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Modelling the mechanics of narrowly contained soft tissues:
The effects of specification of Poisson's Ratio
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Abstract—Many soft tissues are considered to be virtually
incompressible . A number of recent analyses of the
mechanics of these tissues have used Poisson's ratios in
the range of 0.45 to 0 .49 with little or no documentation,
the apparent assumption being that a small change in
Poisson's ratio will not significantly affect the results . We
demonstrate here that the mechanics of a narrowly
contained soft tissue are, instead, strongly sensitive to
small changes in compressibility about the incompressible
limit . Relevant practical examples include analysis of the
mechanics of soft tissues within the sockets of artificial
legs, pressure sore problems, and the calculation of
strains within the soft tissues of a fracture gap.

Key words: above-knee prosthetic sockets, Poisson's
ratio, pressure relief, soft tissue mechanics, tissue com-
pressibility.

INTRODUCTION

Soft tissues support the body's weight whenever
that weight is rested on a surface . The resulting
deformations within the soft tissues, if excessive,
can damage the tissues . As a result, the study of
these deformations has clinical relevance in a num-
ber of areas : socket design for lower-extremity
prostheses, prevention of decubitus ulcers (bed-
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sores), design of orthopaedic footwear, molding
techniques for prosthodontics, etc . In each of these
examples, there exists a "soft tissue support
system," consisting of a load being transmitted
between two hard objects by the intermediate soft
tissue.

For all the examples listed above, we shape the
external surfaces on which the body's weight is
rested, in order to relieve pressures in and about
bony prominences. We also attempt to shape these
external surfaces so that the internal strains do not
damage the soft tissue . A common design feature of
these surfaces is that they wrap around and partially
contain the soft tissue and internal bony structure.
To improve the design of these surfaces, a number
of investigations into the mechanics of the soft
tissues within these systems have been conducted. In
particular, the design of sockets has recently re-
ceived attention (1,2,3,4).

Consider a typical example : a residual limb
after an above-knee (AK) amputation, inserted into
a prosthetic socket, as shown in Figure 1 . As the
limb is loaded in stance, the bony structure moves
downward into the socket of the prosthesis, displac-
ing soft tissue . If the tissue is incompressible, a
volume of tissue equal to that volume displaced by
the bony structure must be extruded from the
socket . The socket forces the volume displacement
to "travel" a great distance before it can be
"released" at a free boundary, and so a great deal

205



206

Journal of Rehabilitation Research and Development Vol . 30 No. 2 1993

=111I

	

.1111.

	

=11111,111•1	 11111M.1111I

	

=111111n11n

	

11111=111111.1.

	

II•Inln
ONINIO111.n11111•mMIIIIIIHIIIIIIIIIIINE11111MIMn111=11NNIn
III111111 INM I I1111 1 II I I I I II.=1W

	

I

	

I IIII I I I I I II UN I I =II I1I WI=

	 =MM. INN =WI
E1111111 .1111INIIIIIIIII1 .111•1n111 n111111111=11=1111.1NIn•1111111.1111.

(a)

Figure I.
The Above-Knee (AK) socket model : anatomic structure,
idealized model, finite element model.

of the tissue within the socket is deformed slightly.
This deformation is resisted by the tissue, resulting
in a reaction force on the bony structure . The
magnitude of this deformation, and the resulting
reaction force, depend upon (among other things)
the narrowness and length of the path that the
volume displacement must travel before it is re-
leased . The stiffness of the residual limb/socket
coupling is the amount of reaction force generated
due to a given motion of the bony structure . In this
note, we will show that the predictions of the
distortions and the reaction forces for this type of
mechanical system are strongly dependent on the
specification of compressibility used.

METHODS

Layer Model
Consider a model consisting of an axisymmetric

flat disk of tissue, 1 .0 cm high and 10 .0 cm in
radius, compressed as if between two flat, rigid
plates (Figure 2a and 2b ; note that the "plates" are
imaginary and are, therefore, not shown) . The
upper surface is displaced downward 0 .5 mm, and
the lower surface is fixed . The tissue is bonded to
the "plates ."

This model is solved using the finite element
method. Conventional finite element formulations

Figures 2a&b.

Axisymmetric layer model . The axis of symmetry is vertical
(z-direction) . The model is 1 .0 cm high and 10.0 cm in radius.
Figure 2a shows the displacements imposed on the model ; the
top surface is pressed down, as if by a flat plate, by imposing a
0 .5 mm vertical displacement on each of the nodes labelled with
an arrow . Figure 2b shows the nodes where displacements in one
or more directions are fixed . Nodes along the axis of symmetry
and along the top and bottom are constrained against radial
displacement . Nodes along the bottom are constrained against
vertical displacement ; again, as if supported by a flat surface.

become poor approximations—behaving too
stiffly—as Poisson's ratio approaches 0 .5 (5,6) . To
avoid this artificial stiffening, we used an unconven-
tional formulation which does allow use of
Poisson's ratios closely approaching the incompress-
ible limit . A number of formulations have been
described for modelling incompressible behavior (6),
and these are becoming available in a number of
commercial packages ; the method used here uses
selectively reduced integration rules and is part of
the MARC finite element analysis software (MARC
Analysis, Palo Alto, CA). The model is discretized
using elements with linear shape functions . A
Young's modulus of 0 .0207 MPa (3 .00 psi) is
specified . [Note that this value is a rough estimation
of the stiffness of bulk muscular tissue at low strains
(7) . A number of estimations of the "average"
stiffness of residual lower limbs have been made:
Young's modulus of 0 .0062 to 0 .109 (2) ; Young's
modulus of 0.050 to 0.145 (3) . The stiffness of a
given residuum is presumably as varied from the
"average" as residual limbs themselves are, and
further consists of a number of tissue types—
skeletal muscle, skin, fat layers and pads, fascia and
loose connective tissue—making assigning an "av-
erage" stiffness questionable, semantically . How-
ever, for the purposes of this demonstration, the
exact value is not a sensitive parameter .] A range of
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qualitatively evaluated by visually comparing the
level of distortion in the deformed meshes . Von
Mises stresses presented are for the center of the
outer corner elements ; this position is marked with
an asterisk in each of the deformed plots.

The type of boundary conditions existing at the
interface between the tissue disk and the imaginary
rigid plates is significant . If we switched to a zero
shear stress boundary condition at the interface, we
would simply have uniaxial compression between the
plates. In this case, the distortions would be much
lower. However, the configuration used in the
model—a thin layer of an approximately incom-
pressible material with zero-slip boundary condi-

Poisson's Ratio Reaction Force (N) von Mises Stress (MPa)

	

Lions—occurred often in our study of soft tissue

Poisson's ratios is used, and the resulting shear
stresses and reaction forces are compared (Table 1).

The reaction force is profoundly sensitive to the
Poisson's ratio chosen, showing a 15-fold increase
over the range studied. Figures of the deformed
mesh (Figure 3) clearly show the migration of the
volume displacement toward the free boundary and
the resulting shear distortion of the tissue . The
effect of Poisson's ratio on the distortion can be

Table 1.
Effect of Poisson's ratio for the layer model
(displacement = 0 .5 mm).

0 .4500 109 0 .16

0.4900 370 0 .35

0.4990 1220 0 .74

0.4999 1630 0 .91

0 .5000 1630 0 .91
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Figure 3.
Deformed shapes of layer model . This group of figures shows
the effect of specification of Poisson's ratio on the layer model.
In descending order from the top, the Poisson's ratios are 0 .450,
0 .490, 0 .499 and 0 .500 . The upper surface is displaced down-
wards 0 .5 mm; distortions are to scale . Note the migration of
the volume displacement towards the free boundary, and the
resulting distortion in the material .

support systems within rehabilitation engineering,
and we have described it using the term "narrow
containment."

In general, the effect also increases as the
stiffness of the tissue decreases . Using the terminol-
ogy of engineering mechanics, a more precise state-
ment is that the effect increases as the ratio of the
shear stiffness (resistance to shape change) to the
bulk stiffness (resistance to volume change) de-
creases . Solids with this type of very high ratio of
bulk stiffness to shear stiffness (typically of the
order 10 or lower) are called "virtually incompress-
ible" (8,9) . Soft tissues fall into this category based
on their exceedingly low shear stiffness . Rubber-like
solids generally also fall into this category . It is
important to note that the term "virtually incom-
pressible" does not mean that the material is
completely incompressible, only that the volume
changes occurring during deformation are negligible
in comparison to shape changes . The fact that the
deformations are "virtually incompressible" is rele-
vant because it means that different analytical
methods must be used.

Above-Knee Prosthetic Socket Model
Consider now a model representing an above-

knee (AK) residual limb and socket (Figure 1; Figure
4a and 4b) . This model is also axisymmetric—and
therefore misses significant asymmetric features of
the typical AK socket system—but it will serve to
illustrate the effect of specification of compressibil-
ity in a case relevant to the biomechanics of
prosthetic sockets . This model also uses linear
elements with selectively reduced integration rules
and a Young's modulus of 0 .0207 MPa (3 .00 psi).
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Figure 4a&b.
Axisymmetric AK residual limb/socket model . The axis of
symmetry is vertical . The model is 200 .0 mm high and 72 .0 mm
in radius . Figure 4a shows the displacements imposed on the
model ; the downward motion of the femur is modelled by
imposing 5.0 mm vertical displacement on each of the nodes
labelled with an arrow . Figure 4b shows the nodes where
displacements are fixed . Nodes along the axis of symmetry and
along the femur are constrained against vertical displacement.
The socket is modelled by constraining all nodes along the outer
surface of the model against all displacements.

The femur is displaced downward 5 .0 mm . Again, a
range of Poisson's ratios is used ; the resulting shear
stresses and reaction forces are compared (Table 2,
and Figure 5).

The AK model shows a sensitivity to Poisson's
ratio that is similar in nature to that of the layer
model, but less in magnitude . The reaction forces
roughly double as the Poisson's ratio is increased
from 0.4500 to 0 .5000.

DISCUSSION

Variations in compressibility approaching the
incompressible limit have a strong effect on the
reaction forces and distortions in the models pre-
sented here . Many similar analyses of narrowly
contained soft tissues have used Poisson ratios in the
range 0 .45 to 0 .49 with little or no documentation

Table 2.
Effect of Poisson's ratio for the AK model
(displacement = 5 .0 mm).

Poisson's Ratio Reaction Force (N) von Mises Stress (MPa)

0.4500 44 .7 0 .12

0 .4900 64 .5 0 .15

0 .4990 91 .4 0 .66

0 .4999 91 .4 0 .66

0 .5000 91 .4 0 .66

Figure 5.
Deformed shapes of the AK residual limb/socket model . This
group of figures shows the effect of specification of Poisson's
ratio on a typical AK residual limb/socket system . From left,
the Poisson's ratios are 0.450, 0.490 and 0 .500 . Vertical
displacement of the femur is 5 .0 mm downward, and distortions
are to scale . Note the displacement of material out the top end
of the socket in the incompressible case (figure on right).

(perhaps in recognition of the artificially high
stiffness that conventional finite element formula-
tions exhibit near the incompressible limit) . Exam-
ples are analyses of the bulk muscular tissues within
the socket of a prosthetic limb (2,3), and in
wheelchair seating systems (10,11) . The apparent
assumption is that a small change in Poisson's ratio
will not significantly affect the results . The preced-
ing analyses show that this assumption can, instead,
have substantial, if not overriding, effects . The
observation may also apply to studies of the soft
repair tissues of a healing fracture (12,13), albeit to
a lesser extent, because the stiffness of the tissues
may be higher.
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The sensitivity of narrowly contained soft solids
to compressibility places more weight on the as-
sumption that soft tissues are incompressible . The
argument commonly made for this assumption is
that the shear stiffness of soft tissue is so low that
any plausible value for the bulk modulus renders the
tissue virtually incompressible . Calculations will
show that this is true in many cases ; however,
careful assessment seems warranted.

The following three technical points on the
analysis may be of interest . First, it should be noted
that the sensitivity of the mechanics of a narrowly
contained solid to compressibility has no relation to
the artificially high stiffness that conventional finite
element formulations exhibit at Poisson's ratios
approaching 0.5 (5,6); the results of the layer model
match an analytical solution from linear elasticity
(14). Secondly, this is not a "large-strain" effect,
i .e ., the observation is different from that of Vawter
(15). Thirdly, in reference to the (large) strain levels
used, we would note that large-strain, geometrically
and materially nonlinear solutions of both models
presented here give results which are essentially
identical to the linear solutions (7).

Narrow containment is probably not the pri-
mary support mechanism in a prosthetic socket . It is
commonly thought (though it has yet to be quantita-
tively shown) that the majority of the support given
by a typical AK socket is due to the gluteal-ischial
seat . However, it has been suggested that additional
support may be given by the narrow containment
mechanism (16,17) . The percentage of support the
typical lower-extremity socket derives from trapping
soft tissues has not been determined, or at least has
not been reported . The purpose of this report is not
to determine what this percentage is, or describe
how to increase it . Instead, the intent is to suggest
that this may be an important factor in the design of
soft tissue support systems, and leading from this,
to show the sensitivity to Poisson's ratio in modeling
this effect.
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