MATHEMATICAL FASCIAL MODELLING

(92}
pa
o
|—
<
)
|
o
o
<
-
<
%)
=
.|
o
a)
P
<
11]
O
<
i
O
0y}
<
3]
(/)]
<
L

Journal of Bodywork & Movement Therapies (2012) 16, 158—164

-y

journal homepage: www.elsevier.com/jbmt

available at www.sciencedirect.com

“e.¢ ScienceDirect

Journal of
Bodywork
and
Movement
Therapies

FASCIA SCIENCE AND CLINICAL APPLICATIONS: MATHEMATICAL FASCIAL MODELLING

Mathematical model of fiber orientation in
anisotropic fascia layers at large displacements

Hans Chaudhry, Ph.D. 2, Roman Max, Ph.D. ®*, Stecco Antonio, M.D. °,

Thomas Findley, M.D., Ph.D. ©

2Department of Biomedical Engineering, New Jersey Institute of Technology, Newark, NJ 07102, USA
® Department of Physical Medicine and Rehabilitation, University of Padua, Padua 35120, Italy
©Health Care Management, War-Related Illness and Injury Center, VA Medical Center, East Orange, NJ 07108, USA

Received 22 February 2011; received in revised form 18 April 2011; accepted 26 April 2011

KEYWORDS
Fascial;
Reinforcement;
Collagen fibers;
Re-orientation;
Tension

Summary A mathematical model is developed to determine the relationship between
stretch and the orientation of fibers in the fascia. The transversely isotropic stress- strain rela-
tion for large displacements valid for the human fascia reinforced by the collagen fibers is em-
ployed. The relation between the orientation of fibers in the un-deformed and deformed state
depending upon the stretch is plotted. It is observed that for greater fiber angle orientation,
the fibers are more resistant to reorientation as the fascia is stretched longitudinally. It is also

concluded that the reinforced fascia will always be in tension as the stretch is applied.
However, we suggest future research to resolve the tension and compression issues in fascia.
© 2011 Elsevier Ltd. All rights reserved.

Introduction

Classically, the deep fascia is classified as irregular, dense
connective tissue which envelopes the muscles (Fawcett
et al., 1994; Russ and Dehoff, 2000; Young, 2006). More
recent studies (Benjamin, 2009; Langevin et al., 2009;
Stecco et al., 2007, 2008) provide important evidence of
a specific organization of the deep fasciae. In particular
(Stecco et al., 2009, 2008), have demonstrated that deep
fasciae of the limbs is characterized by layers which slide

* Corresponding author. Tel.: +1 973 596 5270; fax: +1 973 596
5222.
E-mail address: max.roman@njit.edu (R. Max).

relative to each other. In each layer, collagen fibres bundles
have a parallel disposition along one direction, and the
orientation changes between two layers. The angle formed
by the orientations of the fibers relative to each other in
man was found to be 78 degrees in the horizontal plane
(Benetazzo et al., 2011). This is identical to the angle in the
cow reported by Purslow (2010).

The matrix of the fascia which surrounds the collagen
fibers is thought to consist of a proteoglycan gel (Purslow,
1989) with negligible modulus of elasticity in tension rela-
tive to the collagen fibers with modulus of elasticity as high
as 1GPa (Fung, 1981). The angle of fiber orientation varies
in endomysium (a type of fascia) from 2.5 degrees to 87.5
degrees. The endomysium is a layer of connective tissue
that wraps muscle and is composed mostly of reticular
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fibers. The weighted mean angle of orientation is found to
be 59.1 degrees. Also, as the sacromere length of the
muscle increases, the mean fiber angle also increases
(Purslow and Trotter, 1994).

A simple mechanical model of the perimysium (another
type of fascia) was presented by Krenchel (1964) to find
the mechanical properties of fiber networks, i.e. the fibers
together with the sheet containing the fibers. The peri-
mysium is a sheath of connective tissue that groups indi-
vidual muscle fibers (anywhere between 10 and 100 or
more) into bundles or fascicles. The elastic modulus of the
network was calculated by a sum of the elastic modulus of
the sheet plus that of the fibers and adjusted for angle
orientation. Diamant et al. (1972) also applied finite beam-
bending theory to describe the fiber deformation on
extension. Purslow (1989) later made use of these models
to predict the stress-strain relations at varying values of
fiber orientation. From these results Purslow (1989)
further found relationships between the relative stiffness
of the perimysial network and stress versus the sarcomere
lengths. Cox (1952) developed a mathematical model to
consider the elasticity and strength of paper and other
fibrous materials in the planar sheet for isotropic material.
But, none of these models capture the non-linear (i.e.
large deformation) behavior of the fibers during stretching
of the fascia sheet. However, Adkins and Rivlin (1955)
developed a mathematical model to describe the large
elastic deformation of isotropic material reinforced by
inextensible cords. The non-linear stress strain relation in
the form of strain energy function was used in their
analysis. Later, Aspden (1986) developed a mathematical
model to study the relation between structure and
mechanical behavior of fiber-reinforced composite
isotropic materials at large strain keeping in mind the
relevance to biological material. Their findings predict the
reorientation of fibers with strain, in reasonable agree-
ment with preliminary experimental results from spinal
ligaments. No assumption was made about stress transfer
to the fibers. Aspden confined his analysis to the fibers in
tension, not in compression. This aspect of compression
will be discussed in this paper.

Furthermore, in all these models the material is assumed
to be isotropic. Since the spatial orientation of the collagen
fibers differs from layer to layer, the fascia assumes
anisotropic characteristics, i.e. the mechanical response of
a single layer differs if the layer is loaded along the
direction of the collagen fibres or along another direction.
That means the fascia is anisotropic. We develop a mathe-
matical model of the anisotropic fascia to further the
understanding of the mechanical response during stretching
in fascial manipulation treatment.

Therefore, a model that addresses the limitations of the
above models is clearly needed. In view of this, the fascia is
considered to be transversely isotropic (Chaudhry et al.,
2007) and the analysis in this paper is based on the large
deformation of extensible fibers using the strain energy
function approach as employed by Adkins and Rivlin (1955)
for isotropic material. The transverse isotropy means that
the material has a plane in which the material properties
are the same in different directions but in the direction
perpendicular to this plane, the material properties are
different.

Methods
Statement of the problem

We consider one type of fascia (endomysium) to be a thin
sheet of highly elastic transversely isotropic incompressible
material in the rectangular system (x4, Xz, x3). Although,
muscle lies under the fascia and exerts off-plane forces on
the fascia, these forces are not considered in this model as
the directions and magnitudes of these forces are not known.
The incompressible material implies that the volume remains
constant before and after deformation (Purslow, 1989).
Further, the sheet is reinforced by two sets of fibers oriented
at an angle + « relative to the x, axis, Figure 1a, based upon
the information obtained from actual orientation of fibers in
a layer of fascia, Figure 1b. These fibers are straight, and are
located in the plane x3 = 0. Each fiber of the first set are
parallel to each other and spaced at a distance d apart
Similarly, the second set of fibers are parallel and spaced at
adistance d, apart. These fibers are assumed to be part of the
fasciaso that both deform together. The sheet is subjected to
a homogeneous strain with principal extension ratios 14, 4,
Az in the directions of x4, x;, X3 respectively. These extension
ratios are defined as the deformed length after stretch
divided by the original length before the stretch. The
angles + « become +4 after deformation.

Thus if a line element dS in the un-deformed state
becomes dS; in the deformed state, then we can write
(Adkins and Rivlin, 1955)

d5)°_; p o agm? + g @1)
ds '

As the fibers are in-extensible and lie in the plane x3 = 0 in
the directions, (l4, my, 0), (dS;/dS)=1, we get from (2.1),

ML+ 2mP =1 (2.2)

Using (2 +m?=1, and l;=cosa,m;=sina, we get from
(2.2), the condition

Acosta+ Msinfa=1 (2.3)

It may me noted that the angle 8 after deformation is
related to angle « by

cosB=2Aqcose, SinB=A;Sina (2.31)

We now suppose that the deformation is produced by
a system of forces acting on the sheet uniformly around its
edges, and parallel to the x;, x, axis so that stress resul-
tants at any point of the sheet are given by:

1. (T4, S4) in the positive directions of x;, x,, respectively
across a line parallel to the x, axis.

2. (T, S;) in the positive directions x,, x4, respectively
across a line parallel to the x; axis.

as shown in the figure above. It may be noted that since the
force system is specified with respect to the principal
directions of strain, S;, S, are the shear forces due to the
tensions in the fibers only.

These forces are measured per unit length of the edges
in the deformed state. Considering the elastic material and
the system of fibers separately, we can write
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Figure 1

a) Rectangular element model of fascia subjected to forces along two perpendicular directions, i.e. X; and X, with two

sets of parallel fibers orientated at +«. 14, A, are principal extension ratios. b) Human fascial photograph from Stecco (2011).

T\ =T +T{, T,=T,+T; (2.4)

where T;, T, are the forces required to deform the fascia
without fibers, and T{, T} are the forces due to tension of
the fibers in the fascia.

Now to determine Tj,T;, we apply the stress—strain
relation that is valid for the incompressible transversely
isotropic material subject to large deformation, i.e. non-
linear (Green and Adkins, 1970) since the fascia is assumed to
be transversely isotropic (Chaudhry et al., 2007). The non-
linear stress—strain relation expressed in the form of strain
energy function Wis given by Green and Adkins (1970):

7 =dgl 1 WBY + pGY + OMY + AN (2.5)
where 7= (i,j=1,2,3) are the stress components,
ow ow ow ow
P=2— W=2— 0O= =
aly’ al,’ 0= Ky’ 0Ky’
B :[1g'1 - g"g]sGrs
y_ 00 90
ax3 0x3 (2.6)
o (00" 00 90" of
= — -
N (ax3 x| oxe ax3) €3

e~—1 ou; auj au,au,
T72\ox; T ox | ox; ox;

W is the strain energy function, W = W(ly, I, I3, Ki, K3),
(I3 = 1) for incompressible material and
X
$I= 56 06"
Oy dy"
700 o0
gi"grj:é} GirGfizé_’): (27)
I =grSGrs
[, =g,G"I3
li=G/3. ¢=|g|. G=|Gy|

Ki=esx, Ky=e3,e3,

where I3 =1 for an incompressible material. It may be
noted that a point P, initially at x; referred to a fixed
rectangular cartisian coordinate system moves to y; in the
same coordinate system. ¢’ is defined as a general curvi-
linear coordinate system. It can be made to coincide with
un-deformed or deformed state. e;; are strain components.

3-D stresses due to the elastic matrix material
without fibers

From the geometry of the deformation defined above, we
write
Vi=MXq, Va=hXy, V3=XA3X3 (3.1)

where any point (x4, X2, x3) in the un-deformed state goes
to (v4, Y2, v3) in the deformed state, and

01=x1=X, O=X3=V, 3=X3=2
Thus the displacements are given by:

1=(y1*X1) (A = 1)xq
2=(y2 ) (/17_ — 1)X2 (32)
u3=(y3 —x3)=(4 —1)x3

Using (3.2) into e;; given in (2.6) we have

1
en=(AM—1)+ i(/h - 1)2
1 2
6222(1271)+ 1(1271)
(33)
1
en=(A—1)+ i(,13—1)2
ep=ep=e3 =0
Using (2.6) and (2.7) we find
g;=¢"=06y and g=1
Af 0 0 (3.4)
Gij= 0 A% 0
0 0 2
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[ 0 0
Gk=10 2,2 0

0 0 A7
(3.5)
B+ o0 0
B¥=1 0 X+4 0 }
0 0 A2+

MY =0 for all i, j except for i = j =3, i.e. M*> = 1. Simi-
larly, N”=0 for all i, j except for i=j=3, i.e.
NP =2e53=2((23 — 1) + (1/2)(% —1)°]

Using (3.4) in (2.7) gives the strain invariants
=24 2422, =2+ 2203+ 2222, 3=22)2)2 (3.6)

To calculate the physical components of stress t;; from the
tensor components 77 we make use of the following formula
(Green and Zerna, 1968) given by

t= G—’?.'T"f 37
J Gil

Thus, the physical components of stresses are given by
tu=Xr"=200+ X+ XB)¥+p
tn=Rr" =20+ B (A +23) W +p
tu=27"=250+ 25 (1 +5)¥+p

+{2A§(xg 1)+ A2k — 1)2}/1 (3.8)
Using b =232% + 2322 + 2322 from (3.6) into (3.8) we can

write
ty=A0— (B13)W+p

tn =10 — (53 +p

ty =220 — (2R2)W +p + {zxg(zg — )+ 20— 1)2}/1
(3.9)

where p'=p + ¥l,.
As the sheet is incompressible we can use l3=232223=1.
Then (3.8) becomes

1
t11=T1’=/\f<D—A—ZIIf+p’
1

1
tnzTﬁzlgdﬁfﬁlI/er’
2

1
tn=Ty=/0 3 W +p/ + {2A§(A; )+ 2 — 1)2}/1
3
(3.10)

As the x4, x; plane is free from normal traction we have
T4, =0. Using this in (3.10) we have

1
p= At {ugm )+ A2k — 1)2}/1
3

Then, we have

1 1

Tg=,ﬁcpffzwfa§¢+7wf{zxg(a3f1)+1§(x3f1)z}/1
A1 A3

T/—/lzcb—llll—kz@JrllP—{sz(A—1 25— 1)

2= "2 2 3 2 3\ /A3 )+A3(A3 1) 4
A2 /13

(3.11)

The above set of equations (3.11) represent the forces in
the sheet for transversely isotropic sheet without fibers
subject to large deformation.

2-D stresses with fibers under tension

If the set of fibers carrying a tension t; each after defor-
mation make an angle g with the x; axis and are spaced
a distance d; apart before deformation, the number of
fibers required to cut a unit length in x4 and x, directions
are sina/dy, and cosa/d;. These quantities change to
sina/21dy, and cosa/A;d;. The tensions and spacing in the
other set of fibers making an angle —« with the x; axis are
denoted by t, and d,, respectively. Applying similar
consideration to the second set of fibers and using the
relation for the angle g after deformation and using (2.3)4
we have as in Adkins and Rivlin (1955)

A
T/ =Ygy + 07)cos’a
A
=2 in? (41)
] 7Z(01 +02)sin"a .

S =Sz=%(a1 —07)sin2a

where g1,0,=((t1/d1), (t;/d2)). We now assume that forces
due to the elastic material without fibers (see section 3)
can be added to the forces due to fibers tension (see
section 4) linearly to find the resulting forces on the
composite fascia of the sheet plus the collagen fibers.

Thus, using (3.11) and (4.1) in (2.4) the resultant forces
on the reinforced fascia become

1 1

T1=Afd>f?'l171§d>+?ll'f{ZA§(A371)+A§(A371)2} 4
A1 1 , 3

+—(01 + 02)cos

A

Tzzxgqpf%qffxgasﬁfzm{ug(h — 1)+ 22— 1)2} Y
2 3
A .2
+7(01 +g7)sin"«
1
1

S==(o1 — 02)sin2« (4.2)

2

One dimensional extension stress combining
fiber and elastic matrix

We assume that deformation is produced only by the tensile
force Ty, then T, = S = 0, which means that ¢4 = ¢, and
1 1
{ug(xg — 1)+ 20— 1)2}A=A§¢> ¥ R
2 3
+2%a1sin2a (5.1)
1

Substituting (5.1) into T; from (4.2) we have

A A

A A .
+ 204 (Jcosza - —Zsmza)

(5.2)
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Results

Equation (5.2) can be rewritten using (2.3) and (2.3)4 with
A2 ~ 1 (due to extension only in the x; direction) as

1 1 222cos?o — 1
@(xf—xg)+w(—z——>} +za1¥ (5.3)

T =
! 2 1

The first term in (5.3) is positive since 1, > ;. For tensile
force T, in (5.3) to be positive, the second term will be
positive if 222cos?a — 1 > 0 or

1

cosa > 54
;1 (5.4)
Also, from (2.3)
Acosa <1 or cosa < Al (5.5)
1

From (5.4) and (5.5), we find the condition for fascia to be
in tension given by

1 1
cosa <— and cosa >

5.6
p i (5.6)
This can also be written in the form:
1 1
cos '—<a<cos'—— 5.7
A1 * A‘] \/i ( )

Using the condition (2.31) i.e. cos@=Aicosa, the plot
between underformed angle « and deformed angle g, is
plotted in Figure 2.

Again using the condition (5.7), the region of positive and
negative tension in fibers is also plotted in the physiological
range (1 < A4 <2) of stretch ratio (see Figure 3). It is noted
from equation (5.3) that the total value of the positive and
negative tension is always positive tension.

Figure 4 illustrates how the stretch along horizontal
direction of the fascia for a given area results in a new
shape of the same area making a smaller stretch in the
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Figure 2  Relation between undeformed and deformed angle

after stretch for varying stretch ratios (i.e. deformed length
over original length).

§ 16 Positive
5 Tension
3 1.5
o
14 ¥
< \ .
13 Negative
Tension
1.2
\
1.1
T~
1
10 20 30 40 50 60 70 80
o. - Fiber Angle (degrees)
Figure 3 Regions of positive and negative tensions in the

fibers versus stretch ratio.

transverse direction. The significances of these plots
(Figures 2—4) are discussed below in the conclusion section.

Discussion

To verify the predicted angles of orientation with our model
compared to other models, we first find the predicted mean
angle of fibril orientation of endomysium from constant
shape model of Purslow and Trotter (1994) after a stretch of
muscle sacromere length from its resting length of 2 um by
30%. The constant shape model is based on the assumption
that as the muscle changes length at constant volume, the
original cross-sectional shape of the fascicle remains
constant, the cross section changes only in area.

It is found from (Purslow and Trotter, 1994) that the
mean angle changes from 58 degrees to 43 degrees by the
isoreal model, and from 58 to 48 degrees by the constant
shape model. The isoreal is based on the inference that the

-

Figure 4 Representative shape of fascia for a given area
before and after stretch resulting in smaller stretch in the
transverse direction compared to larger stretch in the longi-
tudinal direction.
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surface area as well as the volume of each muscle fiber
remains constant as the muscle changes length. For our
model, we employ the first equation of (2.31) to predict the
change in angle as a result of 30% stretch. We find that the
angle changes from 58 degrees to 47 degrees. These slight
differences with other models can be due to manually
analyzed orientation distribution in isoreal and constant
shape models. However, the result of our constant volume
model is very close to that of constant shape model (Pur-
slow and Trotter, 1994).

Fascia may also have a key role in proprioception due to
the presence of mechanoceptors in the fascia which work
primarily under the influence of tension in the fascia. The
transmission of tensional forces to receptors is another
fruitful area of investigation.

Fascia is generally considered as a structure which bears
tensile and not compressive force. However, Ingber’s group
has elegantly demonstrated that intracellular structures
such as DNA (Liedl et al., 2010) and microtubules (Ingber,
2010) can bear compressive forces. Also, fascia has a com-
partmentalized structure which if sealed may also support
compression in a fashion similar to the air filled plastic bags
commonly used as packaging materials.

Limitations

In Figure 3, we find negative tension in a certain region. This
may be due to our assumption by taking an element of fascia as
isolated, when in fact it is not. Muscles are connected to the
fascia beneath. The anatomical changes in the muscles beneath
the fascia can come into play and may counteract the negative
tension when the stretch reaches a certain threshold value.
Further refinements of the model incorporation muscular
connections of fascia is another topic for future research.

Conclusion

A mathematical model has been successfully developed for
highly elastic, transversely isotropic, incompressible
material such as endomysium (a type of fascia) to establish
the relationship between the orientation of the fibers
and the stretch in the fascia. We also find a close prediction
of the fiber orientation as a result of 30% stretch of endo-
mysiums with our model compared to that of constant
shape model of Purslow and Trotter (1994).

It is known that the connection between the fascia
layers (Guimberteau) change the fiber orientation
depending upon the applied forces or stretch. Therefore
a relation between the fiber orientation before and after
deformation which depends on the stretch is plotted (see
Figure 2). The negative tension and positive tension
threshold in the fibers produced as a result of stretch is
shown in Figure 3. From equation (5.2), the first term of the
total force T4 is always positive (in the absence of fibers)
since the stretch in the longitudinal direction is always
much greater than the resulting negative stretch (i.e.
compression) in the transverse direction as demonstrated in
Figure 4. Therefore, the total force in composite fascia
(including fibers) must also be always positive after coun-
teracting the negative tension in the fibers.

The above conclusion for fascia to be always in tension
supports the key role of fascia for proprioception due to the
presence of mechanoreceptors (in the fascia) which work
only under the influence of tension in the fascia.

From Figure 2, we observe some interesting results.
First, as the fibril angle increases, the fibers become more
resistant to change after stretch of the fascia. Second, the
deformed fibril angle becomes zero for fibers below
a certain un-deformed fibril angle depending on the
stretch. For example, for a stretch of 1.10, 1.25, 1.40, the
threshold for un-deformed angles are 24, 36, and 44
degrees respectively, for which the deformed angles are
zero. That means, below these fibril angles, the fibers get
aligned with the horizontal direction. The clinical applica-
tions of these findings are as yet unexplored. This model
may both suggest testable cellular mechanisms involved in
fascial therapies, as well as modeling of specific therapies
for testing improvements in clinical practice.

Clinical relevance

Skin tension in the living being is not uniform in all
directions, and these differences in direction
(termed “Langers Lines”) have long been used by
surgeons to plan surgical incisions (Chaudhry et al.,
1998). We are recently acquiring information on
fascial fiber direction in individual fascial layers, as
distinct from muscle fiber direction. In some manual
therapies, the treatment forces are deliberately
directed across the direction of the muscle fiber, as
in “cross fiber” therapy. However, usually the
practitioner determines force direction only by
clinical judgement. This paper provides a means to
model manual therapy interventions in longitudinal
and transverse directions. This may allow more
precise specification of manual therapy techniques.
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