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Introduction
Saliva is a complex fluid composed of a wide variety of organic 

and inorganic constituents, which influence the biochemical and 
physiochemical properties of saliva, and thereby contribute to the 
numerous functions of saliva. Saliva has an important function 
in protecting oral soft tissues, teeth, and restorations from wear, 
demineralisation, dehydration and influence from external chemicals. 
In order to exercise this protective function, the saliva spreads 
out as a thin film over oral tissues, and if present, also over dental 
reconstructions [1-4].

Saliva is derived predominantly from three pairs of major glands 
(parotid, submandibular, and sublingual glands) that account for 
approximately 90% of the total fluid secretion. The minor salivary 
glands, whose ducts are open onto most areas of the oral mucosa 
except the area covering the dorsum of the tongue, the anterior part 
of the hard palate and gingivae, contribute to less than 10% of the 
total volume. The combination of secretions, entering the mouth at 
several locations, is termed whole saliva. In addition to the salivary 
secretions, whole saliva contains gingival crevicular fluid, oral 
microorganisms, host-derived cells, cellular constituents and dietary 
components [5].

It has been estimated that the total volume of saliva before and 
after swallowing averages about 1.1 and 0.8 ml, respectively [6]. Collins 
and Dawes [7] calculated that saliva if spread evenly throughout the 
mouth is present as a thin film between 70 and 100 μm  thick.

A structural model of the salivary film has been developed and this  
model describes roughly 5 saliva layers including a precursor layer, a 
tightly bound protein layer, a layer of surface-anchored mucin brush, 
a liquid bulk layer and an outer proteinaceous layer at the interface 
with air [8-9]. This structure with multiple layers contributes to the 
entire spectrum of saliva’s lubrication functionality [10].

The molecular composition of saliva has been shown to have 
multi-functional characteristics expressed by several families of 
salivary molecules, each comprising multiple members that are 
multifunctional and overlapping. Functional relationships are 
established upon complexing between molecules [11].

It is in particular salivary glycoproteins, such as mucins and 
proline-rich proteins, which have structural features that correlate 
to the protective function of masticatory lubrication. Mucins, of 
both high-molecular weight (MUC5B) and low-molecular weight 
(MUC7), are secreted from the submandibular-sublingual salivary 

Abstract
To understand the protective functions of saliva secreted from 
different glands in the masticatory process, it is of interest to study 
its viscoelastic properties. Characterization of saliva samples are 
not that easily performed in a clinical setting, since most of the 
experimental techniques and instruments available are developed 
for research purposes.

The aim of this study was to characterize how the viscoelastic 
properties of saliva can be measured and monitored using two 
laboratory instruments. Unstimulated whole saliva from 11 healthy 
volunteers was characterized using two instruments, an ARES-G2 
rheometer and a Bohlin Oscillating Cup Rheometer. Measurements 
performed on unstimulated human whole saliva showed that the 
ARES rheometer will in linear viscoelastic conditions of the sample 
give absolute viscoelastic numbers of undisturbed saliva whilst 
the BOCR can be used to give an indication of gel strength, gel 
formation, and gel stability in viscoelastic samples being sheared 
in their non-linear viscoelastic region by introducing a Saliva Gel 
Strength Index, SGSI.

Both methods clearly illustrate the presence of viscoelastic 
properties in saliva.
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glands while the proline-rich glycoproteins emanate from the parotid 
glands. These mucins form part of the acquired enamel pellicle and of 
the mucosal pellicle which forms a thin layer attached to the surface 
of the oral mucosa and they act as an important lubricant between 
opposing surfaces during mastication, swallowing and speaking [12-
13].

The behaviour of saliva is based on both viscous and elastic 
properties and in order to understand the functions of saliva it is of 
interest to study these properties.

Currently, diagnostic methods are addressing quantity and 
content of saliva in bulk, and few qualitative tests of saliva, which can 
monitor dynamic changes either in bulk of saliva or of saliva as an 
adsorbed thin film, are at this date available to describe the protective 
functions of saliva. Since changes in the protective functions of saliva 
may occur that might influence oral health and the subject’s perception 
of dry mouth, there is a need for functional tests in order to discern 
which individuals with oral dryness will require oral treatment. 
Salivary dysfunction has mainly been related to a decrease in salivary 
flow rate, but the molecular composition of saliva has gained more 
attention in understanding the complexity of the condition.

Studies have shown that there is no statistically significant or only 
a week correlation between the complaint of oral dryness and salivary 
flow rates [14-16]. This indicates that more complex physiological 
events than just the flow rate contribute to the symptom of oral 
dryness [17,18].

The above mentioned suggests that the rheological properties of 
saliva might be of greater importance for the perception of dry mouth 
than the quantity of saliva secreted alone.

The viscosity of whole saliva decreases upon increasing shear rate 
[19-21] and saliva can therefore be classified as a shear-thinning, non-
Newtonian fluid with a high elastic component. Results from studies 
were rotational rheometers with cone-and-plate geometries were used 
to measure the shear thinning and the viscoelastic properties of saliva 
led to the assumption that saliva has gel-like properties. It has been 
shown that these measurements are partly erroneous since proteins 
in saliva adsorb to the air-liquid interface at the rim of rotational 
rheometers, resulting in formation of a solid-like elastic interface 
[22]. Hence, the rheological behaviour of saliva can be characterized 
as being shear thinning with a very high elastic component. Van der 
Reijden et al. [21] observed that the linear viscoelasticity and viscosity 
of saliva secreted from the various glands decreased in the following 
order: sublingual > palatal~whole saliva~submandibular > parotid. 
They suggested that the different rheological behaviour of saliva 
from each gland secretion could be due to an influence from mucin 
concentration, mucin conformation and/or the mucin type within 
the glandular saliva. The viscosity of submandibular and parotid 
saliva was shown to be hardly dependent on the shear rate opposite to 
sublingual saliva that showed a clear shear-thinning behaviour [21].

The shear rate independency of parotid saliva may be explained 
by the absence of high molecular weight mucins in this secretion, 
which gives it a viscosity slightly higher than that of water [23].

Furthermore, at similar viscosity submandibular saliva had 
a lower degree of elasticity compared to sublingual saliva. This 
might suggest that the structure that the sublingual mucins form is 
intrinsically more elastic than submandibular mucins.

The viscosity of saliva and its degree of shear thinning varies due 
to differences in measuring methods, saliva collection and handling, 
circadian rhythm, and individual variation [21,24-27], and this affects 
the feasibility of comparing results between studies.

Since saliva is a dilute viscoelastic polymer solution with very low 
shear modulus its viscoelasticity is therefore difficult to characterize 
experi mentally. Davies and Stokes have developed an experimental 
tech nique, utilizing small gap distances, down to 5 μm, with parallel 
plate rheometry, which allows the use of small sample volumes. They 
demonstrated its applicability for high strains and strain rates as well 

as for viscoelasticity using small amplitude oscillatory shear (SAOS) 
[28]. The advantages of this SAOS tech nique as compared to previous 
measure ments using oscillating capillary flow [21] and resonant 
oscillation [24,25,29] are a wide selection of frequencies and a well-
defined strain.

Rheological characterization of saliva samples are not that 
easily performed in a clinical setting, since most of the experimental 
techniques often require large sized and expensive equipment 
developed for research purposes.

In order to explore the rheological properties of saliva, at the 
time when individuals have stated subjective complaints of oral 
dryness, the access to an instrument adapted to the clinical setting 
is a prerequisite. Another aspect is the stability of the sample. Rapid 
protein degradation occurs within 30 minutes after collection and the 
degradation starts during the collection procedure [30].

A surface loading rheometer, Bohlin Oscillating Cup Rheometer 
(Bohlin Reologi, Sjöbo, Sweden) has been developed for measuring 
rheological properties of fluids. This technique is based on an 
oscillating system where the sample is initialized to perform 
free oscillations and where the damping caused by the sample is 
determined. This allows determination of viscosity and elasticity of 
low moduli fluids using small volume samples. In liquids with limited 
viscosity only a relatively thin film, which is in contact with the sample 
cup, participates in the oscillation [31]. This technique has been used 
for monitoring blood plasma coagulation [32-34].

In addition, the size of the instrument itself allows measurements 
in a clinical setting in contrast to a conventional controlled stress or 
strain rheometer.

The aim of the study was to characterize the viscoelastic properties 
of human whole saliva using two instruments, the ARES-G2 
rheometer and the Bohlen Oscillating Cup Rheometer (BOCR).

Theory
Small amplitude oscillatory shear

The technique used with the ARES-G2 rheometer of small 
amplitude oscillatory shear with a narrow gap has been thoroughly 
described by Davies and Stokes [28]. In order to obtain meaningful 
measurements numerous gap errors have to be accounted for. The 
most prominent error, when using forced SAOS, is the unavoidable 
misalignment of parallel plates, which produces an underestimation 
in the measurements at gaps less than a few tenths of a millimetre. A 
typical gap error is 5-30 μm [26]. The gap error Δh is determined by 
measuring the viscosity ηm of a Newtonian liquid for decreasing set 
gap heights hs. A plot of hs/η vs. hs

true
s

truem

s hh
h

ηηη
∆

+=
1

               (1)

will give a straight line with slope 1/ηtrue and an intercept of Δh/
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where G refers to either G’ or G”.

Free amplitude oscillatory shear

The principle of the surface loading rheometer, like the BOCR, 
is to allow the sample, placed in a cup that is suspended by a torsion 
wire, to perform free oscillations and to measure the damping and 
frequency shifts of the oscillations caused by the sample. As the 
cylinder oscillates, the oscillation will penetrate into the fluid in the 
cylinder.

A hollow cylinder with an inner radius R and an inner height H 
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We suggest that the saliva samples due to the gel property will 
give rise to an anomalous frequency shift in addition to that which 
would be the case if there was no elasticity, i.e.

(Δ-Δ0) and that the thickness of this layer of gel which is 
responsible for this increase in inertia will be proportional to the gel 
strength, which seems reasonable.

This results in the conclusion that in order to get a measure of 
the gel strength we should take the measured frequency shift and 
then subtract the frequency shift for a situation with no elasticity (Δ-
Δ0). We then obtain something which is zero for no gel strength. We 
normalize arbitrarily by (Δ-Δ0) and finally obtain an empirical Saliva 
Gel Strength Index, SGSI.

SGSI=[(ω0-ω) / ω0 – (Δ–Δ0)] / (Δ–Δ0)                                  (7)

Based on the SGSI assumption above, the BOCR can be used to 
give an indication of gel strength and gel formation in a viscoelastic 
sample, such as saliva at uncontrolled shearing conditions, 
corresponding to a saliva sample subjected to shearing in the mouth.

Materials and Methods
Collection of saliva

Unstimulated whole saliva of 11 healthy volunteers (5 women 
and 6 men, aged 34 ± 8 years) was collected. All individuals were 
instructed to refrain from smoking (including smokeless tobacco), 
eating, drinking or any oral hygiene measures for at least 1 h prior to 
the saliva collection procedure [36]. Saliva was collected during the 
hours between 10 am and 12 am or 2 pm and 4 pm.

The unstimulated whole saliva was collected when the participant 
was positioned in a relaxed position leaning slightly forward, such that 
saliva was allowed to pool in the mouth. The saliva first expectorated 
was discarded. The donor then expectorated saliva into a test tube for 
5-10 min until 2 ml of saliva was collected.

The rheological properties of saliva were immediately measured 
within 2 min after collection.

The sample collected from the donor was calculated to enough 
volume to be used for both techniques.

Rheological measurements of unstimulated whole saliva

The small amplitude oscillatory shear rheology of unstimulated 
whole saliva was characterized by using an ARES-G2 rheometer (TA 
Instruments, New Castle, DE, USA) equipped with a parallel plate 
measuring system (40 mm diameter plates). The gap error was first 
determined to be Δh = 2.8 µm using a Newtonian calibration oil with 
a viscosity of 318.7 mPa s at 37°C.

220 μl of the saliva was pipetted to the centre of the bottom plate. 
The upper plate was lowered to a gap of 100 μm and an oscillatory 
time sweep with frequency 0.1 Hz was started immediately. Data 
was recorded for 20 minutes. The sample was covered with a thin 
layer of a low viscosity paraffin oil to avoid drying of the sample. The 
measurements were performed in the linear viscoelastic region using 
an applied strain of 5%. All measurements were performed at 37°C.

The free oscillatory rheology of unstimulated whole saliva was 
characterized using a Bohlin Oscillating Cup Rheometer (BOCR) 
(Bohlin Reologi, Sjöbo, Sweden) (Figure 1). Prior to measurements 
the instrument was calibrated with 1.0 ml of distilled water. The water 
was removed from the sample cell and replaced by 1.0 ml whole saliva 
for recording during 23 min. The sample cell was used without a fixed 
bob during the measurements. All measurements were carried out in 
room temperature (21.4°C-22.6°C).

Results and Discussion
Viscoelastic data

As can be seen from figure 2 the storage modulus, G’, of most of 
the saliva samples during linear shear increase as a function of time 

is suspended by a torsion wire along its axis. The spring constant of 
this construction is Iω0

2 wherein I, is the moment of inertia, and ω0 
the angular velocity, as the oscillation system with the empty cylinder 
performs free torsional oscillations. The free torsional oscillations 
are damped owing to the damping in the torsion wire and the other 
suspension means. The damping is defined by the logarithmic 
decrement Δ:

Δ = 1/n (ln(An/A1))                                 (1)

Wherein n is the number of periods of the oscillation and An is the 
amplitude of the oscillation in the nth period and A1 is the amplitude 
in the first period of oscillation. If the cylinder is filled with fluid 
and the oscillation system is caused to perform free oscillations, the 
damping of the oscillation will be greater than in the case of an empty 
cylinder. As the cylinder oscillates, the oscillation will penetrate into 
the fluid in the cylinder. The penetration depth δ is determined by 
the viscosity η, the density of the fluid ρ, and the angular velocity ω 
according to the equation:

δ= √ (η/ρω)                 (2)

By selecting a suitable oscillation frequency, a penetration depth 
delta δ of a low viscosity fluid can be obtained, which is much smaller 
than the radius R of the cylinder. In this case the fluid in the centre 
of the cylinder will be immovable during the torsional oscillations 
and the fluid between the cylinder wall and the immovable portion 
of the fluid will be subjected to shear. The shearing action promotes 
the damping of the oscillation. The damping caused by the shearing 
motion can be measured, and on the basis of the damping the viscosity 
of the fluid can be determined. For a viscous fluid the following 
relationship applies, provided that the penetration depth delta δ is 
much smaller than the radius R and the height H:

η = 2k ρω (Δ-Δ 0)
2                   (3)

wherein Δ and Δ0 are the logarithmic decrement in oscillation 
with and without fluid in the cylinder, and k is a calibration constant. 
By measuring the damping and the relative frequency shift, the 
dynamic viscosity η’ and the storage modulus G’ can be determined 
for a slightly viscoelastic sample according to the following equations:

η’= 2k ρω(Δ-Δ 0)(- Δ ω/ω0)              (4)   

Sq = (Δ-Δ 0)  Sw = (- ω+ω0)/ ω0

and

G’= k ρω2[ (Δ-Δ 0)
2 - (Δ ω/ω0)

 2]              (5)

wherein (-Δ ω/ω0) is the relative frequency shift [35].

An elastic response to free oscillation is a damping close to zero 
and a frequency shift corresponding to the density of the sample. This 
means that a viscoelastic material receives an extra frequency shift 
compared to a viscous sample, and that the elastic part of the saliva 
that oscillates in phase with the cup, is proportional to the strength 
of the saliva gel.

The relative frequency shift (ω0- ω)/ω0 and the damping shift 
Δ-Δ0 constitutes the basic information we obtain concerning the 
sample behaviour in the oscillating cup.

For a viscoelastic liquid where the ‘large cup’ approximation 
(penetration depth << R) is valid we can calculate the dynamic 
viscosity and elasticity from equations (4) and (5) while the non-
elastic liquid viscosity is given by equation (3). When there is no 
elasticity we have the relation

Δ-Δ0 = (ω0- ω)/ω0                (6)

For the geometry and oscillation frequency used in the BOCR 
the large cup assumption is valid up to a viscosity of 10 cSt .For the 
saliva samples the situation is more complex since the Ares results 
points to a gel structure possibly with a yield stress that may vary 
among samples. It is obvious that we cannot use the ‘large cup 
approximation’ but need to use the basic information contained in 
the frequency and damping data.
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and then stabilises after about 1200 s. Further, table 1, displaying 
the storage modulus, G’, and the phase angle, δ, of the samples after 
1200 s shows that most of the saliva samples show a high degree of 
viscoelasticity and a moderate level of elasticity, with all samples 
but four, S7, S8, S9 and S11, having phase angles < 30° and storage 
modulus between 0,15 and 2.1 Pa when subjected to linear behaviour, 
i.e. at rest. The elastic behaviour of the samples may be due to the 
adsorption of proteins at the air-liquid interface. Therefore, the 
increase in elasticity as a function of time demonstrates the formation 
of an entanglement structure in saliva. It is clearly seen that the 
degree of elasticity differs between the saliva samples and this can be 
explained by lower or higher average molecular weight of the structure 
forming proteins, due to compositional differences of the saliva, or 
the concentration of the same in saliva. An increase in the average 
molecular weight as well as protein concentration would be expected 
to result in a higher storage modulus. The linear measurement results 
obtained hence indicate that samples S3, S6, S4 and S2, with G’ values 
between 1.2 and 2.1 Pa and δ values below 30° have the highest degree 
of structure. The variation in G’ value as a function of time as well as 
the more viscous behaviour for sample S11 can be an example of a 
very dilute saliva sample with too low degree of elasticity in relation to 
the sensitivity of the rheometer. The solid-like surface film developed 
in saliva at rest, discussed above, has been shown to be disrupted at 
very low strains [22].

It can be seen from figure 3 that the Gel strength index, SGSI, of 

most of the saliva samples show linear elastic values during the time 
of the measurement. The reason for this linear behaviour compared to 
the increase in elasticity for the ARES measured saliva samples can be 
explained by the measurement parameters. The ARES measurements 
are performed in the linear viscoelastic region of the saliva.

This means that we study the saliva samples without any 
significant impact on their structure which influence the rheological 
properties. The BOCR measurements are performed in uncontrolled 
and most probably non-linear viscoelastic region of the saliva 
samples, preventing the formation of solid-like surface films. As for 
the ARES measurements it is clearly seen that the degree of elasticity 
differs between the saliva samples and this may again explained by 
the concentration and composition, with the resulting differences in 
average molecular weight, of the structure forming proteins as well 
as their resistance to breakdown during shear in the mouth. The 
viscosity of the saliva samples in the BOCR, ranged between 0.69-3.56 
mPa s and with an average of 1.77 mPa s this is in line with what has 
previously been measured.

Salivary mucins have been reported to comprise up to 26% of 
the total protein (1-2 mg/ml) concentration in saliva [37]. Of these 
mucins, MUC5B has by far the highest molecular weight, Mw reaching 
up to 2-40 MDa and the concentration of the same has been reported 
as 233 μg/ml [38]. Based on this it can be expected that MUC5B 

         

Figure 1: The Bohlin Oscillating Cup Rheometer (BOCR).

1. Oscillator actuator, sensor and suspension assembly.  
2. Base mount  
3. Sample cell.  
4. Fixed Central cylinder for best thermal control.  
5. Thermal jacket  
6. Cover plate.

         

 

Figure 2: Ares viscoelastic data.

Saliva storage modulus (G’) as a function of time at T = 37°C

Each participant denoted as S for subject.

         

Figure 3: BOCR viscoelastic data.

SGSI = η’/(η −1) plotted as a function of time at T = 22°C

Each participant denoted as S for subject.

Sample G' (Pa) δ,°

S1 0,19 14
S2 2,1 18
S3 1,2 24
S4 1,6 27
S5 0,56 18
S6 1,4 17
S7 0,53 46
S8 0,12 33
S9 0,19 33
S10 0,15 25
S11 0,03 51

Table 1: Storage modulus and phase angle values of the samples studied after 
1200s at 37°C.
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dominates the behaviour of saliva. On the other hand, it is simplistic 
to consider saliva as a solution of MUC5B since it has been shown that 
concentrated solutions of this mucin do not fully replicate the gel-like 
properties of human whole saliva. Furthermore, the aggregation of 
other mucins, such as MUC7, and the presence of various lubricative 
and surface active molecules also play a role in the behaviour of saliva 
[39].

The conformation of mucin depends on factors such as ionic 
strength and pH [40]. Bicarbonate is a vital component of the pH 
buffering system. The concentration of bicarbonate increases 
markedly with the flow rate and it is therefore only really effective 
at high salivary flow rates. The bicarbonate ion reduces the amount 
of free calcium and calcium bound to mucins, and this may cause 
mucins to lose the ability to crosslink resulting in a more relaxed 
structural arrangement and decreased viscosity [41].

At lower pH, mucins are reported to form gel phases due to 
hydrophobic interactions resulting in an increased tendency for 
aggregation [40,42].

It could be argued that the difference in degree of elasticity 
between samples partly is a result of individual variations in pH. Since 
unstimulated saliva was characterized in the present study and the fact 
that the bicarbonate concentration, which affects the conformation of 
mucins, increases with flow rate the alleged variations in pH might be 
a minor contributing factor to the differences seen between samples.

Saliva has a unique combination of rheological properties, namely 
low viscosity, shear thinning and high elasticity which most likely 
are responsible for the elastohydrodynamic (full-film) lubricating 
properties. Since saliva has a high stress ratio [27], a relatively thin 
salivary film is able to keep opposing surfaces apart. The low viscosity 
combined with shear thinning results in low friction. An alteration in 
these properties may lead to an impairment in the lubricating ability 
of the oral mucosa and other oral tissues and result in abrasion, 
erosion, tooth decay, as well as it may affect the subjective sensation 
of dryness.

Since the lubrication properties of saliva is a function of the 
rheological characteristics and the surface associated components 
as well as the bulk components and their interplay [25] a 
multitechnological  approach is needed in order to explore and 
characterize factors that influence the protective functions of saliva.

Conclusions
The ARES rheometer is an absolute instrument and will in 

linear viscoelastic conditions of the sample give absolute viscoelastic 
numbers of undisturbed saliva.

The BOCR can be used to give an indication of gel strength 
and structure resistance to breakdown during shear in viscoelastic 
samples being sheared in their non-linear viscoelastic region through 
assuming a Saliva Gel Strength Index, SGSI.

It is suggested that the BOCR can be used to distinguish between 
saliva samples with high and low degree of viscoelasticity respectively. 
This assumption is also supported by the fact that shearing of the saliva 
in the mouth is rather a non-linear than a linear shearing process.

Considering that time will affect the dynamic molecular 
rearrangements in the saliva sample and thereby the shearing 
process, the BOCR will be a clinically suitable method to user chair 
side for measuring viscoelastic behavior of saliva. Further studies 
are undertaken to analyse samples from patients with dry mouth 
symptoms, to validate the accuracy of the BOCR measurements for 
diagnostic purpose as well as to characterize the protective functions 
of saliva with a multitechnological approach.
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