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Abstract

Knee osteoarthritis is a chronic disease that requires a long term therapeutic intervention.
Symptoms of osteoarthritis are associated with altered load distributions across the knee caused
by knee malalignment, which promotes disease progression. Biomechanical studies have
demonstrated that the varus malalignment of the knee can be corrected with application of a
knee brace. Although knee braces have shown to be both efficacious and safe in correcting the
malalignment, their current designs are not commonly prescribed due to their bulkiness which
creates discomfort and difficulties to patients during prolonged periods of application. Here we
propose a novel design of a light, inflatable (pneumatic) knee brace which is made of soft
conforming materials. Using a finite element analysis, we show that with a moderate level of
inflating pressure this pneumatic knee brace can produce an unloading abduction moment that
could completely attenuate the negative effect of the external adduction moment in a fully
extended varus knee and thus alter the rate of disease progression.

Key words: osteoarthritis, adduction moment, pneumatic knee brace, pressure, finite element
analysis

1. Introduction

Knee osteoarthritis (OA) is the most common joint disease that affects ~30% of adults over 55
years of age, two thirds of whom are women (MMWR, 1998; Lawrence et al., 1998). It is
associated with deterioration of all of the tissues of the synovial joint organ in the knee which
can be caused by various factors including injury, genetics, repetitive strain on the knee,
obesity, etc. In the absence of a cure for the disease, current therapies are primarily aimed at
reducing pain and improving joint function by drugs which are associated with high rates of
adverse events (Felson et al., 2000; Jones, 2002; Juni et al, 2002). In addition, these drugs
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rarely relieve symptoms completely (Todd and Clissold, 1990). Many individuals with knee
OA will ultimately require total knee replacement, a procedure that is also not without inherent
morbidity and cost (Zhang et al., 2008).  Thus, there is the need to develop alternative,
efficacious, non-pharmacologic and non-surgical treatments that are capable of ameliorating the
symptoms of OA.

Symptoms of OA are associated with altered load distributions across the knee, which
cause an increase in the contact pressure on the tibiofemoral joints thereby promoting disease
progression. The most influential factor affecting load distributions across the knee is
malalignment. Any shift from the collinear alignment, where the loading axis passes through
the hip, knee and ankle (Fig. 1 right), affects load distribution at the knee. In a varus deformed
knee (Fig. 1 left), this axis passes medially from the knee center, resulting in an excessive
adduction moment at the knee which leads to an increase in contact pressure on medial
tibiofemoral joint cartilage. Varus malalignment has been shown to increase OA progression in
70% persons with knee OA (Sharma et al., 2001).

Fig. 1. Any shift from the collinear alignment where the loading axis (red line) passes through
the hip, knee and ankle (right) affects load distribution at the knee. In a varus deformed knee
(left), this axis passes medially from the knee center, resulting in excessive adduction moments
at the knee which leads to an increase in contact pressure (blue arrows) on the tibiofemoral
joints.

Knee braces have been used to correct varus malalignment (Komistek et al., 1999). The
brace provides a three-point leverage system of forces which creates an abduction moment that
counterbalances the excessive adduction moment and thus reduces the contact pressure exerted
on the knee in the medial compartment (Fig. 2). Clinical studies have shown that knee braces
reduce this pressure by nearly 11% (Lindenfeld et al., 1997; Pollo et al., 2002), as well as the
level of pain associated with it by up to ~50% (Kirkley et al., 1999). Despite these positive
effects, knee OA braces are not widely used. The primary reasons for this are their bulkiness,
style and application (Giori et al., 2004). Existing knee OA braces use technology and
materials for cruciate deficient knees (typically young athletes). They consist of a frame made
of hard materials (e.g., metal, plastics), hinged at the knee and fastened to the leg by straps that
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are often too bulky for older adults (predominantly women) to wear comfortably for long
periods. Thus, there is a need to overcome these fundamental limitations of the current knee
OA brace design whilst maintaining the clinical efficacy.

h

—

Fig. 2. A schematic depiction of the front view of the leg with a three-point-bending system of
forces (arrows) applied by a brace to the knee. One of the forces acts at the lateral side and two
at the medial side of the knee.

Our ultimate goal is to develop a lightweight knee OA brace using a pneumatic (i.e.,
inflatable) three-point force leverage and soft conforming materials for a brace that would
overcome the fundamental limitations of existing brace designs, whilst still being effective at
unloading the affected compartment of the knee. In this study, we propose a novel design of a
pneumatic knee OA brace and analyze its performance in the case of a fully extended knee
using a finite element analysis. We show that with a moderate level of inflating pressure, this
design can unload a greater fraction of the excessive adduction moment than currently existing
braces.

2. Modeling and analysis

A governing principle that we use in our brace design is based on the following observations
(Schipplein et al., 1991; Hurwitz et al., 2002):

The mean maximum magnitude of the adduction moment during normal gait is ~3.3% of
body weight (W) times height (%).

In patients with medial OA this moment increases to ~4.2%Wxh.

Thus, our goal is to design a brace that can attenuate the excessive adduction moment (AM)
which is approximately

AM ~ 1%Wxh (1)

The model consists of three major components: a sock, three bladders and a strap (Fig. 3).
There are anterior and posterior circular openings in the sock (holes) in order to facilitate easy
flexing of the knee. The role of the sock (made of soft elastic material such as neoprene) is to
apply the brace around the knee and hold it there via elastic forces of the sock material. The
latex bladders are located at the three strategic points around the knee in order to create the
three-point leverage system (see Fig. 2). The bladders are firmly attached to the inner side of the
strap, and sandwiched between the neoprene sock and the strap, which goes around the knee
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(Fig. 3). The strap is made of a light but sturdy nylon fabric. When the bladders are inflated,
they push against the leg and the strap. As a result, the strap becomes stressed. Together, stress
in the strap and pressure in the bladders produce the three force leverage system which creates
an abduction moment. It is assumed that all bladders are inflated to the same pressure. Since
the bladders are an integral part of the strap, and since the elastic modulus of the latex bladders
is much smaller than that of the nylon fabric strap (~10° MPa vs. ~10° MPa) (cf. Ashby et al.,
2007), we assume that the parts of the strap where the bladders are located have approximately
the same mechanical properties as the rest of the strap. In order to calculate the abduction
moment as well as distributions of stresses and strains within the brace at various levels of
inflating pressure, we use a finite element analysis.

Lateral-anterior view Medial-anterior view

Fig. 3. The basic design of the pneumatic knee brace which is comprised of a sock (light gray),
a strap (medium gray) and three bladders (dark gray) attached to the strap. By inflating the
bladders, a three-point-leverage system of forces is generated.

2.1 Finite-element analysis

The leg-brace assemblage in Fig. 3 is considered as a single mechanical system, where brace
materials and knee tissue have properties of linearly elastic (Hookean) solids. However,
displacement gradients of the brace components due to inflation of the bladders are large and
thus the whole assemblage represents a non-linear mechanical system.  Equilibrium
configurations of the leg-brace assemblage when subjected to pressure loading due to bladder
inflation can be calculated in an incremental-iterative scheme using a finite element analysis as
described below.

The inflating pressure of the bladders is increased incrementally. At equilibrium
configurations, following discrete loading steps, finite-element nodal forces generated by the
stresses within the deformed material must balance external loading (i.e., pressure) of the
structure. An incremental-iterative equilibrium equation for a finite element can be written as
follows (Kojic¢ et al., 2008)
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(n+1KL + n+1KNL )(i_l) AU(i) — n+1Fext _ n+1F(ifl) (2)

int
where 'K, and ""'K,, are linear and nonlinear element stiffness matrices, respectively,

AU is the incremental nodal displacements vector and "*'F** and ""'F'™" are the external
and internal nodal forces, respectively; superscript n+1 denotes the end of a load step (n = step
number) and superscript I is the iteration counter for the equilibrium iterations within the
current time step. Iterations are terminated when the unbalanced forces on the right-hand side
of Eq. (2), for the assemblage of the finite elements, is small enough (within a numerical
tolerance).

In general, the stiffness matrices can be expressed as follows

n+1KL — J‘ ”HBi n+1Cn+1BLdV and n+1KNL — J‘ ”HBZ/L n+1&n+1BNLdV (3)

/1+IV ll+lV

where "'B, and ""'B,, are the linear and the non-linear strain-displacement matrices,

respectively, ""'C is the constitutive matrix representing the stress-strain relationship, ""'6 is

the stress matrix, and "'V is the volume of the finite element. These matrices change over
iterations.

The internal force vector can be expressed as follows

n+lga(i-1) _ n+lp (i-D)T n+1 __(i-1)
"= [ "B 6y (4)
n+l (il

n+ o (i=1)

where "6 is the vector of Cauchy stresses corresponding to strains at a material

point.

The constitutive matrix is calculated as follows

5"gt D

n+l ~(Gi-1) _
C - an+]e(i—])

)
Since we assume linearly elastic materials, the constitutive matrix is represented by the
elastic matrix C* for each material component of the brace.

Using specially developed software (pre- and post-processors for the solver PAK) (Koji¢ et
al., 1998), the finite-element model of the OA brace is parametrically generated. All three parts
of the brace (sock, strap and bladders) are modeled using 4-node shell elements with linear
material characteristics (Fig. 4).
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Lateral-anterior view Medial-anterior view

Fig. 4. Lateral-anterior view (left) and medial-anterior view (right) of the finite-element model
of leg-brace assemblage totally constrained at top and bottom. Lateral and medial bladders are
inflated by pressure (P). Heavy black lines indicate contours of the strap and the bladders.

The boundary conditions for the computational model are as follows. It is assumed that the
top and the bottom end of the brace do not move relative to the leg in order to maintain stability
of the leg-brace system. Since the sock material is relatively soft in comparison with the other
components of the assembly, these constraints do not affect overall brace stiffness and the
mechanical response of the model. The contact between the leg and the brace is modeled using
fictive trusses normal to the leg at all shell nodes. The boundary at the brace-leg interface is
assumed to be rigid in order to prevent the brace to move perpendicularly toward the leg. The
brace is allowed to slide relative to the leg surface and the interface between the brace and the
leg is assumed to be frictionless. The mechanical action of the pressure within the bladder on
the brace is modeled by applying distributed uniform surface loading to the inner wall of shell
elements (Fig. 4).

A nonlinear finite-element analysis is performed using the PAK finite-element solver
(Koji¢ et al., 1998). Forces acting on the leg are calculated as a part of the result post-
processing. These forces are separated into two groups: forces from inflating pressure (P) of
the bladders, and contact forces between the brace and the leg. The net pressure force F, at

one bladder is obtained as follows

F,=PY [ndd=PY. > [ Nindd =) F} (6)
e 4 e K e K
where n is the normal vector to the shell surface, N; and A° are the interpolation functions

and the surface area for the e-th element, respectively; and F, is the shell nodal force at the K-

th node due to P; the summations over e and K are performed over all shell elements and shell
nodes of the bladder, respectively. The contact forces represent the forces in the fictitious
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trusses (F; for the J-th truss). The pressure and contact forces are evaluated for each loading
step.

Leg

Medial-anterior view

Fig. 5. The abduction moment is calculated as a cross product between the radius vectors

(rf and r‘C] ) and corresponding forces acting on the leg [Eq. (7)], including the proximal
medial bladder nodal force F; , calculated as the sum of the surface integrals of pressure P

over the bladder area [Eq. (6)], and the brace-leg contact forces F’ ,calculated at all contact

nodes as forces in fictive trusses.

The abduction moment (M) due to action of the brace on the leg is determined by
calculating moments of all forces from one side of the mid xy-plane of the knee, with respect to
the x-axis (Fig. 5)

M = S (el =2eF )+ 2 (0 P =2, ) ™
K

J
where y, and z, are the coordinates of shell nodal points of the bladder finite-element model,
and FPI; and F5 are components of the pressure nodal force F [[f ; ¥, and z, are coordinates

of the point of action of the contact force F/ (with components FCJ‘ and F); the position

vectors of points where the forces Ff and F/ are acting are r[’f and rCJ , respectively (see

Fig. 5). The first sum includes all nodal points of the bladder model and the second sum is over
trusses, in the domain z > 0.

Distributions of displacements, effective strain and effective (von Mises) stress in the brace
components, of pressure exerted by the brace on the knee and the unloading abduction moment
M are calculated for different levels of P, ranging from 0 to 48 kPa, in ten equal increments of
4.8 kPa. This range of P is chosen considering that pressures applied by the brace on the leg
should not have a negative effect on the blood circulation through the leg nor they should
produce pain and discomfort. Values of geometrical parameters (see Fig. 3) are assigned based
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on the leg anatomy as follows: Lg = 25 or 30 cm, Ly =20 cm, /t = 10 or 15 c¢cm, /g = 15 or 20
cm, Rr=13 or 16.5 cm, Rg = 15 or 18.5 cm. The sizes of the bladders, the medial bladders 6x3
or 6x6 cm and the lateral bladder 6x6 cm, are selected such that when pressurized, the bladders
could apply force on the leg that would create a sufficient M that can attenuate an excessive
adduction moment. The size of the hole diameter is 8 cm. Elastic modulus and Poisson’s ratio
of the strap Ey,, = 3000 or 5000 MPa and vy,, = 0.3, respectively and of the sock Es =1 or 3
MPa and vy, = 0.43 reflect material properties of nylon fabric and neoprene, respectively
(Ashby et al., 2007). The effective strain (e.) is obtained as follows

21, 2 2 2 2 2
€t = \/E[en +e +e +2(ep, +e +e31)] ®

where e; (i,j = 1,2,3) are Cartesian components of the Green-St. Venant strain tensor. The
effective (von Mises) stress (o) is calculated as

1
Ot = \/5[(011 —05,)" +(0y —03) +(0y —0,,)" +6(ap, + 05 + 0-321):| )

where o (i,j = 1,2,3) are Cartesian components of the Cauchy stress tensor, respectively.

3. Results and discussion

We obtain that the largest displacements occur near the top medial bladder (Fig. 6a,b), mainly
due to deformation caused by inflation of the bladder. The sock is much more strained than the
strap and the maximal e is near the top medial part of the brace (Fig. 6¢,d). The stress, on the
other hand, is primarily carried by the strap and the largest 6. is in the bladder regions (Fig.
7a,b). The difference in the e.¢ and o distributions between the sock and the strap reflects the
difference in their material properties. Since Egx << Eguap, the sock easily deforms while the
strap undergoes very little deformation. Consequently, the stresses generated in the sock are
much smaller than the stresses generated in the strap. Importantly, calculated stresses are much
smaller than the tensile strength limit of the proposed brace materials.

The largest pressures that the brace exerts on the knee occur in the strap region, including
the areas where the bladders are located where the pressure is of a similar magnitude as the
inflating pressure P (Fig. 7c,d). There are also two isolated “hot spots” located on the lateral
side where the pressure exceeds the inflating pressure by nearly a factor of two (Fig. 7d). This
is a concern since those high pressures regions may inflict discomfort and hamper local blood
circulation. A possible measure that could reduce the pressure at the “hot spots” is to change
elastic properties of the strap and the sock. For example, if the Eg,, is reduced from 5,000 MPa
to 3,000 MPa and the Ej, increases from 1 MPa to 3 MPa while keeping all other material and
geometric parameters unaltered, the pressure at the hot spots is reduced by ~33%.
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Displacement

Strain

Medial-anterior Lateral-anterior

Fig. 6. Distributions of displacements (a, b) and of the effective strain (c,d) in response to
bladder inflation to the pressure of 0.048 MPa. The maximal displacement of 0.94 cm is in the
upper medial bladder region (a), whereas the maximal effective strain of 47% is near the top
medial part of the brace (c). Results are obtained for the following parameter values: Lt =20
cm, Lg=30cm, [t=10cm, [y = 15 cm, Rt = 16.5 cm, Rg = 18.5 cm, all bladders 6x6 cm, hole
diameter = 80 cm, Egyp = 3000 MPa, Vo = 0.3, Egocc = 1 MPa, v = 0.43 (for parameter
identification see Fig. 3).

In general, the abduction moment M of the brace increases with increasing level of inflating
bladder pressure P; M vs. P curves generated for different combinations of geometrical and
material parameter values are shown in Fig. 8. The most critical parameters appear to be the
size of the medial bladders; for a given P, the greater the size of the bladder, the greater the M.
Changes of other geometrical parameters and of the material properties of the brace components
within the ranges given above have a smaller influence on M than the bladder size.
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Stress

Pressure

Medial-anterior Lateral-anterior

Fig. 7. Distributions of the effective (von Mises) stress (a, b) and of pressure exerted by the
brace on the knee (c,d) in response to bladder inflation to the pressure of 0.048 MPa. The
maximal effective stress of 11.2 MPa is in the upper medial bladder region (a), whereas the
maximal pressure regions of 0.11 MPa are on the lateral side of the brace (d). Results are
obtained for the following parameter values: Lt =20 cm, Ly =30 cm, /t =10 cm, Iy = 15 cm, Ry
=16.5 cm, Rg = 18.5 cm, all bladders 6x6 cm, hole diameter = 80 cm, Egap = 3000 MPa, Vyap =
0.3, Egock = 1 MPa, vy, = 0.43 (for parameter identification see Fig. 3).

To show that the brace can attenuate the excessive adduction moment AM, we calculate
AM based on anatomical data for women and men from the literature and using Eq. (1). For
~45 old women (average W = 72.4 kg, h = 164.1 cm), AM = 11.65 N'm and for ~45 old men
(average W = 84.6 kg, h = 176 cm), AM = 14.61 N'-m. By normalizing M calculated from the
finite-element model (see Fig. 8) with these values of AM, we find that the brace is capable of
completely attenuating AM in women and ~90% of AM in men when the bladders are
pressurized from 43 to 48 kPa. This is the most significant result of this study. It shows that in
theory the pneumatic brace can unload a much greater fraction of the excessive adduction
moment than what has been obtained from clinical testing of the existing rigid frame braces
(10-13%) (Lindenfeld et al., 1997; Pollo et al., 2002). Despite these favorable theoretical
results, it should be taken into consideration that the modeling of the brace includes several
crude approximations and assumptions that are addressed below.
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Fig. 8. Unloading abduction moment (M) vs. bladder pressure (P) relationships predicted by the
finite element model for different sets of parameter values. The higher values of M are obtained
with the 6x6 cm medial bladders than with 6x3 cm medial bladders. Variations of other
geometrical and material parameters of the brace model have smaller effects on M.

We assume that the top and the bottom of the brace do not move relative to the leg. In
reality, brace migration is common and patients must repeatedly reposition the brace throughout
the day. For example, it is likely that the stress in the strap would tend to bring the medial
bladders closer to each other, causing sliding of the brace relative to the leg and effectively
shortening the brace. This, in turn would reduce the moment arm and thereby M would
decrease. One measure to offset this effect is to insert flexible bars along the medial part of the
brace to keep the medial bladders equidistant. Another measure is to increase the contact forces
at the top and the bottom of the brace by additional straps around the leg.

We also assume that during inflation the contact area between bladders and the leg remains
unaltered. In reality, this is not the case since during inflation the bladders tend to round up
which would cause the contact area to decrease. Thus, the inflating pressure would be
transmitted over a smaller area, which would mean a smaller net force exerted by the three
point leverage on the knee and thereby a smaller M.

Another assumption is that the leg surface is regarded as a rigid body. However, the tissue
around the knee is deformable, which would affect stress and strain distribution in the brace as
well as M. For example, during inflation bulging bladders will push into compliant leg tissue
thereby increasing the contact area between the bladders and the leg surface. This would cause
an increase in force that the three-point leverage system exerts on the knee and thereby an
increase in M.

The finite-element analysis considers only the case of static loading in a fully extended
knee. However, during gait the knee undergoes dynamic loading and flexing which would
certainly alter the distributions of e, Gefr, and pressure on the knee, as well as M. Including
these dynamic effects in the model would make the finite-element analysis much more complex
and laborious. In this case, we believe that experimental studies on a prototype of a pneumatic



40 D. Stamenovié¢ et al. : A Finite Element Analysis of an Osteoarthritis Knee Brace

knee brace would be a more appropriate approach to analyzing brace’s performance during gait.
Nevertheless, the finite element analysis presented here is a valuable first step that provides
results which have served as guidelines for the final design, manufacturing and clinical testing
of the brace.

In summary, our finite element analysis has demonstrated the feasibility of developing a
light, pneumatic knee brace, made of soft materials, which could effectively replace the existing
bulky rigid-frame knee braces. The analysis shows that with moderate inflating pressures, the
pneumatic knee brace can produce an unloading abduction moment that is capable of
attenuating the negative effect of the adduction moment in a fully extended varus knee.
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