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Rheology of stimulated whole saliva in a typical 
pre-orthodontic sample population* 

R.P. KUSY, D.L. SCHAFER 
University of North Carolina, Departments of Orthodontics and Biomedical Engineering, 
Chapel Hill, NC, USA 

The dynamic viscosity (t~) of stimulated whole saliVa in a typical pre-orthodontic sample 
population was characterized as a function of temperature (T). Samples were collected from 
30 adolescents or young adults, after screening for factors that are known to have an effect 
on salivary viscosity. Using a cone and plate viscometer, 1.5 ml of stimulated whole saliva 
was evaluated at a constant shear rate of 450s -1 from T=20°C to T= 40°C. Data from the 
I~-T plots showed a negative dependence of the form, p = a -  bT, over a range of I~ from 1.08 
to 2.45 centipoise (cps) at 34 °C. Most of the samples fell into a narrow envelope, where the 
mean I~ of the saliva samples ranged from 2.42+0.61 cps at 20°C to 1.57_+0.32 cps at 37°C. 
With regard to sample stability, viscosity-time plots indicated that a small but predictable 
decrease in t~ occurred during the 3 h period. The i~-Tplots generated from fresh and frozen 
saliva samples demonstrated an appreciable change in p as a result of refrigeration. With 
regard to sample reproducibility, viscometric data obtained from a typical pre-orthodontic 
patient over a 1-week period fluctuated within a fairly broad envelope of values. 

1. Introduction 
Human saliva is a complex and vital body fluid that is 
critical to good dental health. In addition to moisten- 
ing the mucosa, aiding the digestive process, providing 
ions for remineralization, and chemically buffering the 
oral cavity, saliva provides lubrication of oral tissues 
I-1-12]. The lubricating capacity of saliva has intuit- 
ively been correlated with the viscosity of the secretion 
by previous investigators [7, 12-15]. These lubricat- 
ing properties are provided mainly by high molecular 
weight O -  and N-linked glycoproteins that order 
water molecules and increase the viscosity of saliva 
beyond that of water [2, 5, 8-11, 15, 16]. 

In the orthodontic literature controversy surrounds 
what effect saliva may have on the components of 
a tooth moving system [17 32]. Further controversy 
has resulted from experiments involving artificial sal- 
ivas and the friction generated by specific arch- 
wire/bracket combinations [20 22, 33]. 

Assuming that a correlation does exist between dy- 
namic viscosity and oral lubrication, a specific objec- 
tive was to measure the salivary viscosity of a typical 
pre-orthodontic population from samples obtained 
under well-delineated conditions. These samples are 
stimulated whole saliva--presumably a mixture of 
gland secretions, food, bacteria, sloughed tissues, 
white cells, etc.--and much the same as the saliva that 
an orthodontic appliance would be exposed to in 
a patient's oral cavity. In this investigation the effects 
of time, temperature and storage on viscosity are de- 
termined. Ultimately, we establish whether the inter- 

and intra-patient viscosities can provide a baseline so 
that the frictional coefficients of orthodontic 
archwire/bracket couples can be studied as a function 
of representative whole salivas. 

2. Materials and methods 
2.1. Sample procurement 
Thirty-five individuals were screened via a written 
survey to ensure that certain criteria were met. These 
were that each person: (1) was between the ages of 10 
and 40; (2) had no chronic illness; (3) took no medica- 
tion on a regular basis; (4) had not experienced a cold 
or flu within the 2-week period prior to testing; 
(5) considered themselves to be in good health; and 
(6) had not eaten within 1 h prior to testing. 

As an outcome of the survey, 30 individuals were 
asked to rinse with deionized water, chew on a 2" × 2" 
piece of Parafilm (American National Can, Greenwich, 
CT), and expectorate all available saliva into a cup for 
10 min [34]. All samples were collected between the 
hours of 2:00 pm and 3:00 pm as earlier studies had 
indicated some diurnal variation in saliva production 
and presumably composition [4, 35, 36]. Both the col- 
lection time and the volume produced were recorded 
for all individuals so that flow rates could be calculated. 

2.2. Viscometry 
For each participant, a 1.5 ml aliquot of stimulated 
whole saliva was transferred into the sample cup of 
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a Brookfield Digital Cone and Plate Viscometer 
Model LVTDV-II CP (Brookfield Engineering La- 
boratories, Inc., Stoughton, MA) that was interfaced 
with an IBM PC-30 (IBM, Boca Raton, FL) and 
a modified Lauda K4/R Electronic Water Circulator 
(Brinkman Instruments, Westbury, NY). With this 
apparatus (Fig. 1) the dynamic viscosity of each saliva 
sample was measured and recorded over the temper- 
ature range from 20 to 40 °C in 1 °C increments using 
a Model CP-40, 0.8 degree cone at a constant shear 
rate of 450 s-~. This temperature range was chosen 
because orthodontic sliding mechanics are typically 
measured at 20,34,or 37°C [25,27-29,31,37-39], 
while the shear rate was chosen because the viscosities 
are invariant for shear rates in excess of 100 s- 1 [2, 5]. 
The viscometer was calibrated before each test series 
with Cannon Certified Viscosity Standard $3 (Cannon 
Instrument Co, State College, PA). the sample was 
maintained at each temperature step for 2 min before 
each viscometric reading was taken. The time required 
for an entire series of temperature steps was approx- 
imately 3 h. The viscometry apparatus and its opera- 
tion are detailed in the Appendix. 

2.3. Sample stability 
To ensure that the measured changes in the visco- 
metric data were caused by temperature and not time, 
three samples from one individual were maintained at 
20, 30, and 40 °C by the water circulator. During the 
ensuing 3 h time period, viscometric readings were 
taken every 5 min utilizing the Brookfield DV Gather 
Software (Brookfield Engineering Laboratories, Inc., 
Stoughton, MA). Viscosity versus time plots were gen- 
erated for each sample. 

To determine the effect that storage via freezing has 
on these saliva samples, five samples were tested both 
before and after storage at - 20 °C. Viscosity versus 
temperature data were acquired after storage times 
that varied from 1 to 7 days. 

2.4. Sample reproducibility 
To ascertain the likely variability of salivary viscosity 
from a given individual, i.e. the intra-patient variation, 
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Figure l Schematic illustration of viscometric apparatus. 
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TAB L E I Sample characteristics used in this rheological study of 
pre-orthodontic patients 

Administered survey 35 
Saliva sampled 30 
Male 14 
Female 16 
Mean age (years +_ s.d.) 23.6 +_ 9.6 
Age range (years) 11 39 

one patient was provided a saliva sample on five 
consecutive days so that any differences in viscometric 
data could be measured. 

2.5. Data analysis 
The mean viscosities and their standard deviations at 
20, 34, and 37 °C were calculated for all saliva samples 
from data shown in the viscosity versus temperature 
plots. Demographic information that was available 
from the written surveys--such as age, gender, dietary 
habits, and oral care routine--was used to create 
subgroups so that inferential statistics could be ap- 
plied to the data as required (Table I). 

3. Results 
Under stimulated conditions, a mean salivary flow 
rate of 1.88 + 0.01 ml/min was obtained for females, 
and 2.08 _+ 0.01 ml/min was recorded for the males in 
the group (p < 0.05). The overall mean salivary flow 
rate was 1.98 + 0.01 ml/min. 

Data from the viscosity (g) versus temperature (T) 
plots (Fig. 2) indicated that the viscosity character- 
istics of saliva show a negative dependence of the form, 
~t = a - b T ,  over a rather narrow range from 1.08 to 
2.45 cps at 34 °C (to convert centipoise into SI units: 
1 cps -- 1 mPa s). The viscosity values of the sample 
population converge from a broad band that averages 
2.1 cps at 20°C down to 1.2 cps at 40°C. Although 
most of the data fell into a rather tight envelope, there 
was some indication that two la-T profiles, A and 
B, were more prevalent (enclosed by brackets). 
No demographic information could account for this 
finding. 

The mean viscosity of the saliva samples ranged 
from 2.42 _+ 0.61 cps at 20 °C to 1.57 + 0.32 cps at 
37°C (Table II). No significant difference was seen 
between the mean viscosities according to gender or 
age at any temperature. 

With regard to sample stability, viscosity versus 
time plots indicated that a predictable but very small 
decrease in viscosity occurred during the 3 h testing 
period (Fig. 3). A plot of the change in viscosity versus 
temperature generated for the five fresh and frozen 
saliva samples indicated that, for all but one of the 
samples tested, a systematic drop of viscosity occurred 
that was attributed to the freezing process (Fig. 4a). 
A representative viscosity versus temperature plot 
generated from one set of fresh and frozen saliva 
samples demonstrated a 0.25 cps drop in viscosity 
across the entire temperature range (Fig. 4b). After 
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Figure2 Viscosity temperature plots of 30 saliva samples. Two 
sub-samples, A and B, were more prevalent. 
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Figure 3 Viscosity time plots of salivas evaluated for 3 h at three 
different constant  temperatures: D, 20 °C; A, 30 °C; and ©, 40'~C. 

T A B L E  II Influence of temperature on the viscosity of saliva of 
pre-orthodontic patients 

Sample Viscosity (cps) 
number  

T = 20':C T = 3 4 ' C  T : 37 'C  

1 2.34 1.56 1.43 
2 2.00 1.50 1.42 
3 3.10 2.09 1.88 
4 2.73 1.96 1.79 
5 2.86 1.91 1.79 
6 3.09 2.02 1.90 
7 3.37 2.07 1.95 
8 2.63 1.91 1.72 
9 1.79 1.24 1.17 

10 3.81 2.45 2.30 
11 2.12 1.38 1.28 
12 3.33 1.90 1.70 
13 2.42 1.72 1.63 
14 1.71 1.08 0.98 
15 1.66 1.30 1.24 
16 " 1.90 " 
17 1.82 1.34 1.28 
18 1.81 1.33 1.22 
19 2.16 1.82 1.75 
20 1.70 1.36 1.34 
21 2.07 1.66 1.59 
22 2.47 1.92 1.82 
23 2.75 2.01 1.94 
24 2.12 1.45 1.35 
25 1.84 1.38 1.38 
26 3.59 1.92 1.45 
27 2.02 1.54 1.30 
28 2.52 1.49 1.61 
29 1.99 1.88 1.90 
30 2.34 2.09 1.10 

Mean 2.42 1.69 1.57 
s.d. 0.61 0.33 0.32 
Max. range 3.81 2.45 2.30 
Min. range 1.66 1.08 0.98 

"Denotes missing data. 

freezing, no relationship was noted between the length 
of the storage time and the change in viscosity. 

With regard to sample reproducibility, viscometric 
data obtained from an individual over the course of 
1 week (Fig. 5) indicated that the daily variation fluc- 
tuated within a fairly broad envelope, although well 
within the envelope of the pre-orthodontic sample 
population examined (cf. Fig. 2). 
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Figure 4(a) Change in viscosity temperature plots of five saliva 
samples that were tested in the fresh and frozen states, after storage 
for 1 ([~), 2 (r~), 3 ([2]), 5 (Kl), and 7 ([]) days. (b) Representative 
viscosity-temperature plots of a saliva sample that was tested in the 
fresh (I[-',) and frozen (/))  states, after storage for 5 days. 
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Figure 5 Viscosity temperature plots of saliva samples collected on 
five consecutive days from one individual: ff], day one; A, day two; 
O, day three; *, day four; I ,  day five. 

4. Discussion 
In general, prior measurements of salivary viscosities 
have varied considerably [1-3, 7, 15, 16, 35,40]. Such 
differences have been associated with the source of the 
sample (whole versus glandular secretions), the man- 
ner of sample collecting and handling, the method and 
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time of testing, and individual variation in the chem- 
ical composition of the secretion [1-4, 15, 41, 42]. For 
example, stimulated saliva has a lower viscosity than 
unstimulated saliva samples [2]. By collecting a large 
number of samples under well-defined conditions, 
a good estimation of normal human salivary viscosity 
has been obtained. Our data supports other work, 
which has shown that males have higher salivary flow 
rates than females: (1) when mean values are con- 
sidered [16]; and (2) in three out of four situations, 
when the lowest and highest tenth percentiles of sal- 
ivas from stimulated parotid or submandibular 
glands--considered [43]. 

To verify specific aspects of the saliva evaluation 
technique, three experiments were done at the start 
of sample collection. They indicated that: (a) a small 
but consistent drop in viscosity values occurs over 
the 3 h testing period as a function of time and 
is independent of the temperature (Fig. 3); (b) frozen 
saliva samples are inadequate representations of 
fresh saliva, when stored at - 20 °C for 1 to 7 days 
(Fig. 4); and (c) individual daily variability in 
salivary viscosity appears great enough that one can- 
not assume an individual's salivary viscosity will stay 
within a small envelope of values on subsequent days 
(Fig. 5). 

When sliding mechanics is used, the orthodontist's 
goal is to move teeth with the maximum efficiency and 
reproducibility. Together these t/wo factors ensure that 
frictional forces and inter-patient variability are mini- 
mized. Furthermore, sliding mechanics is not only 
dependent upon whether the archwire/bracket couple 
is in a "dry" or "wet" state but also what the specific 
circumstances of the "wet" state are. With this clinical 
perspective in mind, we sought to establish the base- 
line properties of whole saliva for a pre-orthodontic 
sample population. 

The physico-chemical role that saliva plays in fric- 
tional forces, which are inherent in orthodontic appli- 
ance systems, is not adequately understood. One sur- 
face rubbing against another, such as an archwire 
within a bracket, results in friction and causes wear. 
Lubrication consists of introducing an intermediate or 
boundary layer (the so-called third body) between the 
two surfaces to prevent contact. In order to determine 
the appropriate rheological properties of stimulated 
whole salivas--and in the future, of novel artificial 
salivas or additives that could enhance lubricity with- 
in the mouths of orthodontic patients--all contacting 
surfaces must first be modelled to represent the typical 
clinical situations in which the extents of motion be- 
tween the various materials and the resulting 
tribological (i.e. friction and wear) characteristics are 
determined. First, however, the behaviour of saliva, as 
a lubricant in sliding mechanics, requires a thorough 
investigation of the normal patient population that we 
have described here. Within that context, specific 
questions must be answered. For example, how does 
the presence of a more viscous saliva affect the fric- 
tional forces present in a typical tooth moving system? 
Experiments designed to ascertain these relationships 
are now possible and are considered in a succeeding 
article. 
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Appendix 
A cone and plate viscometer rotates a sensing element 
in a fluid and measures the torque necessary to over- 
come the viscous resistance to the induced movement. 
The sensing element, called a spindle, is driven by 
a spring. The magnitude of this resistance to twisting, 
which is detected by a rotational transducer, is pro- 
portional to the viscosity of the fluid. The viscometer 
is able to measure over a number of ranges since, for 
a given spring deflection, the actual viscosity is in- 
versely proportional to the spindle speed. Shear stress 
is related to the spindle's size and shape. 

In general, 

dynamic viscosity (cps or mPa s) = 
shear stress x 100/shear rate (A1) 

in which, 

shear stress (dyne/cm 2) = 

full-scale torque constant × % full-scale torque (A2) 

and 

2/3 x rt x (cone radius) 3 

shear rate s-1 = cone speed (A3) 
sin (cone angle) 

By substituting p = dynamic viscosity, K = full-scale 
torque constant (673.7 dyne cm), T = per cent of full- 
scale torque, r = cone radius, 0~ = cone speed, and 
0 = cone angle into Equations A2 and A3, Equation 
A1 reduces to 

150 KT × sin 0 
= ~3r3c0  = 

By substituting the cone 

3.218 × 104 T(sin 0) 
(A4) 

r3f9 

parameters (r = 2.4 cm, 
0 = 0.8 °, and 0~ = 2n rad/s) used in the present study, 
Equation A4 further simplifies to 

~t = 5.176 T (A5) 

Hence, by measuring the per cent of full-scale torque 
as a function of temperature, the dynamic viscosity 
(which we simply label as "viscosity" in units of cen- 
tipoise or "cps") is obtained as a function of temper- 
ature. 

Acknowledgements 
The authors thank Ms Joyce Jenzano and Mr John Q. 
Whitley for technical advice and assistance, respec- 
tively. 

This research was supported, in part, by the South- 
ern Association of Orthodontists. 

References 
1. W.H .  SCHWARTZ,  J. Dent. Res. 66 (Spec. Issue) (1987) 660. 
2. M . N .  HATTON,  M. J. LEVINE, J. E. MARGARONE and 

A. AGUIRRE,  J. Oral Maxillofac. Surg. 45 (1987) 496. 
3. H. NORDBO,  S. DARWlSH and R. S. BHATNAGER,  Scand. 

J. Dent, Res. 92 (1984) 306. 
4. C. DAWES, Front. Oral Physiol. 3 (1981) 125. 
5. M . J .  LEVINE, A. AGUIRRE,  M. N. HATTON and L. A. 

TABAK, J. Dent. Res. 66 (Spec. Issue) (1987) 693. 



6. E.J .  "s-GRAVENMADE and A. K. PANDERS, Front. Oral 
Physiol. 3 (1981) 154. 

7. H. NORDBO, S. DARWISH, B. DYMBE and B. DAHL, J. 
Dent. Res. 64 (Scand. Abstr. No. 55) (1985) 762. 

8. L. A. TABAK, M. J. LEVINE, I. D. MANDEL and S. A. 
ELLISON, J. Oral PathoL 11 (1982) 1. 

9. M.N.  HATTON, R. E. LOOMIS, M. J. LEVINE and L. A. 
TABAK, Biochem. J. 230 (1985) 817. 

10. D. 1. HAY, Archs. Oral Biol. 12 (1967) 937. 
11. L.A. TABAK, M. J. LEVINE, N. K. JAIN, A. R. BRYAN, 

R. E. COHEN, L. D. MONTE, S. ZAWACKI, G. H. NAN- 
COLLAS, A. SLOMIANY and B. L. SLOMIANY, ibid. 30 
(1985) 423. 

12. E.J. "s-GRAVENMADE, P. A. ROUKEMA and A. K. PAN- 
DERS, lnt. J. Oral Sur O. 3 (1974) 435. 

13. E. J. ' s-GRAVENMADE, A. VISSINK, A. K. PANDERS 
and A. VERMEY, Gerodontolooy 3 (1984) 243. 

14. A. VISSINK, H. A. WATERMAN, E. J. ' s-GRAVENMADE, 
A. K. PANDERS and A. VERMEY, J. Oral. Path. 13 (1984) 
22. 

15. A. VISSINK, H. P. DEJONG, H. J. BUSSCHER, J. 
ARENDS and E. J. ' s-GRAVENMADE, J. Dent. Res. 65 
(1986) 1121. 

16. D.B. FERGUSEN, Front. Oral Physiol. 3 (1981) 138. 
17. J. NICOLLS, Dent. Pract. (Trans. of the BSSO) 18 (1968) 

362. 
18. G. F. ANDREASEN and F. R. QUEVEDO, J. Biomech. 

3 (1970) 151. 
19. C.A. FRANK and R. J. NIKOLAI,  Amer. J. Orthodont. 78 

(1980) 593. 
20. J .G .  STANNARD, J. M. GAU and M. A. HANNA, ibid. 89 

(1986) 485. 
21. L.D.  GARNER, W. W. ALLAI and B. K. MOORE, ibid. 90 

(1986) 199. 
22. K.L.  BAKER, L. G. NIEBERG, A. D. WEIMER and M. A. 

HANNA, ibid, 91 (1987) 316. 
23. D.C.  TIDY, ibid. 96 (1989) 249. 
24. R.P.  KUSYand J. Q. W H I T L E Y ,  ibid. 98(1990) 300. 

25. R.P.  KUSY, J. Q. WHITLEY and M. J. PREWITT, Anyle 
Orthodont. 61 (1991) 293. 

26. D. DRESCHER, C. BOURAUEL and H. A. 
SCHUMACHER, Amer. J. Orthodont. 96 (1989) 397. 

27. D. H. PRATTEN, K. POPLI,  N. GERMANE, and J. C. 
GUNSOLLEY, ibid. 98 (1990) 398. 

28. P.V. ANGOLKAR, S. KAPILA, M. G. DUNCANSON and 
R. S. NANDA, ibid. 98 (1990) 499. 

29. S. KAPILA, P. V. ANGOLKAR, M. G. DUNCANSON and 
R. S, NANDA, ibid. 98 (1990) 117. 

30. R.R. PROSOSKI,  M. D. BAGLEY and L. C. ER1CKSON, 
ibid. 100 (1991) 341. 

31. C .R.  SAUNDERS and R. P. KUSY, J. Mater. Sci. Mater. 
Med. 4 (1993) 422. 

32. R.P.  KUSY, Current Opinion Dent. 1 (1991) 634. 
33. R.P.  K U S Y a n d J .  Q. W H I T L E Y ,  J. Dent. Res. 71(Abstr. No. 

499) (1992) 168. 
34. M.S. ROBERTS, R. H. RUMBLE and P. M. BROOKS, Brit. 

J. Clin. Pharmacol. 6 (1978) 429. 
35. C. DAWES, J. Dent. Res. 49 (1970) 1263. 
36. Idem. J. Physiol. Lond, 220 (1972) 529. 
37. R. P. KUSY, O. KEITH, J. Q. WHITLEY and C. R. 

SAUNDERS, J. Amer, Ceram. Soc. 76 (1993) 336. 
38. D. DRESCHER, C. BOURAUEL and H. A. 

SCHUMACHER, Forstschr. Kieferorthop. 51 (1990) 99. 
39. H. A. SCHUMACHER, C. BOURAUEL and D. DRES- 

CHER, ibid. 51 (1990) 106. 
40. R.T. BALMER and S. R. HIRSH, Biorheology 74 (1978) 125. 
41. B.L. SLOMIANY, M. KOSMALA, C. NADZIEJKO, V. L. 

N. MURTY, K. GWOZDZINSKI ,  A. SLOMIANYandI .  D. 
MANDEL, Arch. Oral Biol. 31 (1986) 699. 

42. I .D .  MANDEL. CRC Crit. Rev. Lab. Sci. 12(4) (1980) 321. 
43. J.A.  SHIP, P.C. FOX,andB.  J. BAUM,J .  Amer. Dent. Assoc. 

122 (1991) 63. 

Received 25 February 
and accepted 13 May 1994 

389 


