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Context: More research is needed to understand the flow characteristics of hyal-
uronic acid (HA) during motions used in osteopathic manipulative treatment and 
other manual therapies.

Objective: To apply a 3-dimensional mathematical model to explore the relationship 
between the 3 manual therapy motions (constant sliding, perpendicular vibration, 
and tangential oscillation) and the flow characteristics of HA below the fascial layer. 

Methods: The Squeeze Film Lubrication theory of fluid mechanics for flow between 
2 plates was used, as well as the Navier-Stokes equations. 

Results: The fluid pressure of HA increased substantially as fascia was deformed 
during manual therapies. There was a higher rate of pressure during tangential oscil-
lation and perpendicular vibration than during constant sliding. This variation of 
pressure caused HA to flow near the edges of the fascial area under manipulation, and 
this flow resulted in greater lubrication. The pressure generated in the fluid between 
the muscle and the fascia during osteopathic manipulative treatment causes the fluid 
gap to increase. Consequently, the thickness between 2 fascial layers increases as 
well. Thus, the presence of a thicker fluid gap can improve the sliding system and 
permit the muscles to work more efficiently.

Conclusion: The mathematical model employed by the authors suggests that inclu-
sion of perpendicular vibration and tangential oscillation may increase the action 
of the treatment in the extracellular matrix, providing additional benefits in manual 
therapies that currently use only constant sliding motions.

J Am Osteopath Assoc. 2013;113(8):600-610
doi:10.7556/jaoa.2013.021

Hyaluronan or hyaluronic acid (HA) is found throughout the extracellular 
space of higher animals, in human skeletal muscle of the lower extremi-
ties, and in loose connective tissue.1,2 Fascia—a dense connective tissue 

that binds muscles, bones, and organs—forms a network of tissue throughout the 
body. The fascial network plays an important role in transmitting mechanical forces 
during changes in human posture to improve postural alignment and other expres-
sions of musculoskeletal dynamics.	
	 The deep fascia is a multilayered structure of dense and loose connective tissue, 
where HA produces a gliding interface in conjunction with the epimysium of the 
muscle.3 As revealed in a study by McCombe et al,4 higher concentrations of HA are 
localized in the muscular surface of the deep fascia. The inner gliding layer in the 
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substantially lower molecular weight than HA does, sup-
porting the notion that HA does not cross fascial layers. 
Thus, for the purposes of the present study, we consider 
the fascial layers to be impermeable to HA.	
	 Manual therapy techniques—such as Rolfing (struc-
tural integration), massage with a mechanical vibrator, 
and fascial manipulation—are designed to manipulate 
fascial layers within the body. Therapists often claim that 
the increased fascial motion of these techniques results in 
beneficial effects.
	 In the present study, we explored the mechanical 
properties of 3 different motions used in manual therapy: 
constant sliding, perpendicular vibration, and tangential 
oscillation. Osteopathic manipulative treatment tech-
niques often combine these basic motions. The degree of 
pressure to fascial layers varies greatly depending on the 
motions applied by therapists. Constant sliding (eg, 
Rolfing) involves a therapist applying a compressive and 
tangential force with a constant tangential velocity. Per-
pendicular vibration (eg, massage with a mechanical 
vibrator) affects the upper layer of the fascia by means of 
a massaging instrument with a specified frequency. With 
tangential oscillation (eg, fascial manipulation), the 
therapist applies rapid back-and-forth motions to affect 
the tissues. 
	 The purpose of the present study was to apply a 
3-dimensional mathematical model to evaluate the flow 
of HA around or within the fascia during constant sliding, 
perpendicular vibration, and tangential oscillation 
motions. In the process, we also intended to expand our 
conceptualization of HA behavior from adjacent imper-
meable cartilage layers to adjacent fascia layers. This 
model enables us to investigate the effect of the pressure 
generated by HA within the thin film between muscle 
and the deep fascia during these motions. We hypothe-
sized that this pressure could be a potential mechanism 
for the clinical effects observed in manual therapy 
techniques. 

retinaculums of both the ankle and the wrist contain HA-
secreting cells,5 reported by Ellis et al6 to be modified 
fibroblasts. Furthermore, Katzman et al7 found HA-
secreting cells in the inner layer annular and cruciform 
pulleys in the hands of fresh, unembalmed elderly 
cadavers. 
	  As viscosupplementation, HA is injected into joints 
to improve lubrication and clinical function. Researchers 
have investigated HA in osteopathic contexts, such as 
wound healing8 and osteoarthritis treatments.9,10 
Assuming that the adjacent cartilage layers in a joint are 
impermeable to HA, Tadmor et al11 summarized the char-
acteristics of HA within joints as follows: 

◾ The role of HA is to assuage compression. 

◾ 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. 

◾ Viscosity of HA decreases considerably with the 
decreasing gap between the 2 surfaces in which  
it resides. 

◾ With loading of the upper surface, the film 
thickness decreases, whereas with unloading,  
the film thickness increases.

	 When internal pressure within a fascial compartment 
surpasses venous pressure, the creation of compartment 
syndrome occurs, which is found in many different fas-
cial compartments of the body,12 as well as in legs,13 
arms,14 the back,15 and the abdomen.16,17 This syndrome 
occurs because the impermeability of fascia does not 
allow the fluid to escape, causing the collapse of venous 
outflow channels. Furthermore, during ultrasonographic-
guided injection of platelet-rich plasma into fascial 
layers, the fluid injected can be observed to increase the 
separation between adjacent layers. This plasma has a 
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this thickness is slightly below the limit of resolution of 
current musculoskeletal ultrasonography, we will ana-
lyze HA from a theoretical viewpoint until specific in 
vivo measures of the HA layer become available. 
	 In applying the mathematical model, we assumed 
various dynamics of velocity. The velocity used in con-
stant sliding is taken as a constant 0.1 m/s, a value 
obtained by means of discussions with therapists who 
specialize in the Rolfing technique. Typical handheld 
massagers operate at a low-end frequency of 15 Hz and 
high-end frequency of 60 Hz in sinusoidal motion. Con-
sequently, these values were used as the frequency input 
in our consideration of perpendicular vibration. For tan-
gential oscillation, sinusoidal motion with a frequency of 
2 and 4 Hz was used, which was based on a practical 
estimate by Stecco and Stecco21 of the frequency typical 
in fascial manipulation manual therapy.
	 As observed by 1 of our investigators (A.S.), who 
worked with an ultrasonographer to measure the deep 
fascial layer, when a load is applied on the surface of the 
skin, the fascial layer below deforms, creating a slope 
between the upper and the lower fascial layer. The 
resulting “wedge” that is created in the deformed state 

Methods
The squeeze film lubrication theory in fluid mechanics 
for flow between 2 plates is incorporated as a key part of 
the mathematical model.18 This theory describes the 
activity of fluid lubrication film enclosed between 2 sur-
faces in instances where 1 of those surfaces is subjected 
to pressure and tangential velocity. 
	 The viscosity of HA is independent of shear rate in 
experiments using different frequencies and ampli-
tudes,11 indicating Newtonian behavior of HA. A Newto-
nian fluid has a linear relationship between the stress (or 
force) applied to it and the resulting strain rate produced. 
Furthermore, HA has a constant viscosity of 5300 cP in 
the temperature range of 22°C to 31°C,19 marking HA as 
a Newtonian fluid at room temperature. Also, experi-
mental shear stress and shear strain data for HA given in 
the article by Truskey et al20(p115) showed a linear relation-
ship between these quantities, indicating Newtonian (or 
very weakly non-Newtonian) behavior (Figure 1).	
	 Hyaluronic acid is present in the endomysium, 
perymisium, and lower layer of fascia and throughout the 
deep fascia. The film thickness of the HA was reported 
by Stecco et al3 to be approximately 0.05 mm. Because 
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Figure 1. 
The linear relationship 
between rates of shear 
stress and shear strain  
for hyaluronic acid. 
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Boundary Conditions
In Figure 3, the lower surface at y = 0 is stationary with a 
velocity u (at y = 0) = 0. The upper surface at y = h moves 
with velocity u = U. In the z direction, the boundary con-
ditions for the velocity w at y = 0 is w (at y = 0) = 0 and at 
the upper surface, y = h, the velocity is w (at y = h) = 0. 
The pressure along the edges is assumed to be p = 0. 
	 Using equations (1) and (2) together with the 
boundary conditions, the pressure distribution for dif-
ferent massaging techniques can be obtained from the 
following equation:

(3) 
	  

3 31 6 12p p h hh h U
x x z z x t

 ∂ ∂ ∂ ∂ ∂ ∂   + = +    µ ∂ ∂ ∂ ∂ ∂ ∂      .

Results
Constant Sliding
In the sliding technique (Figure 3), a tangential force on 
the upper layer of fascia is applied with a velocity U. 
Therefore, the vertical velocity ∂h / ∂t is ignored in equa-
tion (3). Then the partial differential equation (3) simpli-
fies to the following equation:

(4)
	

3 31 6p p hh h U
x x z z x

 ∂ ∂ ∂ ∂ ∂   + =    µ ∂ ∂ ∂ ∂ ∂     .	

The boundary conditions are applied to equation (4) and 
then solved numerically (by using FlexPDE software 

generates pressure within the fluid film when the fluid 
passes through the wedge. This pressure can “lift” the 
upper fascial layer in the same way that water between a 
tire and the road surface can lift a moving car, causing 
the tire to lose traction with the road surface (Figure 2). 
The faster the car is moving, the greater is the fluid pres-
sure. This model of fascia and HA during manual therapy 
is consistent with squeeze film lubrication theory of fluid 
mechanics. 
	 In considering Figure 2, we apply the Navier-Stokes 
equations in 3 dimensions along with the continuity 
equation in the following manner:

(1)
	  

2 2 2

2 2 2

2 2 2

2 2 2

2 2 2

2 2 2

x

y

z

u u u u p u u uu v w g
t x y z x x y z

v v v v p v v vu v w g
t x y z y x y z

w w w w p w w wu v w g
t x y z z x y z

  ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ρ + + + = − + ρ + µ + +  ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂   
  ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ρ + + + = − + ρ + µ + +  ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂   

  ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ρ + + + = − + ρ + µ + + ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂   


 

	 .

For equation (1), u, v, and w are velocities in the x, y, and 
z directions, respectively; p is the hydrostatic pressure, ρ, 
the density of the fluid; gx, gy, and gz, are gravity accelera-
tions along the x, y, and z directions; and μ is the 
viscosity.
	 The continuity equation for an incompressible fluid is 
expressed as the following:

(2)
 0u v w

x y z
∂ ∂ ∂+ + =
∂ ∂ ∂ .			

	 A	 B

Figure 2. 
The squeeze film lubrication 
theory, shown as an automobile 
tire in a static state (A) and in 
motion (B) on a road topped with 
a thin film of water (blue). The 
motion creates a “wedge,” or 
slope, and generates pressure 
in the fluid film when the fluid 
passes through the wedge.  
This effect can be applied  
to how hyaluronic acid acts  
within the fascia.
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	 The pressure distribution for a vibration frequency of 
15 Hz and amplitude, A, of 20 µm is plotted in Figure 6. 
As in constant sliding, the fluid viscosity is taken as 
5300 cP, and the vibrations are applied over a fascial 
sheet of 25 × 25 mm2 area. The fluid film thickness is 
taken as h0 = 100 µm. 	
	 The peak pressure occurs at the center and has a value 
of 5.7 MPa. The peak pressure in this case is a function 
of the frequency of vibration. As can be seen in Figure 7, 
increasing the frequency by a factor of 4 to 60 Hz also 
increases the pressure by a factor of 4 to 22.8 MPa. In 
general, therefore, an increase in vibration frequency will 
increase the peak pressure by a proportional amount, as 
there is a linear relationship between frequency and peak 
pressure. 

Tangential Oscillation
In the third and final situation, we investigated the pres-
sure distribution by using the tangential oscillation tech-
nique. In this form of fascial manipulation, the therapist 
provides a perpendicular load with a back-and-forth 
oscillation; U(t) is now a function of time (Figure 8), 
rather than the constant forward sliding velocity, U, of 
constant sliding. 

Equation (3) is now modified to account for the 
changing velocity in the x direction and becomes the 
following:

[PDE Solutions Inc]) to determine the variation of pres-
sure in the HA in the x and z directions. Because the fluid 
film thickness varies from site to site in the body, we 
assume a film thickness of 100 µm at the left end and 80 
µm at the right end for the purpose of illustration. The 
centerline pressure contours for the sliding technique on 
a 25 × 25 mm2 fascial sheet and with a sliding velocity 
of 0.1 m/s is presented in Figure 4. The peak pressure of 
0.17 MPa occurs near, but clearly to the right of, the 
center of the sheet. The pressure decreases to zero at the 
edges as prescribed. 

Perpendicular Vibration
Therapists will at times use a mechanical massager to give 
perpendicular vibrations to the upper layer of fascia, 
which are then transmitted to the lower layer (Figure 5). 
When the upper layer is deformed downward, fluid is 
squeezed out of the gap in the x and z directions. In this 
case, as there is no tangential velocity (U = 0), we ignore 
U in equation (3) and instead use the vertical velocity,  
∂h / ∂t, where h at any time t is h = h0 – A sin2 ωt and thus 
∂h / ∂t = Aωsin 2ωt, where A is the amplitude (ie, the 
maximum displacement of the fascia). A must be less than 
the thickness, h0, of the film. The vibration frequency in 
hertz is f = ω / 2π, where ω is the angular frequency of 
vibration. Equation (3) then becomes the following: 

(5)
	  .

Figure 3. 
Squeeze film model of constant sliding therapeutic 
motion. Tangential force on the upper layer of the 
fascia is applied with a horizontal velocity U; h0 is 
the film thickness at the right edge of the wedge, 
and h1 is the thickness at the left edge.

U

y
z

x

Fluid film
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doubled to 4 Hz, the peak pressure is also again approxi-
mately doubled to 1.05 MPa, as shown in Figure 10. 

Comment
A slope needs to be present to generate a fluid pressure 
gradient during constant sliding motion, as can be seen in 
equations (4) and (6). That is, there must be a difference 
in film thickness between the right edge and the left edge. 
If the film thickness is constant throughout, there will be 
no fluid pressure gradient generated. As observed during 

(6)	
3 31 6 cosp p hh h U d t

x x z z x
 ∂ ∂ ∂ ∂ ∂   + = ω ω    µ ∂ ∂ ∂ ∂ ∂    

, 	
	

where d is the maximum sliding distance in the x direc-
tion. For this example, we take d to be 25 mm and the 
frequency of oscillation as 2 Hz. All other parameters are 
equal to those used for the constant sliding situation dis-
cussed previously. 
	 As shown in Figure 9, the peak pressure is 0.54 MPa 
for the parameters used. If the frequency of oscillation is 

Figure 4. 
Pressure distribution during constant 
sliding therapeutic motion at a velocity 
of 0.1 m/s.  

Figure 5. 
Squeeze film model for perpendicular 
vibration. Vertical velocity on the upper 
layer of the fascia is applied as depicted 
by V; h0 is the film thickness; V and h0 
are functions of time.
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motion is important. With perpendicular vibration, we 
have assumed a film thickness that varies only in the 
vertical direction. 
	 The force resulting from each motion type is shown 
in Figure 11, which depicts the peak pressure experi-
enced by the lower layer of the fascia sheet of area 25 × 

ultrasonographic imaging, when a load is applied on the 
epidermis, deformation throughout the fascia varies 
between the area immediately under the load and the 
surrounding tissues. In the case of perpendicular vibra-
tion, there is no slope component, as can be seen in equa-
tion (5). Only the change in height due to the vibratory 

5.70
5.40
5.10
4.80
4.50
4.20
3.90
3.60
3.30
3.00
2.70
2.40
2.10
1.80
1.50
1.20
0.90
0.60
0.30
0.00

−0.30

Figure 6. 
Pressure distribution during 
perpendicular vibration at 15 Hz 
and 20 µm amplitude. 

Figure 7. 
Pressure distribution during 
perpendicular vibration at 60 Hz 
and 20 µm amplitude. 
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increases linearly. Finally, it can be seen that perpendic-
ular vibration motion causes the highest peak pressures. 
At 60 Hz, the peak fluid pressure is many times greater 
than for either constant sliding or tangential oscillation. 
Again, this difference is due to the greater velocities that 
can be used in applying vibration vs sliding. We stress, 
however, that as greater maximum pressures are gener-
ated during oscillatory motion—such as perpendicular 
vibration and back-and-forth sliding (tangential oscilla-
tion)—pressure oscillates in time. In constant sliding 

25 mm2. As can be seen, constant sliding motion results 
in the lowest fluid pressure generated. Whereas the fluid 
pressure is highly dependent on the velocity at which the 
therapy is applied (ie, higher velocities generate a greater 
fluid pressure), in practice, velocities greater than 0.1 m/s 
are generally not applied. Tangential oscillation (ie, 
back-and-forth sliding) generates a slightly greater level 
of fluid pressure because greater velocities can be more 
easily applied over a shorter distance. As the frequency 
of the motion increases, the peak fluid pressure also 

Figure 8. 
Squeeze film model of tangential 
oscillation. Tangential force on the 
upper layer of the fascia is applied 
with a sinusoidal horizontal velocity 
U(t); h0 is the film thickness at the 
leading edge of the wedge, and h1 is 
the thickness at the trailing edge.

Figure 9. 
Pressure distribution for tangential 
oscillation at 2 Hz with a distance 
of 25 mm. 
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motion in greater detail. 
	 With perpendicular vibration, we assumed the ampli-
tude of oscillation remained constant as the frequency 
was adjusted from 15 Hz to 60 Hz. It should be noted, 
however, that in practice the amplitude changes non-lin-
early as the frequency of oscillation of the mechanical 
vibrator is increased or decreased. As the frequency 
increases, the amplitude must decrease. 

motion, the peak pressure is lower, but it is maintained at 
the same level throughout the sliding motion. The fluid 
pressure generated between the 2 layers causes the fluid 
gap to increase and, consequently, the thickness between 
2 fascia layers to increase. The presence of a thicker fluid 
gap can improve the sliding system and permit the mus-
cles to work more efficiently. Each motion may have its 
own advantages. Future studies should investigate each 

Figure 10. 
Pressure distribution for tangential 
oscillation at 4 Hz with a distance 
of 25 mm. 

Figure 11. 
Comparison of peak pressure 
rates for constant sliding, 
perpendicular vibration, and 
tangential oscillation. 
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