Compression Between Parallel Plates

Consider two flat plates that enclose an elastic amorphous material that can flow, but is nearly
incompressible and inextensible. The two plates are brought slightly closer together and the
material is deformed by the compression. The problem that will be considered here is the

geometrical deformation of the material.

Let the distance between the two plates be w, and the displacement be 8. In the first
instance, we consider a situation where the material between the plates is confined around the
outer margin, as in a piston. Since the material cannot move laterally, it is restricted to the

movement of compression, that is in the same direction as the displacement of one of the plates.
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The location is measured relative to a point on the surface of the lower plate, Ao. The
location before the compression is A, and, after the compression, itis A,. The difference

between the locations is 8 A. This is expressed symbolically as follows.

A=A, +O\.
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The problem comes down to writing an expression for the vector 8 A as a function of
location. In this situation the direction of the displacement is perpendicular to the two plates.
Therefore, we construct a unit vector that is perpendicular to the bottom plate, p. The part of
A, that is relevant to the compression, d A, is the projection of A, upon p, A ®p, that is, the
component of the location vector that is perpendicular to the lower plate. Overall, the material
between the plates must compress a distance 9, but that compression is evenly distributed over

the distance of w =w, —[8|. The perpendicular component of A, A *p, is divided by the interval

between the plates, w, — |6 , and multiplied by the total amount of compression, 9, to give the

amount of displacement of the location and that displacement is in the direction from the upper

plate to the lower plate.

A e
A, =)»0+6)»=7»0+6*M*—p.
wy = [3)
Normally, the compression is small, on the order of 5%, or less. Most biological materials are
relatively incompressible and inextensible largely because they are mostly water in colloidal gels
or they are mineralized, as in bone. When it is important that biological materials do not

compress, they are usually provided with a ‘skeleton’ of some sort or they are confined in an

inextensible cavity.

If we were to look at the displacement vectors, they would start a vertical lines 0 units long at

the upper plate and zero units long at the lower plate with a uniform gradation between the two.

If we look at the extension vectors, the vertical distance between two locations shortens a
small amount, while the horizontal axes remain the same, so that there is a slight squashing or
flattening of the test cube. If the vertical direction is the z axis, then the extension matrix is in
the following form.

£ =[1.0,1.0,1.0-3].
The flattening is the same everywhere in the matrix, therefore the extension strain is uniform.
There is no twisting or rotation in the matrix, so the orientation strain is a constant unity
throughout the matrix.

0=[1.0,1.0,1.0].
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Unrestrained Compression

The constrained case of compression is simple and a bit boring, but it gives us a start on the
unconstrained case, which is neither simple or boring. In the unconstrained we also assume an
incompressible, or minimally compressible, amorphous matrix between two flat plates, but with
room to move laterally, parallel with the plates. The gel will be assumed to be a circular mass, to
simplify the calculations and because it is the lowest energy state for an unconstrained gel

capable of flow.

When the plates move together, they compress the gel causing it to flow from the upper plate
towards the lower plate, as in the example we was just considered. However, since the gel can
flow laterally, it will do so and spread between the plates. We can say a few things about the

movement of the gel, based upon the geometry of the situation.

First, the approximation of the plates by distance |6| will cause a volume, AV, =mr, %8, of

circle
material to flow laterally from a circular region of radius r, about the center of the mass. The
outer radius of the circular ring that contains the material that was inside the circular slab of
radius r,. is given by a simple expression.

2

AV

g =0T (W —0) —7ry (W, —0) = :rc(r1 - r(f)w.

The volume of displaced material 1s equal to the volume of the ring that it occupies, so, we
can set them equal and solve for the outer margin of the ring in terms of the vertical
approximation and the radius of the original circular slab.

mry 8= ﬂ:(rl2 - rog)w

2.8 (.2 .2
I, *6—(r1 —ro)w
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Consequently, the central circular slab of radius 1, now occupies a circular slab of radius r,,
where r, is given by the formula that was just derived. For small amounts of compression, the

percentage increase in radius is about half the percentage decrease in height between the plates.
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If the excess material were to flow uniformly peripherally, then the material at 1, from the
center of the disc would end up lying at r; from the center of the disc. However, flow is not
uniform. It is most likely to flow as described by the Navier-Stokes Equation of hydrodynamics,
that is laminar flow. If that is a reasonable approximation to the flow then the rate of flow is
proportional to the square of the distance form the fixed walls. Close to the wall there is very
little flow and near the plane midway between the two walls the flow would be maximal and

proportional to the square of the distance to the nearest wall.

The lateral flow would be given by an expression like the following, where zero is taken to be
the middle plane, half way between the two plates.
d(x) =d,, —kx*.

The variable ‘d’ 1s the displacement of the material parallel to the plates and , x’, 1s the
distance to the nearest wall. The constant d,;  is the displacement of the material, in the middle
horizontal plane, at x=0.0. We do not know d,,,or k, therefore we must solve for them in

terms of the variables that we do know.

At the upper and lower plates the horizontal displacement is zero, which allows us to express

the constant in terms of the maximal displacement .

d(%)=0=dMax—kw2 o k=M

Let d,,,,. =u, to simplify the notation a bit for calculation. Envision the flow as a stack of thin
circular rings sheets that are expanding peripherally from the radius r, to the radius r, + d(x) ,

where d(x) is the diameter given by the expression for the displacement, and each sheet has a
thickness of Ax. The volume of the expansion is the sum of those sheets, where each sheet has a

volume that is the thickness of the sheet times its width.

V=n=‘j/jc*[(r0+d)2—r§]*Ax.

n=0

Passing to the limit for section thickness, dx, the expression can be written as an integral.
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w/2 9
V=2fm<[(rU +d) —rg]*dx
0
w/2 w/2

= 2m (1, + )" |- 20 [1xdx.
0 0

The second integral evaluates as follows.

w/2

2, fldx—ZJ'crO[ ]“/2 =W

The first integral is more difficult to evaluate. The term within the square brackets can be

expanded into the following expression.

2 2
4 1
(r0+u——ux2) = 65} x4—8( ?+M—)*x +(M +2Mr0+r0)
w

w w w

The integral of this expression turns out to be much simpler than one might expect.

w/2 16!_,[, M2
2 f t-8 +—2 X +(u +2Mr0+r0)dx
W w

W

w/2
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=2n 16!2 x’ — 8(r0?+uz)*x +(M +2ur0+ro) x}
| Sw 3lw w o

-16u wo 8(ru u w’ w
=27 — =L+ *—+ (W + 2ur, + 1,
( WQ) g 2 )

5w4 32 3
=n M?2—%(ropt+u2)+(uz+2ur0+1r(f) W

If we subtract the second integral from the first, then the volume of the flow is given by the

following expression.

V=n
15

ai)
8L+ SI'OM *W

This expression can be set equal to the displaced volume and, with suitable rearrangement of the

terms, it can be solved for the maximal displacement.
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2

V=n 8L+—r0u *w=7r,d,therefore,
15 3

Su’w

s +§r0ptw—r0(3=0andthus

_. (2)1@_2
=515 8w 4|

The maximal displacement is a function of the radius of the circular slab, the amount of

compression, and the distance between the plates.
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The displacement profiles for different amounts of compression. The
light blue area is a cross-section of a half of a circular slab of radius 1.0. The slab
is compressed from 0.1 to 0.9 of its height (0). This causes the material in the slab
to be displaced peripherally (d). The volume of the displaced material is the
displacement profile rotated in a circle about the center of the slab.

For small compressions, there is a small bulging of the matrix, approximately 8/10%s the
percentage of the compression, so that a 10% compression causes the maximal lateral
displacement to be about 8% of the radius of the slab. When the compression is 50%, the
maximal displacement is about 60% of the slab radius. Finally, when the compression is large,

like 90%, then the maximal displacement is large, 300% of the slab radius.
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Compression without lateral constraint causes the matrix to move
vertically and laterally. The vertical movement is greatest near the moving
plates and the lateral movement is greatest near the middle horizontal plane.

7



Compression Between Plates

The displacement vectors for compression vary in obliquity as a function of the transverse
position of the location and the distance from the center of the slab. If we take the middle
horizontal plane as our reference plane, then the locations in that plane are carried directly
laterally a distance equal to the maximal displacement. At the bounding planes, the
displacement is entirely vertical. Between those two extreme locations, the displacement is the
sum of the vertical displacement, computed in the first example,

AN, =0 M *—p,
w, —
and the lateral displacement for that horizontal plane, computed in this example

w2

w r

where r is the radial vector, from the center of the slab to the initial location and

_ (z) 155 5
=% 8w 4|

If the origin of the coordinate system is in the middle horizontal plane at the center of the slab
and the initial location is A, = ai+ f3j + Yk, then r = ai + Bj. Therefore, assuming that the plates
are parallel to the 1,j-plane and equal distances above and below, that the compression brings
them symmetrically towards the plane, and that the center of the slab is at the origin of the
coordinate system, then the displacement vector is given by the following expression.

AN =Ahy +Ahy =K, k+(u-ix2)*£

W, w Ir|

N
w, w |(x1+[:’>J|

If we examine the positive j,k-plane, then the expression reduces to the following equation.
? 5 150 5
Ak=ul—x—2 ——k, where u= (—) —_— =
(w/ 2) (W/ ) 4 8w 4|

For small amounts of compression, the lateral component is small. However, if the matrix is

loosely constrained, like the nucleus pulposus of an intervertebral disc within the ligamentous
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sheath of the annulus fibrosus, then the lateral displacement may be the limiting parameter upon

compression.
Compression Flow Vectors, 6=0.4
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The flow vectors for compression between parallel plates are greater
and more horizontal for middle levels and greater radii. The
illustration is for a compression that is 0.4 times the distance between the plates.
The blue markers indicate the original locations and the blue markers show where
they flow.
In general, biological structures are not a neat as the computed examples considered here, but
these examples do give reasonable models for the consideration of biological situations. While

exact solutions of the biological geometry may not be possible, it is possible to generate order of

magnitude solutions that support or deny particular interpretations.

The Extension Matrix

The basic formula for compression flow is the one given above and repeated here.

2 . . .
Ax=AxV+AxH=M(1_X—2)* AP 5 iy
w’ ) o +Bj| W,

To calculate the components of the extension matrix we need to substitute the locations that are
slightly incremented and decremented in each of the cardinal directions and subtract the
decremented value from the incremented value. The incremented location for the i direction is

(OL + e)i +Bj. The difference clearly affects only the first term in the expression for AN. The

difference between the incremented and the decremented transformations is clearly a scalar

factor times the increment.
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2 . . 2 _ . . 2 .
W |(a +e)i+ [SJ| W |(oc —e)i+ BJ| W B
However, the maximal displacement () term depends upon the distance from the center of the

flow (1,) and thus upon the i term.

(5)2 158 5
u=r, 2 +—— ——|=1K.

The radial distance is the square root of the squares of the 1 and j components of the location

I, ='\,(Oti€)2 +B°.

Consequently, the vector between the transformed increments depends upon the increment in a

vector.

complex way.

K@-EQ*QNHwY+W—Jm-q%ﬁj*zﬂ

W |£i| ’

The same arguments apply to the j axis. Therefore, we can write down its transformation by

substituting the j increment into the expression in the place of the i increment.

K(1—§)*(\/a2+(ﬁ+s)z —\/oc2+([3—g)2)* &

il

The k axis is involved in the both terms of the equation for flow, therefore we can calculate
the increment and decrement in much the same manner as the other two axes.

u@—@+”j*“+m-aJ&+@” Mp_@—@j*M+m_6J&—@H

w' | i+ il w W] Jei+Bi w

=i[(x—s)2—(x+s)2]* oi + B —6*2|8k|,

W i + Bj w
X i+ ) - 0% 2K here p ot 15 |
pw w

The components of the extension matrix are the ratio of the transformed increments to the

untransformed increments.
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- K(l—WQ)*(\/(O(+8)2+[32 —\/(oc—e)2+[3 )*2|51|

27
e

=K(1 %j) (\/(ows + B’ \/oc e +B)

( j) (e s o) e+ (b0 )2

Z(2) - 4 edl
kil
- K(l—%)*(\/az +(B+e) —\/OLZ +([3—8)2) ;
_4MX2€ *(Oﬂ+ﬁ])—6*%
F(3)=—Y

2|sk|

4¢*d 8ue’x., 8ue’x.
+ MQ i- MQ j.
W W W

The matrix has two scalars and a quaternion, which means that the transform is an expansion
or contraction in the i,j-plane and a rotation in the radial plane. Since the 1 and j terms in the
quaternion are equal and the negative of each other, the axis of rotation is perpendicular to the
radial vector.

E=[£(1), £(2). £(3)].
Therefore, we can write the formula for a location plus a small increment as follows.
Mg +€) =N (N,)+e+ FE(N, €)*¢,
=N +E+AMMN)+ E(Ng, €)xE
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The effect of an offset depends non-linearly upon the particular location (0(,[3) , but is radially

symmetrical in the i,j-plane. All the components depend on the k component of the location

vector, because ‘x’ 1s the magnitude of the k component (y).

Stmplification of the extension matrix by the use of cylindrical coordinates

If we express the location in terms of cylindrical coordinates, (r,@,z) , then the third
component of the extension matrix remains the same, but can be rewritten, the second
component does not depend upon the size of the €0, and it is only the first component can be
simplified.

2
vk
AN =AA,+AN, =M(1_%)*r+a*ﬂ,

Wy
2
U N (SR I SN H
W=h\g) Tew TR

We can write the expression for a radial offset as follows.

K(l_ij)*((ﬁs)_(r_s))=K(1_X_j)*zs,

w w

Adding an offset to the angle will simply move the transform through that angular excursion,

so Z(8)is unity.

The vertical offset is the same, but it can be written in terms of the radial vector. If the radius
1s ai + P, then the axis of rotation is 1 = pi — aj, therefore the third component of the extension

matrix can be written as follows.

2 2
Z'(Z)=—48 5+ 8M82X71=432(—§+2M2X7])
w w woow

The expression for the extension matrix is much simpler in cylindrical coordinates.

12
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2
f=[K(1—%), 1, 482(—§+ ZMQX )
W w w

M(Ay+€)=A(Ny)+e+ Exe

2
K(l—%) 1 4e (—§+ 2MZX TI) *
w w w

The barred vectors are unit vectors in the directions r and z.

, therefore

=N +AMA,) +eE+

The Orientation Matrix

Since the 1 and j axes of the test cube remain in the same direction after the compression,
independent of the location of the test cube the first component of the orientation matrix must be

unity. The elements for the y and z elements are quaternions.

The transformed i axis is given by the following expression.

1o 2)o e o )

il

The transformation for the j axis is similar.

1o 2o (e )-8

The transformation for the k axis is like the calculation for extension.

pL[l_<><+e)g]*oci+ﬁj_6*|(><+e)k|_M(l_ﬁ) ci+Bj s K

W i + Bj w i + Bj W

il

u [XQ _ (X + 8)2] . ol + BJ o |8k|

"W ot + B w

=/ (2X8+8) # (o + Bj) - 6*|— where p =q/0” +p* .

pW

The transformed 1 axis is a multiple of i, therefore the unit vector in the direction of the
transformed 1 axis is simply 1, 1 =1. Similarly, j is the unit vector in the direction of the
transformed j axis, j=j. The k axis is more complex. The transformed k axis is given in the

last set of equations.

13
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2
_ “(2X£2+8 )*(ahﬁj)_@*ﬂ
pw w

The magnitude of the vector is given by the following expression.

2
2 2 2
pw w

The unit vector in the direction of the transformed k axis is the transformed axis over its

magnitude.

- u(2x8+2£2)ai_ u(sttez)Bj_ Se y
VW vpw vw

We can replace the scalar multiples of the basis vectors with new symbols to simplify the

calculations.

k=-Gi-pj-k

The frame for the i axis is clearly {i, j,k}, since i is orthogonal to j and the Z axis is

irrelevant to that calculation.

The frame for j 1s more difficult to obtain.

—Gi-Bj-Tk as B a . A A
Qyz.=%=(—0“—BJ—Yk)*(—J)=—5—Yl+ak;

Cp= A&7 +B%* +7° =1.0, because —&i—pj- 7k is a unit vector.

The unit vector of the rotation quaternion is given by the following expression.
V(Q,) —gi+ak
Oy 67 +4?

Consequently, the projected z axis is computed as follows.

” o
di /\k

A6+ 77

Finally, the x axis is the vector of the rotation quaternion.

14
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The frame for the y vector is given by the computed set of vectors.

Hi+ak . -Gi-ik

R e s

The second component of the orientation matrix is the ratio of this frame of reference to the

frame of reference {i, j,k}. To calculate the orientation quaternion for these two frames it is
simpler to note that the ¥ is j, which is the same as in the unrotated frame of reference. The two
frames are aligned at that axis. All that remains is to determine what rotation will rotate the
unstrained x axis into X. That is obtained by dividing X by x.
—yi+ak
&’ +9° _ —ji+dk i V-0
i V@2 +4? Jat+9?

0(x ) -

This means that the original, pre-strain, frame of reference is rotated about the z axis through
an angle ¢, which is given by the following expression.
i

A2

¢ =cos™
y A2
a”+y

Summing up, the change in orientation of the frame of reference for the y component is a

rotation of ¢ about the y axis.

The frame for the Z component is obtained in a similar manner. The Z component is the
unit vector, &i+pj+ Yk. The rotation quaternion that rotates Z into X is given by the
following expression.

i . A e 3 . A A A e 5
Q.=———— =1(oc1+[33+yk)=—oc—y3+[5k;
—ai-fj-vk

Cp= A&7 +B* +7° =1.0, because —&i—pj- 7k is a unit vector.

15
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The unit vector of the rotation quaternion is given by the following expression.
V(Qyz) _ —Vj+Bk
Cv \/[32 +9°

Consequently, the projected x axis is computed by rotating Z though 90° about the vector of the

=y.

rotation quaternion.

Finally, as noted above, the y axis is the vector of the rotation quaternion.
—vj+Pk

The frame for the Z vector is given by the computed set of vectors.

A2+A2i_d’\._d/\k _A. A R
f2={ii’yi’z}= (6 ! )A BJ ! ’ Y}"‘Bk, _di_ﬁj_?k
\/|32+A2 \/ 2, a2
Y B +v

This looks complex, but a little algebraic manipulation will confirm that all the vectors are unit

vectors and the computation was designed to make sure that they are mutually orthogonal.

The third component of the orientation matrix is the ratio of this frame of reference to the
pre-strain frame of reference {i, j,k}. It 1s not as straight-forward to calculate the orientation
quaternion for these two frames as it was for y. Both the swing and spin quaternions must be
calculated. We start by calculating the rotation that will swing the pre-strain z axis (k) into the

post-strain z axis (— Qi — GJ -vk).

Q(zez)=m]EJ=-di-Bj—yk*-k=—?+éi—dj .

This means that the original, pre-strain, frame of reference is rotated about the vector

B i— @ j through an angle ¢, which is given by the following expression.

b, = cos’l(—?) )

16
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We can now apply the same rotation to the other two axes of the pre-strain frame of reference

to obtain the intermediate frame.

AL S A A2 X 5
g=L 1+ pi Of'] *ix—|1+ [3l+f“ =A2B Azi—AzaBAz.H = —Kk ;
V2| a2+ p? V2 Jarepr | &P+B @B a2
gL, Bizai | g tf -Birdj| b, 4 p

y=—|1+ = * jr—|1 = — =
2 a* +p° 2 \/d2+[32 (12+f32 >+ \/a +[3

We need to select a final axis other than Z and compute the swing that rotates the

intermediate axis into the final axis. In this case the y axis looks like it will involve less

calculation.
-1j+Pk
. B>+ j+Bk | 6 . & B
Q(y%y)= A[g a [3 _\/Az a2 &2+|§21+d2+[§2’]_\/w Azk
o aiT o Al —k b+ b
+P +p 4&* +p°
S R B e |,
(6(2+[3 )\/[5 +9° \/d2+[§2 \/Bzﬂ?z \/oc +B \/[5 +9 d2+|§2\/[§2+?2
G . &y

- R i R k
(&2_*_62)\/&2_“?2 (d2+ﬁ2)\/ﬁ2+?2
Since the both vectors in the ratio are unit vectors, the ratio must be a unit quaternion and thus

we can state that the scalar component of the ratio is the cosine of the angle of rotation.

&> B?

q)Sp: ? = = .
cos ( )\/ ?2 +\/d2+[32 \/Bz_'_?z

If we examine the two vectors in the ratio, it may be noted that they can be written in the
following forms.

_5isBk
“1i+pk =cos@, j+ sing Kk and

B>+’
A5 A2 5
af . a . . .
S |3A21— - J+Lk=smcp cos i—cos’ @ j+sing K.
A A D 2 A2 A2 o o o o
+P +f +p
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This leads to the scalar term in the ratio being a function of the two angles.

2 . .
cos g, =cos” @, cosQ, +sinQ,, sing,.

In the trigonometric notation the vector for the axis of rotation is written as follows.

. . 2 . . . . .
v, = (coscpY sinQ, — sing, cos (pa)l —sinQ, sin@, cos@, j—cos@, sing, cosp K.

The symmetry of the equation is more apparent in the trigonometric notation. It may also

make another relationship more explicit. The @, angle arose from the swing rotation that

aligned the z axis with the Z axis. It is the angle of the vector that is the axis of rotation for the
swing. The @ angle is the angle of the intermediate form of the y axis vector, ¥, the y axis

after it has experienced the swing, but before the spin transformation.

The rotation quaternion for the transformation of the z frame of reference relative to the pre-
strain frame of reference is the combination of the swing transformation and then the spin

transformation.

o(f,)=

(cos2 ¢, COSQ, + sing, sin cpY) + (coscpY sing, —sing, cos’ cpa)i [
—sin@, sing, cos@, j-cosq, singp,cos@p, K
=(w+Ei+1pj+§k)*(—?+[§i—dj),

= (0 + e+ 6p) + (Boo - 1€ - 6L Ji + (~cio + - B j + (-6E + P+ Tk

If this expression is written out in all of the original terms that we started with, it is a
horrendous expression. However, a great deal of the complication comes from the fact that we
have kept the analysis in symbolic terms. If one is doing the calculation with numerical values
the last expression is not much more difficult than any of the other expressions for rotation
quaternions. In the end, we always come down to a quaternion with four terms, which

represents a rotation of a particular angular excursion about a particular vector.

We have computed the rotation quaternions for all three frames of reference. Consequently,

we can write the orlentation matrix.
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o-[o(r.).0(f,)e(f,)]

=11.0, _—,(;{2%6;‘2,—(?w+[§§+d¢)+([§w—?§—d§)i+(—dw+?xp—[§§)j+(—d&+[§w+?§)k
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