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Abstract. In this paper, we computed fluid pressure and force on fascia sheets during manual therapy treatments using Squeeze
Film Lubrication theory for non-Newtonian fluids. For this purpose, we developed a model valid for three dimensional fluid
flow of a non-Newtonian liquid. Previous models considered only one-dimensional flows in two dimensions. We applied this
model to compare the one-dimensional flow of HA, considered as a lubricating fluid, around or within the fascia during sliding,
vibration, and back-and-forth sliding manipulation treatment techniques. The fluid pressure of HA increases dramatically as
fascia is deformed during manual therapies. The fluid force increases more during vertical vibratory manipulation treatment
than in constant sliding, and back and forth motion. The variation of fluid pressure/force causes HA to flow near the edges
of the fascial area under manipulation in sliding and back and forth motion which may result in greater lubrication. The fluid
pressure generated in manual therapy techniques may improve sliding and permit muscles to work more efficiently.
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1. Introduction

The goal of this paper is to study fluid flow in three dimensions in biological tissues during massage
and related manual therapies. Various massage techniques are used to relieve pain. During these ther-
apies, pressure and tangential force are applied to the skin surface, resulting in deformation of several
tissue layers. Most important for our purposes is the layer called the fascia. Fascia is a dense connec-
tive tissue that connects muscle, bones and organs, forming a network of tissue throughout the body. It
plays an important role in transmitting mechanical forces during changes in human posture to improve
postural alignment and other expressions of musculoskeletal dynamics.

There are various types of manual therapies, such as Rolfing (also known as Structural Integration),
application of a Massager and Fascial Manipulation. In the Rolfing technique, a compressive and a tan-
gential force are applied simultaneously to the fascia with a constant velocity. In applying a Massager,
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vertical vibrations are applied to the upper layer of the fascia by a mechanical massager with a speci-
fied frequency. Fascial manipulation is similar to the Rolfing technique described above except that the
therapist provides a back-and-forth oscillation rather than a constant forward sliding velocity. Therapists
often claim to increase fascial motion during these therapies resulting in beneficial effects.

Between the fascia and the bone/muscle is a fluid layer of a substance called Hyaluronic Acid (HA).
It has been hypothesized that the flow of the HA is important to the benefits of manual medicine. Thus
we endeavor to understand the fluid flow of HA fascia during manual medicine.

In [14], we considered HA as a Newtonian fluid. However, there is some controversy as to whether
HA acts as a Newtonian or non-Newtonian fluid. Therefore, in this paper, we demonstrate the effects
of HA when it is considered as a non-Newtonian fluid. In order to study the behavior of HA as a non-
Newtonian fluid, we apply Squeeze Film Lubrication theory for non-Newtonian fluids. We believe that
no previous mathematical modeling of the contribution of hyaluronic acid on the upward vertical pres-
sure experienced by the fascia during manual therapy treatments, has been published.

Work in which Squeeze Film theory has been applied to model non-Newtonian fluids has been carried
out by Kandasamy and Vishwanath [4,20] to study the behavior in two dimensions for various shapes
for Bingham fluids (fluids that include colloidal suspensions, starch paste and lubricating greases). They
determined the pressure distribution and load capacity for different values of Bingham numbers and
different shapes of squeeze films.

Shukla et al. [15] studied the squeeze film behavior in two dimensions using a power law to express
the nonlinear relationship between shear stress and shear strain rate in a fluid. They studied the fluid
flow between two parallel plates in cylindrical and spherical geometries and considered both rigid and
compliant boundaries. They found that the load capacity increases in layers where the viscosity is high
when the boundary is rigid. With compliant boundary layers, the film thickness increases with load.

Sinha et al. [16] also used a power law to model the behavior of a non-Newtonian lubricant fluid
between infinitely long rough roller bearings in two dimensions. The model was used to study the case
where the rollers are rigid and the case where the rollers are elastic. They found that the effects of the
roughness of the bearings are the same whether the lubricant is Newtonian or non-Newtonian. Their
model predicts an increase in viscosity in the proximity of a solid surface.

All the above studies were confined to two dimensional analysis in cases where the flow is in one
dimension. As far as the authors know, no work has been done to study the behavior of HA. We, there-
fore, develop equations in this paper that are valid in three dimensions to obtain modified Navier—Stokes
equations for non-Newtonian fluids using a non-linear law model for the fluid.

Regarding the presence of HA in connective tissues, Laurent and Fraser [7] reported that Hyaluronan
or Hyaluronic Acid (HA) is ubiquitously distributed in the extracellular space of higher animals and
that the highest concentrations are found in soft connective tissues. Earlier, Piehl-Aulin et al. [12] ob-
served the presence of HA in human skeletal muscle of lower extremity and that it is abundant in loose
connective tissue.

Ellis et al. [1] reported the modified fibroblasts in the inner gliding surface, screening HA. Katzman
et al. [5] found an HA-like substance in the inner layer of fresh un-embalmed elderly cadavers.

McCombe et al. [8] found HA concentrated on the inner surface of the deep fascia which is in contact
with the underlying muscle. The deep fascia is a multilayered structure of dense and loose connective
tissue, which produces a gliding interface in conjunction with the epimysium of the muscle. HA was
also found in one of the layers of dense connective tissues [17]. Further, Klein [6] observed HA in the
inner gliding layer in the retinaculums of both the ankle and wrist.



H. Chaudhry et al. / Non-Newtonian fluids in manual medicine 193

These findings confirm the presence of HA in connective tissues. Tadmor et al. [18] reported the salient
characteristics of hyaluronic acid (HA) which he summarized:

1. The role of HA is to assuage compression.

2. HA is not expected to act as a good “boundary lubricant” but it increases the bulk viscosity of

synovial fluid that in turn enhances its mode of lubrication.

HA is used as a visco-supplementation device and is injected to patients’ joints for this purpose.

4. Viscosity of HA decreases considerably with decreasing gap between the two surfaces in which it
resides.

5. With loading of the upper surface, the film thickness decreases, while with unloading, the film
thickness increases.

(98]

We investigated whether the beneficial effects of manual medicine could be due to high pressure
generated by HA. It is not unrealistic for thin film layers to experience high pressure. In fact, it has
been proposed to use air bearings to support a load of 10* kg in airplane engines through use of a
20 micrometer lubricating air layer [10]. For our work, we applied the Squeeze Film theory of fluid
mechanics for flow between two plates.

After demonstrating how one can compute the pressure generated in the HA during these therapies,
we undertook a comparative study of the flow of HA around or within the fascia in sliding, vertical
vibrations and back-and-forth sliding techniques.

2. Methods

HA is present in the endomysium, perymisium, in the lower layer of fascia and inside the deep fascia.
Although HA is in motion in tissues, it is difficult to measure its velocity. Therefore we assume that
it is located inside and under the fascia. The film thickness of the HA is around 0.05 mm [17], but it
varies from site to site in the body. As observed using ultrasound on the deep fascial layer, when a load
is applied on the surface of the skin, the fascial layer below deforms such that a slope is created between
the upper and lower fascial layer. The resulting “wedge” that is created in the deformed state is capable
of generating pressure within the fluid film when the fluid is subjected to sliding motion. This pressure
can lift the upper boundary in much the same way that water between a tire and the road surface can lift
a moving car, causing it to lose traction with the road surface (see Fig. 1). The faster the car is moving,
the greater the fluid pressure. This model of fascia and HA during manual therapy is consistent with the
squeeze film lubrication theory of fluid mechanics.

Since we are considering HA as a non-Newtonian fluid, we need to modify the Navier—Stokes equa-
tions valid for Newtonian fluid. To that end, we use a nonlinear law to model the relationship between
the shear stress and the shear strain rate, given by, 7 = B~" where 7 is the shear stress and + is the

a b

Fig. 1. Thin water film between tire and road surface; (a) stationary: tire and road are in contact; (b) moving: tire and road
are separated by the thin film of water. (Colors are visible in the online version of the article; http://dx.doi.org/10.3233/
BIR-130631.)
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shear strain rate. To evaluate, B and n, we used the experimental shear stress and shear strain data for
HA given in [19] and computed the values of B and n that yield the best fit between the theoretical and
experimental data. The values of B and n were thus determined to be B = 0.077 N s/m? and n = 0.86
(dimensionless). Using v = ¢;; = %(g;‘? + %) (as is used in the derivations by Fung [2, p. 375]) where

u; are the velocity components in the Cartesian Coordinates, x; the stress strain relation becomes:

Tij = —pdij + Bej, 2.1

where p is the hydrostatic pressure, and d;; is 1 when ¢ = j, and zero, otherwise.
Substituting (2.1) in Euler’s equations of motion, the equation of motion for HA modeled as a non-
Newtonian fluid reduce to (see the Appendix for details):
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where u, v and w are velocities in the z, y and z directions respectively, p is the density of the fluid; g,
9y» g-» are the gravitational accelerations along the z, y and z directions. We note that letting B = 2u
and n = 1, Eq. (2.2) reduce to those for the Newtonian case. We also note that since the motion is
primarily in the z and z directions, therefore the y momentum equation (the second equation in (2.2))

can be ignored [11].
As HA is incompressible, it must satisfy the continuity equation:

Oou Ov Ow

—+—+—=0. 2.3

Oz + oy + 0z @.3)
2.1. Boundary conditions

Referring to Fig. 2, the boundary conditions are as follows:

The lower surface at y = 0 is stationary with a velocity u|y—¢ = 0;
The upper surface at y = h moves with velocity v = U. (2.4)
In the z direction, the boundary conditions for the velocity w at y = 0 is w|,—o = 0 '

and at the upper surface, y = h, the velocity is w|y—, = 0.
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Fig. 2. Squeeze film model of rolfing. In rolfing, the manual manipulation is steady and in one direction. For Fascial Ma-
nipulation the motion is back and forth with sinusoidal velocity. (Colors are visible in the online version of the article;
http://dx.doi.org/10.3233/BIR-130631.)

The pressure along the edges is assumed to be p = 0, i.e., gauge pressure.
As the film is very thin compared to the length and width of the fascia being considered (see Fig. 2),
we perform the following scaling, see [11]:

T,z =~ L; y =~ h; u,w~ U, VR — (2.5)

where h is the film thickness. Since the flow is primarily in the z and z directions, the y-momentum
equation in (2.2) may be neglected. Then, applying the scaling (2.5) in the remaining two equations of
(2.2), these equations become:

op _ Bn[(0u)"" 0
or  2n |\ 0y oy?|’
Op _ Bn[(0w)"" Pw
0z 27 [\ 0y oy? |’

Integrating these equations, subject to boundary conditions in (2.3) yield expressions for the velocity
components, u and w:

(2.6)
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Using (2.7) in the continuity Eq. (2.3), we get, after some simplifications, the following equation for
determining the pressure p

0 Op 0 dp
@ntD/n(y @nth/n(y _ 2
Bxh 2 n)ﬁx}—{_@ [h 2 ”)az]
U oh 0h
= l/n _— — —_
B (n+1)(n+2)[2 &U—i- 8t]' (2.8)

We note that letting B = 2u and n = 1, Eq. (2.8) agrees with the Newtonian case [11]. Here h is a

dah

function of = and %; represents the vertical velocity. From Fig. 2, h(z) is given by:

h(x) = ho — (ho — m)%. (2.9)

For an infinitely wide bearing, the flow can be assumed to be uni-directional [3,4,12,15,16]. In our case
the length L (approximated as 0.025 m) (Fig. 2) is very large compared to the film thickness of about
0.05 mm [17]. Thus, Eq. (2.8) for one-dimensional flow reduces to

d dh (U . Oh
o pEED/M (2 gy )di Bl/”(n+1)(n+2)[ <3) +E]‘ (2.10)

3. Results
3.1. Case 1: Rolfing or sliding

In this technique, a tangential force with a constant horizontal velocity U is applied on the upper
surface of the fascia. Therefore, in (2.10), the vertical velocity % is ignored.

Then, using (2.9) in (2.10) with the condition that p = 0 at z = 0 and at x = L, the pressure, p, is
given by

Un
p(x) = (5 {thg — az)™/" — (h)™'/"}
h(ml){(ho ax)—(n-i-l)/n N (ho)—(n-i-l)/n} , (3.1
where
5 Bt D+, _ho—h - d DI - (ho) 7t
= 2 S A (A S U SO |

The parameters used in the above are: B = 0.077 N s/m?, n = 0.86, hy = 50 um, h; = 40 um,
L=25mmand U = 0.1 m/s.
Using these parameters, the vertical fluid force on the fascia sheet is shown in Fig. 3.
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Force on a Square Fascia Sheet
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Fig. 3. The vertical fluid force on a square sheet of fascia varying along the length of fascia using the parameters given in the
text for the case of constant tangential velocity using the rolfing technique (Case 1). (Colors are visible in the online version of
the article; http://dx.doi.org/10.3233/BIR-130631.)

In all the cases studied, the total vertical fluid force, F' on the square sheet of fascia is given by the
expression

L

F:L/ p(x)dx.
0

3.2. Case 2: Massager (vertical vibrations)

In the case of vibration there is no slope component (i.e., hy = h;), as can be seen from Eq. (2.10).
Only the change in height due to the vibratory motion is important. In this case we use a film whose
thickness varies only in the vertical direction. Again a film thickness of 50 um was used with a frequency
of 15 Hz, with maximum amplitude, A equal to 10 um. We consider the height to obey the equation
h(t) = Asin*(wt).

Thus, the solution of (2.10) with the same boundary conditions as in case 1, results in:

22 2L\ . _onsn/n
plx,t) = 5(5 - —2—>ho @ntD/n (3.2)

where

_ BY™n+ 1)(n+2)
- 2 —n?

B Aw sin(Qwt).

The fluid force plot is shown in Fig. 4 for h(0) = 50 pm.
3.3. Case 3. Fascial manipulation (back and forth motion)

The case of Fascial Manipulation is similar to the Rolfing technique described above, except that the
therapist provides back and forth oscillations, U (?), rather than a constant velocity. Equation (2.10) then
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Vertical Fluid Force vs. Time

0/ A
[\ [\
Fluid 0 T T T / T \ T )
Force (N) 100 ) 0.01 \.02 0.0{ 0.04 0.* 0.06 0.07
\_/ \_/
\/ \/

100

Vertical

-300

Time(s)

Fig. 4. The vertical fluid force on a square sheet of fascia varying in time at the midpoint of the fascia using the parameters
given in the text for the case of vertical vibration (massage; Case 2). The results presented are for a frequency of 15 Hz. (Colors
are visible in the online version of the article; http://dx.doi.org/10.3233/BIR-130631.)

becomes
d [ omiirm d . dh (U
e L (2—n2)—d§ = Bn(n + 1)(n—|—2)[—d$ (5)] (3.3)

Here U(t) is taken as U (t) = d sin(wt), where d is the maximum displacement which is taken to be 0.1 m
and the frequency of oscillations is taken as 2 Hz. Solving (3.3) under the boundary conditions, p = 0 at
x = 0and at x = L, the pressure p(x, t) is given by:

. ﬂln . —1/n _ p—1l/n) _ V(nz)
on _ —(m+D/n _ 3 —m+D/n
* 2 —n?)(n+ Do [(ho o) hq ]’ (34
where
Bl/n 1 2 dU
51 _ (n +2 )+ )U(t), v = p(2n + D2 - n)d_t

And ¢ can be found from:
no [ —(n+1)/n h—(n+1)/n]
Q2—-—n2)n+ Dat! 0

_ ynL _ pin
C 2n+DQ2—-n?  a-—n2

(b ™ = hg ™). (3.5)

Here p is the density and is equal to 3.4 gm/l. The fluid force plot is shown in Fig. 5.
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Force on a Square Fascia Sheet
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Fig. 5. The vertical fluid force on a square sheet of fascia varying along the length of fascia using the parameters given in the
text for the case of back and forth motion (fascial manipulation; Case 3). Results are given at the time of maximum force and
at half that time. The case shown is for frequency of 2 Hz. The force is approximately linearly proportional to the frequency.
(Colors are visible in the online version of the article; http://dx.doi.org/10.3233/BIR-130631.)

4. Discussion

From Eqgs (3.1) and (3.3) it can be seen that a non-zero slope is necessary to generate a fluid pressure
during sliding manipulation. That is, there must be a difference in film thickness between the right and
left edges. If the film thickness is constant throughout, there will be no fluid pressure generated. It has
been seen using ultrasound imaging that there is indeed a variation in deformation throughout the fascia
when a load is applied on the surface of the skin. We use the film thickness of 50 um [17] with a variation
of 10 um between the right and left edge for both the sliding and back-and-forth manipulation.

The velocity used in our study of sliding motion (case 1) is a constant 0.1 m/s. This value was obtained
by observing manual therapy in using the Rolfing technique. Typical hand held massagers operate at a
low end frequency of 15 Hz and high end frequency of 60 Hz. We present results in case 2 for a frequency
of 15 Hz. For the back-and-forth sliding (case 3) frequencies of 2 and 4 Hz have been used, which are
practical estimates of the oscillatory frequency achievable in manual therapy.

The comparative study results of the fluid force on the fascia sheet generated by HA with each therapy
and for the Newtonian and non-Newtonian cases are presented in Table 1. As can be seen, sliding therapy
and fascial manipulation (back-and-forth) results in much lower fluid force generated on the fascia sheet.
While the fluid force is highly dependent on the velocity at which the therapy is applied, with higher
velocities generating a greater fluid pressure, in practice velocities greater than 0.1 m/s are not generally
applied. As the frequency of the motion increases the fluid force increases linearly. Finally, it can be seen
that the vertical vibrations (massager) result in the highest fluid forces. At 15 Hz, the fluid force is many
times greater than the sliding and back-and-forth motion. Again, this is due to the greater velocities that
can be used in applying vibration versus sliding. However, it should be noted that while greater fluid
forces are generated during oscillatory motion such as vibration and back-and-forth sliding, the force
increases and decreases during the administration of the treatment. In sliding motion, the fluid force is
lower, but it is maintained at the same level throughout the sliding motion. Each therapy may have its
own advantages. The effects should be looked at in greater detail in further studies.
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Table 1
Comparative study of Rolfing, Vertical Massage and Fascial Manipulation (back-and-forth motion)
Method Total force (N)
Non-Newtonian Newtonian
Rolfing 7.85 3.32
Vertical massage (frequency 15) 167 74
Back-and-forth sliding 5.0 Frequency = 2;
Max velocity = 0.1 m/s 2.1
10.0 Frequency = 4;
Max velocity = 0.2 m/s 4.2

Notes: Total force on the fascia sheet for each case is presented. Total force is given by the average
force multiplied by the area of the fascia sheet.

5. Conclusions

The fluid pressure of HA increases dramatically as fascia is deformed during manual therapies. For
a 10 pm decrease in the fascial layer thickness at the two edges, the magnitude of the fluid force on a
square fascia sheet of 25 x 25 mm in the Rolfing technique is on the order of 8 N. It has also been seen
that there is a greater increase in force during vibratory manipulation treatment compared to constant
sliding, and that the maximum force is highly dependent on the frequency of vibration. It has also been
observed that there is a negative fluid force (due to suction) during vibratory treatment. The variation
of pressure in constant sliding and back and forth motion will cause HA to flow towards the edges of
the fascial area under manipulation whereas in vertical vibratory treatment the flow will alternate be-
tween the center and the edges. These flows may result in greater lubrication. Another implication of the
mathematical findings is that they provide an explanation of the decrease in adhesion between different
tissues that therapists feel during Rolfing and during back and forth treatment. Patients’ reports confirm
this phenomenon. It is not clear whether any change in lubrication continues after manipulation ceases.
Therefore subsequent sessions may be required to continue lubrication unless other longer lasting struc-
tural changes are taking place, perhaps similar to the connective tissue structures which allow tendon
sliding noted in [3]. The fluid pressure generated in rolfing and back-and-forth motion between the two
layers (fascia and bone) causes the fluid gap to increase, and consequently the thickness between the
two layers to increase. The presence of a thicker fluid gap can improve the sliding system and permit the
muscles to work more efficiently. While the recent developments in musculoskeletal ultrasound can im-
age fluid layers of 100-200 microns, anatomical investigations at even higher resolution will be needed
to evaluate structural connective tissue changes, using sheet plastination [9] or second harmonic imaging
[13]. Also actual measurements of loading and shear forces during manual therapy may lead to more
accurate modeling. Our studies show that with an increase in slope between the two edges, the fluid force
increases non- linearly. Again the fluid force is observed to be higher for HA modeled as non-Newtonian
HA than for HA modeled as a Newtonian fluid.
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Appendix

To derive Eq. (2.2) from Eq. (2.1) we follow the strategy as given in Fung [2].
Euler’s equation of motion is given by

 _ L X (A1)

where p is the density, X; is the body force component (pg., pgy, pg-) and v; are velocity components
(u, v, w) and % = (% + ua—i + Ua% + w%). Using Eq. (2.1), we arrive at
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Using Eq. (A2) in the first of Eq. (A1) we obtain:
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which is the first equation of (2.2). The second and third equations of (2.2) are derived in a similar
manner.
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