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Abstract
Physiological parameters of the oral cavity have a profound impact on any restorative solutions designed for edentulous 
patients including denture adhesives. This study aims to mathematically quantify the influence of three such variables, 
namely: the temperature, pH, and the swelling of such adhesives under the influence of saliva on its mechanical behavior. 
The mathematical quantification is further aimed to implement a material model for such adhesives which considers the 
impact of such physiological factors. The denture adhesive is experimentally investigated by means of rheological steady 
state frequency sweep tests to obtain the relaxation spectrum of the material. The relaxation behavior is measured 
for a wide range of oral cavity temperatures and pH. Also, the adhesive is hydrated and upon swelling to different 
levels again tested to understand the impact of swelling on the mechanical behavior. The experimentally measured 
continuous relaxation spectrum is modeled as a viscoelastic material using a discrete set of points based on the Prony 
series discretization technique. The relaxation spectrums for various temperatures are compared and the possibility of 
a time-temperature superposition is explored for the model. Similarly, the measured values of Storage and loss modulus 
are investigated to understand the role of pH and swelling. The results in this study clearly indicated a horizontal shift 
in the relaxation behavior with increase in temperature. And hence, the time-temperature shift factor was calculated 
for the adhesive. The relaxation spectrum also showed a strong correlation with swelling of the adhesive and the pH. 
The influence of these two parameters were captured into the model based on the relaxation time parameter in the 
Prony series approach. Based on this study the impact of these parameters could be appreciated on the performance and 
mechanical behavior of denture adhesives and implemented into a Prony series based viscoelastic material model which 
can be used with numerical simulations.
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Introduction

Dentists widely use denture adhesives to improve the per-
formance of removable partial dentures (RPDs).1 Per the 
United States Food and Drug Administration, denture 
adhesives are primarily classified as pastes or powders that 
help dentures remain in place. These adhesives have been 
shown to improve the retention behavior of RPDs on the 
soft tissue of the oral mucosa, thereby reducing slippage 
and displacement along the dental arch. This in turn results 
in a reduction in discomfort and perceivable pain for the 
denture wearers.2–5 Adhesives can also fill the gaps caused 
by shrinking bone and give temporary relief from loosen-
ing dentures. Furthermore, greater stability and increased 
incisal bite force have also been highlighted with their 
application.6,7 Numerical simulations using the finite ele-
ment method (FEM) allow for performance assessment 
under dynamic bite and chewing forces, as well as the con-
sideration of a multitude of other factors impacting denture 
and adhesive function within the oral cavity. These models 
therefore facilitate the improvement of denture adhesives 
and three-dimensional designs of RPDs. One of the critical 
factors determining the accuracy of such FE simulations is 
the underlying mechanical properties of the denture adhe-
sive and the corresponding material model used to simu-
late them. Material models ranging from linear elastic to 
hyper elastic have been proposed in literature for such 
adhesives.8,9 However, in general these adhesives exhibit a 
viscoelastic response to applied mechanical load, espe-
cially at increased temperatures and higher stress levels.10 
Such time-dependent and rate-dependent material 
responses or viscoelasticity is observed in many such poly-
meric materials, including various pastes and adhesives.11 
Boltzmann’s formulation for viscoelastic response pro-
vides the relationship between the stress and strain and 
assumes that a more recent strain contributes more to the 
stress at the current time.12 Viscoelastic materials can be 
characterized using the relaxation modulus and this repre-
sents the basic constitutive relation between stress tensor 
and strain tensor for a such polymeric material. In the case 
of modeling polymers like adhesives, we can consider an 
almost incompressible volumetric part and assume it to be 
elastic while considering the isochoric part to be viscous in 
nature. Experimentally, the continuous relaxation spec-
trum for polymeric materials can be obtained using rheo-
logical dynamic mechanical analysis (DMA) studies. The 
viscoelastic behavior can be approximated using combina-
tions of mechanical elements like springs and damping 
material.

The physiological parameters prevalent in the oral cav-
ity also play a significant role in the performance of any 
dental restorative solutions, including denture adhesives. 
They are comprised of a wide range of physical, biologi-
cal, and chemical parameters that are diverse and 
extremely difficult to quantify. Additionally, many of 

these parameters are interdependent and some of them are 
strongly influenced by the saliva and salivary flow within 
the oral cavity. Furthermore, understanding their influence 
on denture adhesives is crucial for reducing the irritation 
and discomfort of denture wearers. Biological factors 
include complex variables such as the age of the denture 
wearer, amount of primary or secondary caries, the health 
of the oral cavity, residual ridge resorption, the degree of 
crown damage, edentulous regions, and changes in jaw 
shape, among others. Physical factors such as temperature 
and pressure also play a significant role in the oral cavity.13 
The oral cavity is continuously influenced by the saliva 
and its pH determines the state of the oral cavity to a large 
extent.14 Saliva is made of 99% water and helps keep the 
mouth moist, supports swallowing, and breaks down food 
for digestion.15,16 Adhesives in the oral cavity are subjected 
to changes in hydration due to the constant interaction with 
saliva and their varying flow rates. Adhesives swell to dif-
ferent ratios based on the amount of time under the influ-
ence of saliva and in turn their mechanical response to 
forces also changes. Notably, adhesives have demonstrated 
better performance after attaining a specific range of swell-
ing, which helps fill the gaps in the denture soft tissue con-
tact spaces as well. However, characterizing the influence 
of such physiological factors on the mechanical behavior 
of denture adhesives is extremely challenging to quantify 
mechanically.17,18

Therefore, this work aims to develop a Prony series-
based material model for denture adhesives to be utilized 
for finite element numerical simulations. Further, the work 
focuses on quantifying the influence of three specific 
physiological factors, namely the temperature in the oral 
cavity, the pH of the medium (saliva), and the adhesive 
swelling under the influence of saliva. These factors are 
then incorporated into the Prony series based viscoelastic 
material model of the denture adhesive.

Methods

Rheological measurements

The mechanical characterization of the denture adhesive in 
this study is performed based on rheological DMA in 
accordance with the work of Gill et al.19 The continuous 
relaxation spectrum in terms of the storage modulus, G′, 
and loss modulus, G″, of the adhesive is experimentally 
evaluated considering the influence of three variables: 
temperature, pH, and adhesive swelling under the influ-
ence of saliva. The G′ and G″ values are measured through 
a steady state shear test using a plate-plate geometry for a 
frequency sweep over three decades of measurement from 
0.01 to 10 Hz, with the results plotted for 10 measurement 
points per every decade. The effect of temperature varia-
tion was evaluated from 17°C to 52°C, with the individual 
relaxation profiles recorded in 5°C steps. Similarly, the 
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adhesive was immersed in artificial saliva solution for pre-
determined lengths of times to allow it to attain a specific 
amount of swelling. Then the adhesive was carefully trans-
ferred onto the rheometer to perform the steady state shear 
test using the same frequency sweep from 0.01 to 10 Hz. 
Additionally, the pH of the specimen was altered via 
immersion in acidic, alkaline, and neutral media to study 
the influence of pH on the specimen and its mechanical 
behavior.

Prony series approximation

The continuous relaxation spectrum can be approximated 
using a discrete number of points to be implemented in 
numerical schemes. In this study the experimental results 
for the adhesive are utilized to model a viscoelastic mate-
rial based on the Prony series approximation technique 
with Np terms. The resulting relaxation spectrum is fit 
using a Prony series approximation fit curve with N = 1, 2, 
3, . . .. This process is repeated until the relative change in 
the accuracy of the curve fit with Np = N terms is less than 
0.01% better compared to the previous fit with Np = N − 1. 
The accuracy of the curve fit was decided based on R2 and 
reduced R2 values for the individual curve fit obtained. 
Based on this, the number of Prony series terms, Np, was 
decided for the study. Each of the relaxation spectra 
obtained for the adhesive specimen by varying the tem-
perature, pH, and swell test conditions were fit using the 
Prony series approximation with the selected number of 
Prony terms. The resulting relative amplitudes, gi, for the 
corresponding relaxation times, τi, obtained are tabulated.

Time temperature superposition

The relaxation spectra of the adhesive experimentally 
obtained at varying temperatures were visually compared. 
If they showed a similar profile and only a characteristic 
shift in the curves, they can be combined using the time 
temperature superposition (TTS) principle. The TTS can 
be achieved either by the Williams-Landel-Ferry (WLF) 
approach or the Arrhenius approach. In order to determine 
which modeling approach was most appropriate, the scat-

ter of ln (τ) versus 1

θ
 was studied, where τ corresponds to 

the relaxation times obtained from the DMA measure-
ments for the adhesive. Based on whether the scatter can 
be best fit with a linear approximation or an exponential 
function, we can determine whether the Arrhenius or the 
WLF approach can be used for the TTS. In the case of the 
linear approximation or the Arrhenius approach, the hori-
zontal shift, aθ ,  is calculated using equation (1). Here, E  
is the apparent activation energy and R J mol K=8 314. / ( )  
as the universal gas constant.
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E

Rθ θ θ θ θ
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Using these calculated shift factors, the relaxation spec-
tra of the adhesive obtained for each individual tempera-
ture can be shifted accordingly to obtain the relaxation 
characteristic of the adhesive over a broader range of time 
or frequency. Thus, the temperature variable can be sub-
sumed into the Prony series model in terms of the relaxa-
tion time variable itself.

Variation with pH and volume swelling

Similar to estimating the influence of temperature on the 
behavior of the adhesive, the pH and swelling ratio were 
also considered in this study. The adhesive specimen was 
hydrated to the desired swelling ratio by immersing the 
specimen in artificial saliva solution, as noted earlier. The 
swelling ratio was increased in steps of 20%, up to the 
point when the adhesive attained saturation. The saturation 
state is defined as the time after which the increase in 
adhesive swelling was found to be infinitesimal even over 
a long period of time. The calculation of swelling times to 
attain this state was based on calculation of change in 
weight of the adhesive specimen after immersion in saliva 
with increasing time. The adhesive specimens were then 
subjected to rheological DMA with the same range of fre-
quency sweep that was used for evaluating temperature 
(0.01–10 Hz). The resulting relaxation spectra were plot-
ted, and the corresponding storage and loss modulus val-
ues were recorded. Based on these curves, the variation of 
the moduli with the swelling ratio was plotted initially for 
a specific temperature of 32°C. For this specific example, 
the discrete approximation was once again evaluated based 
on the Prony series technique, just like the approach fol-
lowed for temperature previously noted. This was repli-
cated for all the swelling measurements to obtain the 
corresponding Prony series parameters. In this manner the 
relaxation behavior of the adhesive under the influence of 
swelling due to saliva was mathematically quantified.

Following the same approach, the adhesive was tested 
after equilibrating at different pH values ranging from 
strongly acidic (pH = 2) to alkaline (pH = 10). These adhe-
sive specimens were similarly subjected to shear tests with 
a frequency sweep of 0.01 to 10 Hz. The effect of pH on 
the adhesive behavior is also expressed in terms of the 
Prony parameters gi and τi, which were evaluated based on 
the corresponding rheological shear tests. Finally, the 
influence of the swelling ratio on the adhesive specimen in 
combination with temperature and pH is further discussed 
and compared.

Results

In this section, we detail the observed variations of the 
storage and loss moduli with respect to the three chosen 
oral cavity parameters (temperature, pH, swelling). The 
variation of the moduli from changes in temperature for 
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the selected frequency range of 0.01 to 10 Hz is illustrated 
in Figure 1. The figure presents the results for tempera-
tures in the range of 17°C to 52°C. The experimentally 
determined continuous relaxation spectra were subjected 
to curve fitting based on the formulation of Prony series 
approximation for N = 3 terms. The resulting Prony series 
fit parameters (i.e. the amplitudes, gi, and the correspond-
ing relaxation times, τi, for the continuous relaxation spec-
trum at 32°C) are recorded in Table 1.

Based on these results, the variation of the shear moduli 
with temperature for specific bite loading frequencies of 
0.5, 1, 2, 5, and 10 Hz are further illustrated in Figure 2. 

The storage modulus showed an overall decreasing ten-
dency in response to increasing temperature from 17°C to 
52°C for the adhesive specimen at pH 7 and a swelling 
ratio of 100%. The adhesive exhibited a consistently 
decreasing tendency for G′ values until approximately 
37°C–42°C; this trend in G′ values was also seen for the 
other test conditions with regards to pH and swelling. At 
this point the storage modulus showed a small spike; as 
seen in this test case around 42°C–47°C in Figure 2.

The loss modulus also decreased, although with a rela-
tively smaller slope for the same increase in temperature 
from 17°C to 42°C; beyond this point its value remained 
nearly constant at higher temperatures. In some cases, the 
loss modulus also showed a relatively smaller increase 
around 37°C–42°C mark. Both G′ and G″ values decreased 
with further increases in temperature after this initial spike. 
Similar patterns of distortion in the measurements were 
observed for most of the test cases. Another interesting 
observation from Figure 2 was the similarity in the shape 
of the curves for different temperatures. They clearly indi-
cate that there was a horizontal shift between them as the 
temperature increased from 17°C to 52°C for the adhesive 
formulation tested at a swelling ratio of 100% and main-
tained at pH 7. This trend was repetitive and consistently 
observed for different swelling and pH values, albeit with 
different degrees of horizontal shift. Therefore, TTS was 
hypothesized to be possible and applied to the adhesive 
behavior to assimilate the effect of temperature. The hori-
zontal shift factors were calculated based on the Arrhenius 
approach.

To calculate the Arrhenius shift factor, the activation 
energy for the adhesive formulation, aθ , was estimated 

based on the plot of ln (τ) versus 1

θ
. The plot for the scat-

ter of ln ( )τ1  versus 1

θ
 for the adhesive tested at a swell-

ing ratio of 100% and pH 7 is shown in Figure 3(a). 
Meanwhile, Figure 3(b) describes the scatter of ln ( )τ 2  

versus 
1

θ
,  and Figure 3(c) describes the scatter of ln ( )τ3  

versus 
1

θ
.  Figure 3(a) to (c) also include the correspond-

ing linear fit curve. Based on these plots, the shift factor 
was calculated via the Arrhenius approach. The activation 
energy for the adhesive formulation was estimated based 

Figure 1. Relaxation spectra obtained by rheological 
frequency sweep test: (a) variation of storage modulus and (b) 
variation of loss modulus.

Table 1. Prony series parameters evaluated for the discretization of the continuous relaxation spectrum obtained at the 
measurement temperature of 32°C.

Physiological variables Relative moduli Relaxation times

 g1 g2  g3  τ1  τ2  τ3

Temperature 32°C 0.204 0.165 0.6002 0.3277 4.1742 111.0866
Swelling 100%
pH 7
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on equation (2), using the value of universal gas constant 
as 8.314 J/mol K. The activation energy for this transition 
was calculated to be E1 = 9101.668 J/mol based on the 
equation of the straight line approximating the scatter of ln 
(τ) versus 1

θ
.

   ln ln . .τ
θ θ

= − 





 = − −( )






A

E

R

1
2 2817 1094 7498

1
 (2)

The shift factor was calculated based on the above 
result using equation (1). The calculated shift factor for the 
individual temperature measurements in the range 17°C to 
42°C is presented in Table 2. Using these shift factors, the 
denture adhesive was modeled for time temperature super-
position in order to include the influence of temperature in 
the viscoelastic material model. Implementation using 
the commercial FEA package ANSYS for performing 
numerical simulation was based on the Tool 
Narayanaswamy shift function, which is a simplification 
of the Arrhenius shift function.20

Like the analysis for temperature, the rheological 
results were also evaluated with respect to the swelling 
ratio of the adhesive and the pH of the medium. The plot of 
shear moduli versus the swelling ratio of the adhesive is 

presented in Figure 4 for three representative frequencies 
in the primary biting range: 1, 2, and 5 Hz. These frequen-
cies were selected based on the temperature data seen in 
Figure 3. The loss modulus of the specimen showed a 
strong negative correlation to adhesive swelling. After 
220% swelling, further increases in swelling had an infini-
tesimal effect on the loss modulus. The storage modulus 
on the other hand showed a weaker correlation to the 
increase in swelling ratio. Initially, until a swelling ratio of 
100% was attained, the storage modulus curve did not 
show any categorical tendency. However, after this thresh-
old was reached the storage modulus also showed a 
decrease, albeit with a much lower slope (Figure 4).

The relaxation spectra obtained from DMA were also 
compared to observe the impact of the pH of the medium 
on the adhesive’s mechanical behavior. The comparison of 
the storage and loss modulus values for the same repre-
sentative frequencies of 1, 2, and 5 Hz is presented in 
Figure 5. As the pH shifted from acidic to alkaline, the 
storage modulus was observed to increase moderately. 
Although interestingly the loss modulus showed an oppo-
site decreasing tendency with change in pH from acidic to 
alkaline. Compared to the impact of temperature and 
swelling, the influence of pH was marginal but still not 
insignificant.

Figure 2. Variation in dynamic shear moduli with respect to temperature for an adhesive specimen maintained at a constant 
swelling of 100% and at pH 7.
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Discussion

The relaxation spectrum can be used to predict the behav-
ior of polymeric materials in any other standard mechani-
cal test.21 The Maxwell model provides a suitable approach 
to mechanically represent the relaxation behavior of the 
adhesive and allows for improvement in the approxima-
tion by controlling the number of branches considered. 
This physical behavior is represented by a generalized 
Maxwell model with “N” branches and the relaxation 

Figure 3. Calculation of TTS shift factor using the Arrhenius approach for the (a) first relaxation time, (b) second relaxation time, 
and (c) third relaxation time for a three parameter Prony series approximation.

Table 2. Horizontal shift factors calculated for each measured 
temperature based on the Arrhenius approach.

Temperature 
(°C)

Temperature 
(K)

1/θ (K−1) Shift factor

1 17 290.15 0.00344 1.2038
2 22 295.15 0.00338 1.1293
3 27 300.15 0.00333 1.0616
4 37 310.15 0.00322 0.9438
5 42 315.15 0.00317 0.8925



Ramakrishnan et al. 7

Figure 4. Variation in the dynamic shear moduli with respect to swelling of the adhesive.

Figure 5. Variation in the dynamic shear moduli with respect to the pH of the medium.
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modulus is calculated as shown in equation (3). Here, τ i  is 
the discrete relaxation time of the ith branch of the Maxwell 
model and hi is the weight associated with each branch for 
1, . . ., N.19

 G t h exp
t

i

N

i
i

 ( ) = −









=
∑
1

τ
 (3)

One suitable approach for mathematical quantification 
is using Prony series discretization of the continuous relax-
ation spectrum. The Prony series is based on the number of 
Prony terms, Np, along with the corresponding relative 
moduli, gi, and the relaxation times, τ i ,  for the ith branch. 
With these parameters the model can be easily imple-
mented in numerical schemes, which facilitates perform-
ing finite element simulations to test the adhesive and 
denture design for various bite and chewing force combi-
nations. The Prony series approximation of the continuous 
relaxation spectrum here clearly provided a basis to model 
the adhesive specimen as a viscoelastic material. The indi-
vidual parameters for the Prony series with Np = 3 terms 
were evaluated and presented in this study. These param-
eters can be used to implement a generalized Maxwell 
model with N = Np branches. Kraus et al., explain that each 
Maxwell element with N branches decays within one dec-
ade of time measurement. It has been successfully proven 
to adapt the number of terms of the Prony series (or the 
number of branches of the Maxwell model considered) to 
be equal to the number of time decades experimentally 
investigated.22 The accuracy of the fit was ascertained 
again using R2 and adjusted R2 values. From the observed 
data it is clear that the accuracy increases with Np, but the 
increase is negligible after Np > 3. The Prony series discre-
tization with Np = 3 parameters is illustrated in Table 1. The 
comparison of the curve fit with increasing number of 
branches is shown graphically in Figure 6.

As noted, our model uses three physiological variables 
and the relative change in the Prony parameters with 
regards to these variables is necessary to appreciate the 
complexity of the material and the challenge of modeling 
it. The relaxation spectra do not exhibit a change in shape 
as a function of time, but only appear to shift horizontally 
when the temperature is changed.23 This is clearly noted in 
the shear relaxation spectrum for different temperatures 
presented in Figure 2. The horizontal shifting of the curves 
was also observed for all settings of pH and swelling. 
Therefore, at higher temperatures relaxation behavior can 
be visualized as equivalent to a relaxation with a reduced 
relaxation time. Conversely, at lower temperatures the 
relaxation time is hypothesized to correspondingly 
increase. The WLF equation is one of the methods used to 
calculate the shift factor at and above the glass transition 
temperature, θg. Previous θg data indicate that convention-
ally heat processed denture bases reach the glass transition 

Figure 6. Comparison of the curve fit of the relaxation 
spectrum with increasing number of Prony series parameters 
from Np = 1 to Np = 4.

at around 110°C based on differential scanning calorime-
try (DSC).24 In the present study we evaluate temperatures 
from 17°C to 52°C, which was selected based on the pos-
sible range of temperatures in the oral cavity. These tem-
peratures are considerably lower than the glass transition 
temperature of the adhesive considered. Also, the rheo-
logical DMA experiments were primarily carried out at the 
temperatures experienced within the oral cavity.25 The 
material was not tested for negative temperatures or at 
very high temperatures, as studying the master curve of the 
adhesive was not an objective of our work. For the tested 
range of temperatures and based on the shape of the stor-
age and loss modulus curves, we speculate that we are pre-
dominantly in the rubbery plateau region or the terminal 
region of the material. Based on the exhaustive research 
performed in these fields in the past century, we could dis-
card the possibility of α−transitions as we are not near the 
glassy region of the relaxation spectrum. Based on our 
experimental range of testing we speculate that the transi-
tion observed in our data could be best described by 
Arrhenius behavior. Also, based on the scatter plot of ln (τ) 

versus 
1

θ
 shown in Figure 3 we argue that the linear 

approximation of the Arrhenius approach predicts the 
behavior well and therefore can be used to calculate the 
shift factors as shown in Table 2. Thus, the temperature 
parameter can be subsumed into the viscoelastic formula-
tion in terms of the relaxation time itself, and as a result the 
effect of the oral temperature on the adhesive behavior can 
be taken into consideration. As discussed, the influence of 
temperature was captured in the model as a change in the 
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relaxation time of the adhesive material; as such, we 
rewrite the relaxation function as shown in equation (4), 
where we define τθ as the relaxation time corresponding to 
the temperature θ.

 G t G t G exp
t

( , ) ( )θ
τθ

= =
−







0  (4)

From the representative data shown in Figure 4, the ini-
tial observation was made that there exists a strong corre-
lation between the swelling of the adhesive under the 
influence of saliva and salivary flow and the storage and 
loss modulus values. A similar trend was observed across 
the range of pH and temperatures tested, which further 
supported this initial observation. This was significant as 
the swelling of the adhesive under the influence of saliva is 
very difficult to predict, as it is a dynamic interaction con-
tinuously altered by several factors such as salivary flow 
rate. From Figure 4 we also observe that there is a signifi-
cant decrease in the loss modulus as the adhesive swells in 
the presence of saliva and potentially becomes less vis-
cous. In other words, the resistance to deformation is low-
ered and therefore, the adhesive layer is prone to shear at 
lower loads. As the swelling increases the material shows 
a tendency to relax faster. That is to say, the effect of swell-
ing can be compared to that of increasing temperature and 
consequently yielding lower relaxation times.26 In our 
experiments it was noted that the adhesive reaches a satu-
ration level of swelling at around 220% when immersed in 
artificial saliva, and that the time needed to attain this satu-
ration level varied with the pH of the medium. Regardless, 
in all cases the desired saturation level was attained within 
the timeframe of 120–180 min. After this, the increase in 
swelling ratio was infinitesimal with respect to additional 
time. As such, it can be reasonably stated that the adhesive 
achieves its saturation point in situ relatively quickly after 
being applied by the denture wearer and that its properties 
at this level of swelling are relevant for the majority of its 
operating time within the oral cavity.

In principle the time-temperature superposition 
approach regarding the change in the relaxation time can 
also be used for pH.27,28 The time-pH superposition or 
time-concentration superposition are viable approaches to 
include the influence of pH directly into the material 
model. However, in this study the influence of pH was not 
modeled using the time-pH superposition approach, as a 
coupling of both time-temperature and time-pH superposi-
tion is very complicated to implement.29,30 Furthermore, 
the variables of temperature, swelling, and pH were also 
thought to influence one another, which makes such an 
approach even more challenging. Lastly, the final objec-
tive of the study to implement the viscoelastic material 
model in a standard FEA package like ANSYS presents its 
own limitations. The TTS was utilized to capture the influ-
ence of temperature, but the influence of swelling and pH 

were considered by evaluating the corresponding relaxa-
tion times based on the individual shear relaxation spectra 
obtained for the two variables. As such, the approach to 
capture the impact of swelling percent into the viscoelastic 
material model in this study was based on the change in the 
relaxation times, τi, and the corresponding amplitudes, gi, 
for a given time, t, and temperature, θ. Including this effect 
into the representative expression for the shear relaxation 
modulus for the denture adhesive takes on the form shown 
in equation (5). In this expression we define τθ

SR pH,  as the 
relaxation time at a particular temperature “θ ” for a swell-
ing ratio of “SR %” and maintained at a specific “pH.”

 G t SR pH G exp
t

SR pH
( , , , )

,
θ

τθ
=

−







0  (5)

Conclusion

Accordingly, the influence of temperature, swelling under 
the influence of saliva, and pH of the medium can be 
incorporated into the viscoelastic material model of the 
denture adhesive based on the above equation. By using 
the discrete approximations of the continuous relaxation 
spectra in combination with the horizontal shift factors and 
the relaxation times at different pH and swelling ratios, the 
adhesive specimen was modeled as a Prony series based 
viscoelastic material with its mechanical behavior under 
different pH, swelling, and temperature accounted for in 
the model. The implementation in numerical finite element 
analysis was achieved based on the Tool Narayanaswamy 
shift function approach, which is a simplification of the 
Arrhenius shift function.20

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with 
respect to the research, authorship, and/or publication of this 
article.

Funding

The author(s) received no financial support for the research, 
authorship, and/or publication of this article.

ORCID iD

Stefan Schwan  https://orcid.org/0000-0001-9835-7822

References

 1. Kumar PR, Shajahan PA, Mathew J, Koruthu A, Aravind P 
and Ahammed MF. Denture adhesives in prosthodontics: an 
overview. J Int Oral Heal 2015; 7(Suppl 1): 93–95.

 2. Kapur KK. A clinical evaluation of denture adhesives. J 
Prosthet Dent 1967; 18(6): 550–558.

 3. Kenneth Adisman I. The use of denture adhesive as an aid to 
denture treatment. J Prosthet Dent 1989; 62(6): 711–715.

 4. Ramakrishnan AN, Röhrle O, Ludtka C, et al. Finite element 
evaluation of the effect of adhesive creams on the stress 

https://orcid.org/0000-0001-9835-7822


10 Journal of Applied Biomaterials & Functional Materials 00(0)

state of dentures and oral mucosa. Appl Bionics Biomech 
2021; 2021: 5533770.

 5. Ramakrishnan AN, Roehrle O, Ludtka C, et al. Finite ele-
ment evaluation of the effect of adhesive creams on the 
stress state of dentures and abutment teeth. J Mech Med Biol 
2022; 22(05): 2250027.

 6. Karlsson S and Swartz B. Denture adhesives - their effect 
on the mobility of full upper dentures during chewing. A 
cineradiographic study. Swed Dent J 1981; 5: 207–211.

 7. Olshan AM, Ross NM, Mankodi S and Melita S. A modi-
fied Kapur scale for evaluating denture retention and stabil-
ity: methodology study. Am J Dent 1992; 5: 88–90.

 8. Zienkiewicz OC, Taylor RL and Zhu JZ. The finite element 
method: its basis and fundamentals. 6th ed. Amsterdam: 
Elsevier, 2005.

 9. Capaldi FM. Continuum mechanics: constitutive mod-
eling of structural and biological materials. Cambridge: 
Cambridge University Press, 2012.

 10. Shishesaz M and Reza A. The effect of viscoelasticity of 
polymeric adhesives on shear stress distribution in a single-
lap joint. J Adhes 2013; 89(11): 859–880.

 11. de Souza Mendes PR and Thompson RL. Time-dependent 
yield stress materials. Curr Opin Colloid Interface Sci 2019; 
43: 15–25.

 12. Phan-Thien N and Mai-Duy N. Understanding viscoelastic-
ity: an introduction to rheology. Cham: Springer, 2013.

 13. Kloss-Brandstätter A, Hächl O, Leitgeb PC, et al. 
Epidemiologic evidence of barometric pressure changes 
inducing increased reporting of oral pain. Eur J Pain 2011; 
15(8): 880–884.

 14. Baliga S, Muglikar S and Kale R. Salivary pH: a diagnostic 
biomarker. J Indian Soc Periodontol 2013; 17(4): 461–465.

 15. Dodds, M, Roland, S, Edgar, M and Thornhill, M. Saliva a 
review of its role in maintaining oral health and preventing 
dental disease. Br Dent J Team 2015; 2: 15123.

 16. Souza LR, Oliveira MVM, Basile JR, et al. Anatomical and 
physiopathological aspects of oral cavity and oropharynx 
components related to oropharyngeal dysphagia. In: Speyer 
R and Bogaardt H (eds) Seminars in dysphagia. Rijeka: 
InTech, 2015, pp. 3–40.

 17. Sato Y, Kaiba Y and Hayakawa I. Evaluation of denture 
retention and ease of removal from oral mucosa on a new 

gel-type denture adhesive. Nihon Hotetsu Shika Gakkai 
Zasshi 2008; 52(2): 175–182.

 18. Kalra P, Nadiger R and Shah FK. An investigation into the 
effect of denture adhesives on incisal bite force of com-
plete denture wearers using pressure transducers - a clinical 
study. J Adv Prosthodont 2012; 4(2): 97–102.

 19. Gill SK, Roohpour N, Topham PD and Tighe BJ. Tunable 
denture adhesives using biomimetic principles for enhanced 
tissue adhesion in moist environments. Acta Biomater 2017; 
63: 326–335.

 20. Narayanaswamy OS. A model of structural relaxation in 
glass. J Am Ceram Soc 1971; 54(10): 491–498.

 21. Owens RG and Phillips TN. Computational rheology. 
London: World Scientific Publishing Company, 2002.

 22. Kraus MA, Schuster M, Kuntsche J, Siebert G and Schneider 
J. Parameter identification methods for visco- and hyperelas-
tic material models. Glass Struct Eng 2017; 2(2): 147–167.

 23. Van Gurp M and Palmen J. Time-temperature superposition 
for polymeric blends. Rheol Bull 1998; 67(1): 5–8.

 24. Ibrahim M and Zheng F. The effect of glass transition on the 
bond strength at the interface between denture teeth and den-
ture base. Deent Oral Biol Craniofac Res 1998; 67(1): 58.

 25. Hopkins E, Sanvictores T and Sharma S. Physiology, acid 
base balance. In: StatPearls. Treasure Island: StatPearls 
Publishing, 2022.

 26. Jurf RA and Vinson JR. Effect of moisture on the static and 
viscoelastic shear properties of epoxy adhesives. J Mater 
Sci 1985; 20(8): 2979–2989.

 27. Tekaat M, Bütergerds D, Schönhoff M, Fery A and Cramer 
C. Scaling properties of the shear modulus of polyelectro-
lyte complex coacervates: a time-pH superposition princi-
ple. Phys Chem Chem Phys 2015; 17(35): 22552–22556.

 28. Syed VMS and Srivastava S. Time-ionic strength superpo-
sition: A unified description of chain relaxation dynamics 
in polyelectrolyte complexes. ACS Macro Lett 2020; 9(7): 
1067–1073.

 29. Ionita D, Cristea M and Gaina C. Prediction of polyurethane 
behaviour via time-temperature superposition: meanings 
and limitations. Polym Test 2020; 83: 106340.

 30. Cicuta P, Stancik EJ and Fuller GG. Shearing or compress-
ing a soft glass in 2d: time-concentration superposition. 
Phys Rev Lett 2003; 90(23): 236101.


