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Abstract—Compression textiles such as compression stockings
(CSs) have been extensively applied for the prevention and treatment
of chronic venous insufficiency of lower extremities. The involvement
of multiple mechanical factors such as interface pressure, frictional
force, and elastic materials make the interactions between lower limb
and CSs to be complex. Determination of Poisson’s ratio and elastic
moduli of CS materials are critical for constructing finite element (FE)
modeling to numerically simulate a complex interactive system of CS
and lower limb. In this study, a mixed approach, including an analytic
model based on the orthotropic Hooke’s Law and experimental study
(uniaxial tension testing and pure shear testing), has been proposed to
determine Young’s modulus, Poisson’s ratio, and shear modulus of CS
fabrics. The results indicated a linear relationship existing between the
stress and strain properties of the studied CS samples under controlled
stretch ratios (< 100%). The proposed method and the determined key
mechanical properties of elastic orthotropic CS fabrics facilitate FE
modeling for analyzing in-depth the effects of compression material
design on their resultant biomechanical function in compression
therapy.

Keywords—Elastic compression stockings, Young’s modulus,
Poisson’s ratio, shear modulus, mechanical analysis.

1. INTRODUCTION

OMPRESSION textiles have been widely applied to

prevent and treat venous discords, e.g., deep vein
thrombosis, leg ulcers, lymphedema, and superficial phlebitis,
through the designed external pressure system [1]. CSs are one
of typical types of compression textiles for reducing venous
hypertension [2] and promoting venous return [3]. The
therapeutic effects of CSs largely depend on the interactions
between the applied CS fabrics and lower limbs. FE modeling
has been used to analyze interactive relationships between
compression textiles and the applied human bodies for
predicting pressure functional performance. Elastic moduli are
critical mechanical parameters to control tension, shear,
compression, bending, and recovery properties of the applied
materials [4], [5], which are also used as mostly important
mechanical parameters input to FE modeling for numerically
simulating interface interactions between the two bodies (CS
and lower limb) [6]. Young’s modulus, Poisson’s ratio, and
shear modulus can reflect mechanical relationships between the
stress and the strain of the applied compressive elastic materials

(Fig. 1).
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Fig. 1 Distribution of contact interface pressure between compression
fabric and lower body [6]

In the CS studies, Young’s modulus is commonly applied to
assess tensile stiffness of the compression fabrics undergoing
extension or compression deformation [4], which is defined as
the ratio of normal stress to normal strain, describing a linear
relationship between the normal stress and the normal strain in
the elastic deformation. Elastic deformation of material
presenting the deformation (strain) properties follow the
Hooke’s Law, indicating that the studied elastic material can
return to its original shape after removing extension or
compression loading forces [7]. Poisson’s ratio is a measure of
Poisson’s effect, which indicates that the elastic material tends
to contract in the direction perpendicular to the direction of
tension. The value of Poisson’s ratio is a negative ratio of the
transverse strain to the longitudinal strain [4]. Shear modulus is
used to assess the shear stiffness of material undergoing the
shear deformation.

To determine the aforementioned mechanical properties
including Young’s modulus, Poisson’s ratio, and shear modulus,
an orthotropic compliance matrix based on the Hooke’s Law
and experimental testing has been applied. For example, a
digital image method [8] and mechanical modeling [9] have
been applied to determine correlations between Poisson’s ratio
of woven fabric and corresponding displacement/deformations
along directions of x and y axes in a uniaxial tensile test.
Kawabata Evaluation System (KES) and Instron testing
systems have been commonly applied to build correlation
between digital images and textile materials. KES is an
advanced testing solution to determine fabric mechanical
properties including tension, compression, and shear [10],
while Instron is an apparatus to especially measure tension
properties of materials [11]. Our related studies revealed that
using three-dimensional (3D) mechanical properties of the CS
fabrics can reduce simulation derivation ratios (SDROs) of
pressure magnitudes compared with those by using two-
dimensional (2D) material mechanical properties [12] and the
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simulated interface pressure by using 2D CSs’ mechanical
properties appeared comparable magnitudes and similar
tendency compared with the measured results. In addition, the
determination of 2D material mechanical properties makes the
preparation process of FE modeling to be faster. However, to
now, a systematic approach to determine Young’s modulus,
Poisson’s ratio, and shear modulus of compressive elastic
material in a 2D-scale remain not fully reported.

In this study, an integrated analytic model with experimental
testing has been proposed. Through applying the designed
methods and instrumental settings, the mechanical properties
(elastic moduli) of the studied CSs fabrics have been
determined in terms of Young’s moduli, Poisson’s ratios, and
shear moduli based on the orthotropic constitutive relationships
between stress and strain of the CS fabrics.

II. METHODOLOGY

A. Theory Analysis

The CS fabrics were assumed as an orthotropic material with
differential mechanical properties along fabric course and wale
directions. The elongation of CS fabrics commonly present to
be linear with stretching ratios from 15% to 120% [12]. Thus,
the mechanical properties of CS fabrics can be determined
based on Hooke’s Law, which is a principle to describe a linear
relationship between stress and strain under a specific
deformation including uniaxial tension, compression, shear, or
bending. It can be expressed as follows:

le] = [S][o] e
where o, ¢, and S are stress, strain, and compliance matrix [13],
respectively.

The CS fabrics present differential mechanical properties
along their course and wale directions, therefore they are
commonly assumed as an orthotropic lamina [14], which can be
expressed based on the generalized Hooke’s Law as below:

Ex S11 S1z Si6][ 0%
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where [S;] is the orthotropic compliance matrix (OCM) of the
CS fabrics, & and p; are the normal strain and shear strain,
respectively, and o; and 7; are the normal stress and shear stress,
respectively. The OCM of the CS fabrics indicates the
relationship between stress and strain [15], which can be
determined based on the orthogonal elastic moduli of the CS
fabrics. It can be expressed as:
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where E, v, and G are the Young’s modulus, Poisson’s ratio,
and shear modulus of the elastic fabrics, respectively. The x and
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y are the two principal stress directions of the elastic fabric,
corresponding to fabric course and wale directions, respectively.

The Young’s modulus of CS fabric is a mechanical property
that measures its tensile stiffness, which can be determined by
using a uniaxial tension testing to obtain fabric stress-strain
curves along both course and wale directions. In the uniaxial
tensile testing, g, = 0 when the CS fabrics are stretched along
the course direction (x), then the OCM of the CS fabrics can be
presented as:

Ox

E,= “4)

Ex
where oy and &, denote the tensile stress and tensile strain of the
CS fabric along its course direction, respectively.
Correspondingly, when the CS fabrics are stretched along wale
direction (y), the OCM of the CS fabrics can be presented:

o
=X

Ey—‘S
y

(%)
where o, and ¢, are the tensile stress and strain along the fabric
wale direction, respectively.

The Poisson’s ratio is also a key parameter reflecting
mechanical property of CS fabrics, which describes the
deformation (expansion or contraction) of the fabric along a
specific direction. The uniaxial tension testing was applied to
determine Poisson’s ratios of the studied CS fabric. Based on
the OCM of the CS, Poisson’s ratios can be determined as:

vy = —LE (6)

The shear modulus of the CS fabric is a measure of elastic
shear stiffness and is defined as the ratio of shear stress to shear
strain [16]. A shear testing was applied to measure shear stress
and shear strain within a plane. The OCM of the CS fabric can
be presented as:

Go. =
xy Yxy

(7
where 7, is shear stress in the fabric plane and , is shear strain
in the corresponding plane, respectively.

B. Experimental Method

Young’s moduli of the CS fabrics along course and wale
directions, as well as Poisson’s ratios of fabrics along these two
directions (x and y) were determined by using Instron 4411
tensile tester (Norwood, MA, USA) with reference to ASTM
D4964-96 based on (4) and (5) (Fig. 2 (A)). The sample size
was 100 mm %100 mm and the initial length was 100 mm and
the maximum stretched length to be 100 mm. The Poisson’s
ratios of the fabric samples were calculated by using (6) based
on the measured contraction and stretching lengths of the
sample fabrics by using Vernier caliper. Shear modulus of CS
fabrics within the course-wale (x-y) plane was determined by
using pure shear tester (KES-FB1) with CS fabric size of 200
mm % 200 mm based on (7) (Fig. 2 (B)). The stress-strain curves
obtained by the uniaxial tension and pure shear testing were
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recorded to calculate Young’s moduli,
shear moduli in a 2D scale, respectively.

Poisson’s ratios, and

Uniaxial tension
B it

Stretching

Fig. 2 Experimental testing, (A) uniaxial Instron 4411 tension testing system, (B) shear tester (KES-FB1), and (C) the studied CS fabrics

III. RESULTS

The stress-strain curves were shown in Fig. 3. The linear
regression analysis presented a preferable goodness-of-fit with
coefficients greater than 0.98 (R? > (0.98), indicating that the
tested CS fabrics have good linear elastic properties under the
testing range in practical use. The Young’s moduli of the tested
three sample fabrics (S1, S2, S3) at the direction of course were
calculated to be approximately 0.58 MPa, 0.34 MPa, and 0.55
MPa, respectively. Correspondingly, the Young’s moduli of the
tested three samples at the wale directions were approximately
0.28 MPa, 0.21 MPa, and 0.24 MPa, respectively. It can be seen
that the Young’s moduli of the studied CS fabrics at the course
direction are generally greater than those along the wale
direction. The Poisson’s ratios of the CS fabric samples were
determined with an aid of uniaxial tension tester. The measured
Poisson’s ratio was approximately 0.2 for the tested samples.
The shear moduli of the studied CS fabrics determined by using
pure shear testing (KES-FB1) were about 0.11 MPa, 0.07 MPa,
and 0.13 MPa, respectively (Table I). These determined
mechanical parameters can be input to the numerical simulation
system such as FE modeling to further analyze effects of
material mechanical properties on interface pressures and tissue
deformation as reported in our previous studies (Fig. 1) [5], [6],
[12].

TABLEI
DETERMINED YOUNG’S MODULI, POISSON’S RATIO, AND SHEAR MODULI OF
THE STUDIED CS FABRICS
Tested materials  E,(MPa) E, (MPa) Viy G,, (MPa)
Sample 1 0.58 0.28 0.19 0.11
Sample 2 0.34 0.21 0.20 0.07
Sample 3 0.55 0.24 0.21 0.13
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Fig. 3 Obtained stress-strain curves of the tested three CS fabric
samples by applying uniaxial tension tester along fabric (A) course
and (B) wale directions

IV. CONCLUSION

In this study, an approach to determine Poisson’s ratio and
elastic modulus (Young’s modulus and shear modulus) of
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compressive textile materials has been proposed based on the
orthotropic theory and experimental studies. The performed
regression analysis has demonstrated the linear relationships
between stress and strain properties of the studied CS fabrics
under the controlled stretching ratios (< 100%). The proposed
study methods and outcomes not only offer a faster solution to
determine key mechanical properties of elastic compression
materials, but also facilitate the understanding of effects of
mechanical properties of CS fabrics on pressure performances
through input of the determined mechanical parameters to
numerical simulation system as to reveal complex interactions
between compression textiles/fabrics and the applied human
bodies.
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