing, or the prosthetic is at rest. Thus, the tempera-
ture-dependent fluctuations increase with more intensive 
loads on the prosthetic. No uniform pattern is discernible 
to help determine at which temperature the best damp-
ing is achieved. This is not the same for the different pH 
values and threshold states. However, it is noticeable that 
especially at 47 and 52  °C the values of G´´ are smaller 
or even smallest, independent of the threshold rate. The 
crushing of a hot food, therefore, causes the pressure on 
the alveolar bone to be less well absorbed. In contrast, it 
is noticeable that for the resting state, i.e. a frequency of 
0.01 Hz, the values at these high temperatures are often 
among the largest measured results. This means that the 
mechanical properties of denture adhesives are better at 
a high intraoral temperature without loading the pros-
thetic. However, that such a case occurs under physi-
ological conditions is very unlikely, since such a large 
temperature change in the mouth can usually only be 
caused by food and hot beverages [19]. Therefore, 27 to 
37 °C, i.e. temperatures close to the average of 34 °C [16], 
are of particular interest for consideration of the lower 
frequency range.

It can be seen from Fig. 5 that in the acidic and alka-
line pH ranges a higher damping behavior is possible. For 
lower swelling values the loss modulus shows an almost 
constant behavior across the range of pH values at higher 

frequencies of loading. This variation with pH remains 
comparable even at lower frequencies, but the loss 
modulus is significantly lower at these levels. Again, the 
adhesive behavior for higher swelling values shows larger 
deviations with pH for the higher frequencies of loading.

The same is true for changes in pH, where the aver-
age value is 6.8 [15]. Here it is noticeable that G´´ for 
the average values in the lower frequency range usually 
assumes low or the lowest values, i.e. the worst attenua-
tion prevails. If we look at the change in G´´ with increas-
ing swelling under physiological conditions (Fig.  7), we 
see that the mechanical properties of the adhesive cream 
become less viscous, or the damping decreases. However, 
these properties increase during the process of mastica-
tion and dampen the pressure on the oral mucosa better 
during chewing than at rest. Particularly, when consid-
ered over numerous cycles of biting and chewing during 
the life cycle of a denture, this dampening is hypothe-
sized to lower the cumulative stresses on the soft tissue 
and the underlying alveolar bone. Normally, the alveolar 
bone usually recedes when it is no longer physiologically 
loaded, for example when the teeth have been extracted. 
However, there is often so-called pressure atrophy, espe-
cially in wearers of full dentures, due to pressure trans-
fer to the alveolar bone, which is caused by the fact that 
the blood supply in the bone is cut off by the pressure 
[26]. Akazawa and Sakurai (2002) showed that when 
loaded for more than 20  s, these pressures were associ-
ated with a significant decrease in blood flow and a con-
tinuous clenching could delay recovery of this flow [27]. 
A component of this generated pressure is also expected 
to result in the elastic deformation of the denture adhe-
sive itself, which then fills the gaps or uneven regions in 
the denture-mucosa interface due to pressure equaliza-
tion. However, in this study the investigations were car-
ried out using a parallel plate rheometer on a layer of the 
denture adhesive having a specified thickness and not 
with the actual dental prosthesis which can potentially 
have uneven contact regions. Hence, the component of 
the pressure responsible for the denture adhesive’s elas-
tic deformation could not be assessed in this study and 
the lowering of the contact pressure due to the denture 
adhesive, as exhibited from the results, was primarily 
attributed to its damping behavior. As such, the damping 
of local pressure on the soft tissue and the alveolar bone 
over the life cycle of the denture has important clinical 
relevance for dental professionals, as it can reduce alveo-
lar bone degradation [28] and thus help to maintain or 
fabricate a well-fitting prosthesis.

In this study, the authors investigated the extent to 
which the mechanical properties of denture adhesives 
change under the physiological conditions of the oral 
cavity. The limitations of this in vitro study include the 
individual salivary composition [29] of each patient, the Fig. 7   Effect of swelling on the loss modulus of the denture adhesive
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varying degrees of swelling of the product depending on 
how much liquid is in direct contact with the adhesive, 
and the real temperature that the adhesive can reach 
when under the denture, which has a minimum layer 
thickness of 1.5-2.0 mm [25]. The influence of the adhe-
sive thickness and the implications of its variation on 
the stress state of the dental structures and oral mucosa 
was not considered in this study in order to simplify the 
experimental investigations. Furthermore, the kinematics 
of the denture-oral mucosa contact due to the presence 
of the denture adhesive when the bite force is applied 
and released is also beyond the scope of this study, as the 
focus was primarily on the rheological investigation and 
interpretation of these results. As such, the influence of 
the tangential shearing component forces that are gen-
erated because of an applied bite force on this interface 
could not be analyzed in this study. Moreover, the adhe-
sive introduces different contact mechanical conditions 
on the film than saliva and its swelling helps to compen-
sate for inaccuracies of the contour due to any manufac-
turing errors or changes in the shape of the foundation.

In this context, the study was able to highlight that 
the state of the oral cavity is a very dynamic and com-
plex environment, and that the performance of a denture 
adhesive in this environment is influenced by several of 
these variables. Amongst the physiological conditions 
of the oral cavity, this study demonstrates that the tem-
perature, pH, and swelling due to the influence of saliva 
significantly influence the mechanical response of the 
denture adhesive. The data recorded in this study can 
be used as inputs for factoring in the influence of these 
physiological variables for developing a complex visco-
elastic material law based on approaches like Prony series 
approximation [30].

Conclusions
The study highlights that for the same bite load, an adhe-
sive at different temperatures behaves differently, and 
further, for the same temperature the adhesive shows 
varying levels of damping based on the degree of swell-
ing. It was observed that when considered collectively 
their role could potentially be a strong determinant in 
better characterizing these adhesives. The data gener-
ated from this research was also one of the several inputs 
towards developing a multi-parameter model of the 
mechanical behavior of denture adhesive creams. Such a 
model could be used for numerically simulating denture 
adhesive behavior and its response to various physiologi-
cal and mechanical forces acting within the oral cavity.
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