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� A new analytic model and systematic
experimental methods for
determining three- dimensional
mechanical properties of elastic
compression materials are
introduced.

� The experimentally validated finite
element elastic-compression model
can predict interface pressure
between elastic compression stocking
materials and contacted body.

� Application of three-dimensional
material mechanical properties in
knitted material simulation produced
more agreement of pressure profiles
to the measured results.

� The improved simulation precision of
the finite element elastic-
compression model contributes to
pressure performance prediction and
elastic material design.
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a b s t r a c t

Elastic compression stockings (ECSs) are essential for the prevention and treatment of venous disorders of
the lower limbs. Finite element modeling (FEM) is an effective method for numerically analyzing ECS
pressure performance for guiding ECS material design and pressure dose selection in treatment.
However, existing FEM studies have primarily used the two-dimensional (2D) mechanical properties
(i.e., properties along the wale and course directions) of ECS fabrics and ignored their three-
dimensional (3D) mechanical properties (i.e., those along the thickness direction), causing deviations
in pressure predictions. To address this limitation, the present study developed a new approach for deter-
mining the 3D mechanical properties of ECS fabrics through orthotropic theoretical analysis, analytical
model development, FEM, and experimental testing and validation. The results revealed that the devia-
tion ratios between the experimental and simulated pressure values of ECS fabrics was 19.3% obtained
using the 2D material mechanical properties that was reduced to 10.3% obtained using the 3D material
mechanical properties. Equivalently, the FEM simulation precision increased by 46.6%. These results indi-
cate that the proposed approach can improve finite element analysis efficiency for ECS pressure
egion.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2022.110634&domain=pdf
https://doi.org/10.1016/j.matdes.2022.110634
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:rong.liu@polyu.edu.hk
https://doi.org/10.1016/j.matdes.2022.110634
http://www.sciencedirect.com/science/journal/02641275
http://www.elsevier.com/locate/matdes
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prediction, thus facilitating the functional design of elastic compression materials for improving com-
pression therapeutic efficacy.
� 2022 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Compression textiles have been commonly used to prevent and
treat chronic venous insufficiency of the lower limbs through the
delivery of controlled pressures and gradient distributions [1–3].
Elastic compression stockings (ECSs), as one type of commonly
used compression textile, exert relatively high-pressure levels at
the distal leg while gradually decreases toward the proximal leg.
To date, ECSs have become an essential component of compression
therapy for reducing venous hypertension [4], augmenting muscu-
lar pumping action, and promoting venous return [1,5]. However,
high noncompliance rates [3] in ECS use have hindered their appli-
cation in practice; such noncompliance is commonly due to com-
plaints of pain, discomfort, or poor fit [6,7] and to side-effects
such as ischemia or recurrence caused by excessive or insufficient
pressures [8,9]. An effective assessment and prediction of material
properties and pressure performance can facilitate ECS material
design, pressure dose selection, and ECS applications in compres-
sion therapy.

Finite element modeling (FEM) has been used as a biomechan-
ical approach [10,11] to analyze interactions between digitalized
compression garments and the human body and visualize and pre-
dict garment pressure performance for facilitating pressure dose
design and control [12,13]. Liu et al. constructed a finite element
(FE) model to simulate ECS deformations and interface pressures
at different heights and along with different directions of the lower
limb [14]. Dai et al. applied FEM to analyze ECS-exerted skin pres-
sure by assuming tubular compression materials to be orthotropic
linear elasticity [15]. Ghorbani et al. used FEM to investigate knit-
ted compression fabric structures and their effects on skin pressure
and tissue stress [16] with a simulation error of approximately
19.64% compared with experimental results. Zhao et al. applied
FEM to simulate upper limb skin pressure distributions and elastic
fabric deformations caused by elastic sleeves [17]. Chassagne et al.
applied FEM to analyze interface pressure and frictional properties
between a viscoelastic medical compression bandage and the
lower limbs [18]. Following it, investigation of mechanical rela-
tionships among fabric strain, Young’s modulus, and pressure
exerted on the FE bust by elastic sports vests was conducted
ale, and thickness directions of th
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[19]. Ye and Liu further analyzed and predicted mechanical trans-
mission behaviors of compression garments within soft tissues and
even vascular structures by using FEM [20]. In addition, FE model-
ing has been also applied in microscale material simulation. Dinh
et al. applied FE model to predict mesostructured mechanical prop-
erties of knitted yarns and fabrics by utilizing hierarchical multi-
scale method [21]. Liu et al. applied parallelized explicit and
implicit FE analysis to assess yarn scaled mechanical behavior of
knitted textile [22] and adopted multiscale homogenization
approach to predict macroscopic mechanical properties of the knit-
ted textiles resulting from their underlying microstructures [23].
The findings of these studies enhance the understanding of the
mechanical properties of knitted materials and pressure profiles
of compression textiles. Nevertheless, the existing FE simulations
on the microstructures of knitted yarns and fabrics have not
revealed their effects on the corresponding pressure performance
in a 3D-scale, and most of the existing FEM studies have assumed
the compression textiles or garment layers to be orthotropic lam-
inas and have considered only their mechanical properties along
the fabric wale (warp or vertical) and course (weft or horizontal)
directions [24,25] (Fig. 1) while ignoring their mechanical proper-
ties across the fabric thickness, which directly contribute to the
normal pressure (dose) in practical applications.

ECSs are commonly fabricated by intermeshing ground and
inlay yarns to form laid-in knitted loop structures [26]. Tubular
ECS fabrics produce an orthotropic plane stress state along their
wale and course directions when placed on a flat plane; when they
are mounted onto the human body, their original plane stress state
changes under stretching, bending, and shear forces, resulting in a
complex three-dimensional (3D) stress plane. The contact condi-
tion varies with changes in the leg tissues and the pressure deliv-
ery status. Existing FEM studies on ECS–leg systems have primarily
considered the two-dimensional (2D) mechanical properties of ECS
fabrics (i.e., properties along the fabric wale and course directions
only) in pressure simulations but ignored the mechanical proper-
ties and their variations along the fabric’s thickness when worn.
This simplification may affect the precision of simulated ECS pres-
sure values. Accordingly, developing an effective approach for
determining 3D mechanical properties in the thickness direction
e ECS fabric with laid-in knitted loop structure in this study.
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of ECS fabrics in addition to the wale and course directions is
highly valuable for more realistically understanding the effects of
ECS material properties on pressure performances; this can thus
facilitate the functional design of ECSs to improve compression
therapeutic efficacy.

FEM simulation of the mechanical properties of elastic fabrics
under tension, shear, compression, and bending conditions com-
monly apply three essential elastic modulus parameters, namely
E, v, G, which indicate tensile or compression stiffness, expansion
or contraction deformation, and elastic shear stiffness, respectively
[14,27]. To determine the elastic moduli of orthotropic compres-
sion fabrics, the Kawabata evaluation system (KES) [28] and the
Instron testing system are usually applied to quantitatively iden-
tify the relationships between the loading forces and deformations
of elastic fabrics. However, these existing instrumental tests are
primarily performed along the wale and course directions in elastic
fabrics. Few studies have investigated the elastic moduli of fabrics
across their thickness, in part because determining G values along
their thickness directions is challenging owing to their thin struc-
tures and few available testing instruments.

To address these limitations, the present study introduces a
new approach for determining the elastic moduli of ECS fabrics
on a 3D scale. This approach entails the integration of orthotropic
theoretical analysis, model development, and experimental testing
and validation. A new analytical model is derived to determine the
elastic moduli of ECS fabrics along the thickness directions. By
applying the 2D and 3D elastic moduli derived for ECS fabric sam-
ples through a developed FE model, we simulated the interface
pressure values (doses and gradients) exerted by the ECS fabrics
and verified the simulation results through comparisons with
experimentally measured pressure values. The results indicate that
the proposed approach can more realistically determine the 3D
mechanical properties of ECS fabrics and improve the FEM simula-
tion precision for ECS analysis, thus promoting pressure dose
design, selection, and control in ECSs to improve compression
therapy.
Fig. 2. Applied experimental testing system for determination of mechanical properties o
vyz; (b) compression testing (KES-FB3) for Ez, (c) shearing testing (KES-FB1) for Gxy; and
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2. Materials and methods

2.1. Interaction between ECS fabrics and leg models

ECS fabrics are commonly assumed as orthotropic elastic mate-
rials because the mechanical properties along their course and
wale directions are different [24]. During the dynamic interaction
between ECSs and the lower limbs, ECS fabrics produce 3D defor-
mations conforming to the surface curvature of the leg tissues
(Fig. 1), resulting in the exertion of varying interface pressure
and frictional force levels on the skin surface and deeper tissues
to regulate venous hemodynamics. The essential elastic moduli
of ECS fabrics (i.e., E, v, and G) predominantly govern the degree
of fabric deformation and resultant biomechanical effects exerted
on the lower limb. According to the RAL-GZ 387/1 standard (Med-
ical Compression Hosiery Quality Assurance), the elongation of ECS
fabrics along the circumference of the leg should range between
15% and 120%. It facilitates the maintenance of linear elasticity in
stretching, the application of appropriate tension, recovery after
repeated uses, and donning and doffing in practical use.

Hooke’s law describes the linear relationship between the stress
and strain of materials under a specific deformation condition (e.g.,
uniaxial tension, compression, shear, or bending; Figs. 1 and 2). It
can be applied to analyze the mechanical parameters (E, v, G) of
ECS fabrics and their variations under deformation when applied
to the lower limbs. Eq. (1) presents the generalized Hooke’s law
[29],
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f ECS fabrics, including (a) uniaxial Instron 4411 tension testing for Ex, Ey, vxy, vxz, and
(d) cantilever beam bending (shirley stiffness) testing for Gxz and Gyz.
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where [Sij] is the orthotropic compliance matrix (OCM) of the ECS
fabrics; ei and cij are the normal strain and shear strain, respec-
tively; and ri and sij are the normal stress and shear stress, respec-
tively. The OCM indicates the relationship between stress and strain
[30], which can be determined by the orthogonal elastic moduli of
ECS fabrics, as expressed in the following equation:
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Here, x, y, and z are the three principal stress directions (Fig. 1)
that indicate the corresponding course, wale, and thickness direc-
tions of the knitted ECS fabric under examination, respectively.
The orthogonal relationship between E and v along the three coor-
dinate directions can be expressed as follows:

�vxy

Ey
¼ �vyx

Ex
;�vxz

Ez
¼ �vzx

Ex
;�vyz

Ez
¼ �vzy

Ey
ð3Þ

Thus, the 3D E (Ex, Ey, and Ez), v (vxz, vyz, and vxy), and G (Gxy, Gxz,
and Gyz) values of ECS fabrics can be determined.

2.2. Analytical model for determining 3D mechanical properties of ECS
fabrics

Ex, Ey, and Ez indicate the 3D tensile stiffnesses of an ECS fabric,
which can be determined using stress–strain curves along the
course, wale, and thickness directions of the fabric [27] through
uniaxial tensile testing and compression tests (Fig. 2a and b). In a
uniaxial tensile test, the tensile stress along the wale direction ry

is equal to zero, and the compressive stress along the thickness
direction rz is equal to zero when the ECS fabric is stretched along
the course direction x. Thus, the OCM of the ECS fabric can be pre-
sented as follows:

Ex ¼ rx

ex
ð4Þ

where rx and ex denote the tensile stress and tensile strain, respec-
tively, of the ECS fabric along the course direction. When the ECS
fabric is stretched along the wale direction y or compressed along
the thickness direction z, the OCMs of ECS fabric can be written as
follows,

Ey ¼ ry

ey
; Ez ¼ rz

ez
ð5Þ

where ey and ez are the tensile strain along the wale direction and
compressive strain along the thickness direction, respectively. In
addition, v is a crucial mechanical parameter that describes the
ECS fabric expansion or contraction deformation along the direction
perpendicular to the loading (compression or stretching) direction
[27,31]. vxy, vxz, and vyz along the wale, course, and thickness direc-
tions can be determined by using uniaxial tensile tests. The OCMs
for vxy, vxz, and vyz are presented as follows:

vxy ¼ � eyEx

rx
;vxz ¼ � ezEx

rx
;vyz ¼ � ezEy

ry
ð6Þ

G indicates the elastic shear stiffness, which can be defined as the
ratio of shear stress to shear strain [27,32]. A shear test can be used
to measure the shear stress and shear strain within a plane (Fig. 2c).
The OCM for G in a 3D plane can be expressed as follows:
4

Gxy ¼ sxy
cxy

;Gxz ¼ sxz
cxz

;Gyz ¼ syz
cyz

ð7Þ

where sxy, sxz, and syz represent the shear stress along the course–
wale (x–y), course–thickness (x–z), and wale–thickness (y–z) planes,
respectively, cxy, cxz, and cyz represent the shear strains in these
planes, respectively. In practical tests, directly measuring sxz, syz,
cxz, and cyz in the x–z and y–z planes are difficult because ECS fabrics
are usually thin (<1.2 mm) and few instruments are available for
direct testing. Therefore, an analytical model based on bending
measurements was developed in the present study to facilitate
the derivation of Gxz and Gyz in the x–z and y–z planes, respectively.

In the bending test of the proposed model, an ECS fabric is
regarded as a cantilever beam structure in which one end is sup-
ported but the other end extends horizontally [33]. The bending
load is caused by the fabric’s own weights, and its deflection (i.e.,
the bending deformation along the loading direction) can be mea-
sured as illustrated in Fig. 2d, where h and bx denote the original
thickness and edge width, respectively, of the ECS fabric, and l
denotes the edge length of the deformed ECS fabric during bending.
The relationship among Gyz and Gxz, bending loading, and bending
deformation along the z direction can be derived using the Airy
stress function [34]. The Airy stress function is a semi-inverse
method for determining the loading conditions for plane stress or
plane strain problems based on the mechanical equilibrium equa-
tion [29]. It can be expressed for isotropic elastic materials as
follows:

@4U
@y4

þ @4U
@z2@y2

þ @4U
@z4

¼ 0 ð8Þ

The orthotropic Airy stress function can be derived on the basis
of the isotropic Airy stress function as follows:

S33
@4U
@y4

þ 2S23 þ S66ð Þ @4U
@z2@y2

þ S22
@4U
@z4

¼ 0 ð9Þ

where S33, S23, S22, and S66 are the coefficients corresponding to the
compliance matrix (Eq. (2)); U is the orthotropic Airy stress
function.

In this cantilever beam bending test in the proposed model, the
bending stress rz of the ECS fabric is generated by its bending load-
ing q (self-weight), which is a constant. rz is a function of z. U can
be further determined by applying Eq. (10) through the use of Eq.
(9):

U ¼ y2

2
f ðzÞ þ yf 1ðzÞ þ f 2ðzÞ ð10Þ

Eq. (10) can be substituted into Eq. (9) as follows:

1
2Ey
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dz4
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dz4
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dz4

þ ð 1
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Ey
Þd

2f ðzÞ
dz2

¼ 0 ð11Þ
According to Eq. (11), all items must be zero to satisfy the Airy

stress function, which is expressed as follows,

d4f ðzÞ
dz4

¼ 0;
d4f 1ðzÞ
dz4

¼ 0; ð 1
Gyz

� 2vyz

Ey
Þd

2f ðzÞ
dz2

¼ 0 ð12Þ

Consequently, Eq. (12) can be derived as follows:

f ðzÞ ¼ Ay3 þ By2 þ Cyþ D;

f 1ðzÞ ¼ Ey3 þ Fy2 þ Gy;

f 2ðzÞ ¼ Hy5 þ Iy4 þ Jy3 þ Ky2
ð13Þ

where A to K are the undetermined coefficients. Thus, the deter-
mined U can be derived as follows:
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U ¼ y2

2
ðAz3 þ Bz2 þ Czþ DÞ þ yðEz2 þ Fz2 þ GzÞ þ Hz5 þ Iz4

þ Jz3 þ Kz2 ð14Þ
On the basis of the Airy stress function, the relationship

between the normal stress, shear stress, and stress function of
the ECS fabric during bending can be derived as follows:

ry ¼ @2U
@z2 ¼ y2

2 ð6Azþ 2BÞ þ yð6Ezþ 2FÞ þ 20Hz3 þ 12Iz2 þ 6Jzþ 2K;
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syz ¼ � @2U
@z@y ¼ �yð6Az2 þ 4Bxþ 2CÞ � ð3Ezþ 2Fzþ GÞ

ð15Þ
The boundary conditions of the ECS fabric under bending

deformation can be expressed as follows:
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Furthermore, the stress components of the ECS fabric can be
derived using Eq. (16):

ry ¼ � qy2z
2I � qð2vyz� Ey

Gyz
Þ

2I ð13 z3 � h2

20 zÞ;
rz ¼ � q

by2
ð1� 3z

h þ 4z3
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syz ¼ q
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4 Þy

ð17Þ

where ry and rz represents the normal stresses along the wale and
thickness directions of the ECS fabric, respectively. syz represents
the shear stress in the y–z plane; and I represents the inertia
moment. On the basis of Eq. (2), the normal strain and shear strain
can be derived as follows:
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where ey and ez are normal strains along the wale and thickness
directions, respectively, and cyz is the shear strain in the y–z plane.
Consequently, the bending deformation of the ECS fabric along the y
and z directions can be expressed as follows:

v ¼ � qy3z
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ð19Þ
where v and w denote the bending deformation (displacement)
along the y and z directions, respectively; correspondingly, ff(z)
and u(y) denote the undetermined function to satisfy the relation-
ship between the strain and deformation.

According to Eqs. (18) and (19), the following relationship can
bederived:
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The boundary condition of the bending deformation of the ECS
fabric can be expressed as follows:

ðvÞy¼l;z¼0 ¼ 0; ðwÞy¼l;z¼0 ¼ 0; ð@w
@y

Þ
y¼l;z¼0

¼ 0 ð21Þ
5

On the basis of Eq. (21), the separation-of-variables method [35]
can be applied to determine the relationship between the fabric
bending deformation along the z direction wy, q, and Gyz, as indi-
cated in the following expression:

wy ¼ qL4

8EyIy
�
qð2vyz � Ey

Gyz
ÞL2h2

80EyIy
� 3qvyzL

2

4byEyh
� qh2L2

16GyzIy
ð22Þ

Similarly, the relationship between wx, q, and Gxz can be
expressed as follows:

wx ¼ qL4

8ExIx
� qð2vxz � Ex

Gxz
ÞL2h2
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� 3qvxzL

2
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16GxzIx
ð23Þ

On the basis of Eqs. (22) and (23), G in x–z and y–z planes of the
ECS fabric can be determined as follows:

Gxz ¼ � qh2L2
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2
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�
ð24Þ

Based on the developed analytical model, the relationships
among the mechanical properties (E, v, and G), stress, strain, and
deformation of the ECS fabrics have been determined. Based on
the determined relationships, the values of E, v, and G can be fur-
ther obtained with the aid of experimental testing (Fig. 2) as shown
in Section 2.3, in detail.

2.3. Preparation of ECS fabric samples and testing of their physical and
mechanical properties

Nine samples of tailor-made knitted tubular ECS fabrics that
were footless and composed of interlooped ground and inlay yarns
were prepared and equipped with 1 � 1 laid-in loop structures
(Fig. 1) [26] to provide pressure gradients at the ankle, calf, and
knee portions. Polyamide double-covered Lycra yarns with a linear
density of 40D were used as the ground threads that were knitted
into loops to provide substrate fabric thickness, and polyamide-
double covered Lycra yarns with a linear density of 240D were
used as the inlay threads that were laid into the substrate structure
without knitting into loops during the same knitting cycle to regu-
late the fabric tension and pressure doses. The geometric struc-
tures of laid-in knitted loops were stretched, compressed, and
bended under the action of mechanical forces (Fig. 2). Table 1 pre-
sents the physical characteristics of the prepared ECS fabric sam-
ples. Sample codes S1/S2/S3, S4/S5/S6, and S7/S8/S9 indicate the
knee, calf, and ankle segments of the corresponding A, B, and C
groups of the studied ECS fabrics. Prior to testing, all samples were
placed in an environmentally controlled laboratory (relative
humidity: 65% ± 2%, temperature 21 ± 1 �C) for 48 h to reach
equilibrium.

The microstructural and tensile and shearing deformation of
the ECS fabrics are illustrated in Fig. 3. ECS fabric samples mea-
suring 100 mm (length) � 75 mm (width) per piece were pre-
pared for tensile tests using an Instron 4411 system (Norwood,
MA, USA; Fig. 2a). The tensile tests were performed to produce
stress–strain curves along the course (x) and wale (y) directions
of the prepared ECS fabrics at a standard tensile rate of 10 mm/
s; these tests were conducted in accordance with the ASTM
D4964-96 standard. On the basis of the derived stress–strain
curves, Ex and Ey were calculated using Eqs.4 and 5. To deter-
mine Ez along the thickness direction, a Vernier caliper was used
for thickness measurement. Stress–strain curves reflecting the
relationship between compressive pressure and compressive



Table 1
Physical characteristics of the prepared knitted tubular ECS fabric samples.

Group Section Sample code Courses/inch Wale/inch Thickness (mm) Mass density (g/m2)

A Knee S1 44 37 0.75 319
Calf S2 48 40 0.76 365
Ankle S3 55 46 0.72 413

B Knee S4 43 36 0.70 286
Calf S5 46 38 0.74 308
Ankle S6 50 39 0.77 370

C Knee S7 54 42 0.77 330
Calf S8 59 45 0.75 372
Ankle S9 72 58 0.76 436

Fig. 3. Microstructures of laid-in knitted ECS fabrics under different mechanical deformation in testing.
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thickness were obtained using the KES-FB3 testing system
(Kawabata evaluation system, Kyoto, Japan); thus, Ez could be
determined using Eq. (5) (Fig. 2b).

To determine v for the tested ECS fabric samples on a 3D
scale, the contraction of the fabrics during transverse deforma-
tion under uniaxial tension was measured using the Vernier cali-
per. On the basis of the measured contraction and stretching, vxy,
vxz, and vyz were calculated using Eq.6. Shear stress–strain curves
were obtained for the ECS fabrics by testing the fabric samples
with a size of 200 mm � 200 mm per piece on a pure shear test
(KES-FB1) at an 8� shear angle (Fig. 2c). Subsequently, Gxy was
calculated using Eq.7. To determine Gxz and Gyz, the weights
(kg) of ECS fabric samples measuring 200 mm � 25 mm were
measured using a BP211D electronic balance (Sartorius, Ger-
many), and their w values (mm) were determined using a Shir-
ley Stiffness tester (Testex, China) in accordance with the ASTM-
D 1388-2014 standard (Fig. 2d). Thus, Gxz and Gyz of the studied
ECS fabrics were obtained by applying Eq. (24).
6

2.4. Construction of FE models to analyze interface pressure exerted by
ECS fabric samples

To numerically analyze the interface pressure exerted by the
ECS fabrics on the basis of their 2D and 3D mechanical properties,
this study developed new FE models. The geometric FE leg models
were constructed based on our three previously fabricated wooden
leg models (WL-I, WL-II, WL-III) for Asian bodies. The shaped woo-
den leg models have rigid surface, round cross-sections, and three
different sizes as shown in Table 2 and Fig. 4. The geometric FE ECS
models were constructed based on the actual dimensions of the
ECS fabric samples (Fig. 4a) by using ANSYS Workbench Design
Modeler software (v19.2, ANSYS, Pennsylvania, Pittsburgh, USA).
The 2D (Ex, Ey, vxy, and Gxy) and 3D (Ex, Ey, Ez, vxy, vxz, vyz, Gxy, Gxz,
and Gyz) material mechanical properties were used as inputs in
the developed FE ECS models. The LS-Dyna explicit dynamic solver
was used in Ansys for FE model through applying central difference
method to discrete dynamic equation. The FE leg models were con-



Table 2
Geometric characteristics of the developed FE leg and ECS models in the FEM.

Circumference (C, cm) Height (H, cm)

ECS samples C1 C2 C3 C4 H1 H2 H3
Group A 17.6 18.9 16.2 14.8 5.0 14.0 5.0
Group B 21.7 23.7 19.7 16.7 6.0 12.0 6.0
Group C 23.9 26.4 19.6 16.3 5.0 13.0 6.0

Leg models C1 C2 C3 C4 H1 H2 H3
WL-I 29.6 31.9 26.0 18.0 9.0 9.0 9.0
WL-II 34.0 35.9 29.4 20.3 9.0 9.0 9.0
WL-III 37.8 39.3 32.8 22.5 9.0 9.0 9.0

Fig. 4. The developed geometric models of (a) FE ECSs and (b) FE legs, and (c) the meshing and boundary conditions applied in the FEM.
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structed under the assumption that the wooden leg was isotropic
elastic materials with E and v values of 500 MPa and 0.4, respec-
tively [36]. The FE ECS and FE leg models were meshed using linear
quadrilateral elements and tetrahedrons elements with approxi-
mately 30,000 and 50,000 nodes, respectively (Fig. 3c). To examine
the meshing independence of the developed FE model, different
meshing sizes (4, 6, and 8 mm per element) were applied to the
FE leg model (WL-II) using the FE ECS of Group C. The results indi-
cated that the meshing size of 6 mm per element produced the best
meshing quality with a value of 0.842, thus this meshing size was
adopted to simulate interface pressure induced by ECSs. The con-
structed FE ECS and leg models were imported into ANSYS work-
bench LS-Dyna for FE analysis under a 4-core, 16 GB RAM,
512 GB SSD hardware computing system. The frictional nonlinear
contact has been applied in the developed FE model based on the
Augmented Lagrange equation, where the sliding resistance is pro-
portional to the coefficient of the friction, and the free separation
between the ECS and the wooden leg models is unimpeded. The
boundary conditions of ECS deformation were determined based
on an approximately 340-mm longitudinal displacement of the
ECS fabric samples, in accordance with practical usage conditions
(Fig. 4c). The upper and bottom surfaces of the wooden leg model
was fixed with the zero displacements of all nodes at x, y, and z
directions in the boundary. The top edge of ECS can dynamically
slide freely from the distal to the proximal leg model longitudi-
nally. The center of the cross-sectional leg and ECS models were
coincident to ensure ECS to slide exactly along the leg for achieving
an alignment. The circumference of the ECS can deform freely with
tubular fabric stretching with variation of leg volume. The total
degree of freedoms (DOFs) of the built FE ECS-leg model was
approximately 275000, where the DOFs of every node were six.
The boundary conditions restricted the six DOFs of the upper and
bottom surfaces of the FE leg model and the one DOF along the lon-
7

gitudinal direction of the FE ECS model for every node. Both 2D and
3D material mechanical parameters were applied to simulate the
interface pressures by ECS fabrics.

2.5. Validation of the effectiveness of the 3D ECS mechanical properties
in pressure prediction

To verify the simulated pressure values, an air-filled pneumatic
pressure-sensing system was applied to directly detect the inter-
face pressure between the wooden leg models and the ECS fabrics
by placing the flexible pressure sensor probe with a diameter of
5 cm and a thickness of 0.2 mm (PicoPress, Microlab Elettronica
Sas, Italy; pressure range: 0–189 mmHg; deviation
within ± 1 mmHg) [37] at 36 typical sites around the 4 directions
(anterior, media, lateral, and posterior) and 3 height levels (ankle,
calf, and knee) of the three tested wooden leg models (WL-I, WL-II,
WL-III), sequentially. The average pressure value detected by the
pressure sensor probe over the circular area on the wooden leg
model was recorded. Similarly, in the Ansys numerical simulation,
the interface pressure was also defined as the average pressure
value obtained over the same circular area with a diameter of
5 cm on the FE leg model surface. The testing positions at the FE
leg model and the corresponding wooden leg model were identical
to ensure a consistent study condition between the simulated and
the measured interface pressure. The deviations between the sim-
ulated and the measured pressure values were compared to verify
the effectiveness of the 3D material mechanical properties in ECS
pressure prediction (Fig. 5).

Fig. 6 presents the study flowchart, including orthotropic theo-
retical analysis, analytic model development, FEM, and experimen-
tal testing and validation. The constructed analytical models
integrated with the experimental tests were used to establish the
relationships between material elastic moduli, strain, and force



Fig. 6. Workflow of this proposed study.

Fig. 5. Experimental setting of pressure validation testing.
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loading behaviors of ECS fabrics. Mechanical properties of ECS fab-
rics and contacted bodies and geometric models of the contacted
bodies are the input parameters for FEM. Interface pressure effects
caused by using 2D and 3D mechanical properties of ECS fabrics
were comparatively studied in the deviation ratios (DROs) analysis.
3. Results and discussion

3.1. Mechanical properties of ECS fabrics

Table 3 presents the 2D and 3D mechanical properties of the
ECS fabric samples. Fig. 7 illustrates the corresponding stress–
strain curves along with linear regression coefficients. The
goodness-of-fit values obtained for the tested ECS fabric samples
were >0.95 (R2 > 0.95) at stretching ratios of 0%–100%. Overall,
the derived Ex values were greater than the Ey and Ez values, imply-
8

ing that the ECS fabrics produced shorter stretches along the
course direction to exert greater squeezing forces in order to deli-
ver higher interface pressure levels to the leg models. The derived
vxy, vxz, and vyz values for the studied ECS fabrics were approxi-
mately 0.25. Overall, the derived Gxy values were greater than the
derived Gyz and Gxz values, indicating that the ECS fabrics could
produce larger shear deformation levels under the same shear
stress in the x–y plane than in x–z and y–z planes.
3.2. Simulated interface pressure values between ECS fabrics and
wooden leg models

Fig. 8 displays the simulated (using 2D and 3D material
mechanical properties) interface pressure values between the
ECS fabrics and wooden leg models for all three studied groups
of ECS fabrics. In general, the gradient profiles of the simulated



Table 3
The determined mechanical properties of the studied ECS fabrics in 2D and 3D scales.

Group Sections Sample code Ex (MPa) Ey (MPa) Ez (MPa) vxy vxz vyz Gxy (MPa) Gxz (MPa) Gyz (MPa)

A Knee S1 0.24 0.20 0.08 0.26 0.24 0.26 0.11 0.05 0.04
Calf S2 0.35 0.30 0.09 0.25 0.24 0.25 0.14 0.06 0.04
Ankle S3 0.45 0.35 0.10 0.23 0.23 0.22 0.17 0.08 0.05

B Knee S4 0.40 0.14 0.05 0.25 0.27 0.27 0.12 0.02 0.01
Calf S5 0.43 0.18 0.06 0.25 0.29 0.24 0.12 0.03 0.01
Ankle S6 0.48 0.27 0.05 0.26 0.26 0.26 0.15 0.05 0.02

C Knee S7 0.35 0.14 0.03 0.24 0.29 0.30 0.11 0.03 0.01
Calf S8 0.49 0.22 0.04 0.25 0.24 0.25 0.13 0.03 0.02
Ankle S9 0.60 0.22 0.04 0.25 0.25 0.27 0.21 0.05 0.02

* All above listed columns are the determined 3D mechanical properties those were applied to the FEM of ECS fabrics.
The columns with Italic date are the determined 2D mechanical properties those were applied to the FEM of ECS fabrics.

Fig. 7. The determined stress–strain curves of the studied ECS fabrics by experimental tests in terms of (a) tension in course direction, (b) tension in wale direction, (c)
compression at thickness direction, and (d) shearing at course-wale plane.
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Fig. 8. The simulated interface pressure profiles applied by the different groups of the studied ECSs when their 2D and 3D material mechanical properties were applied,
respectively.
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pressure values along the leg models decrease gradually. Specifi-
cally, the highest pressure was exerted at the ankle, decreasing
gradually toward the knee; this profile is consistent with the basic
design principle for ECSs in medical treatment. Both 2D and 3D
material properties could be used to reveal the pressure gradient
10
profiles of the studied ECS fabrics. Overall, the pressure values sim-
ulated for the ECS fabrics with the 2D material mechanical proper-
ties were greater than those simulated for the ECS fabrics with the
3D material mechanical properties by approximately 9.2%. For
example, the simulated interface pressure between the WL-I leg



Table 4
Results of meshing independence examination.

Meshing size
(mm)

Element number Meshing quality Interface pressure (mmHg)

Ankle Calf Knee

8 18,207 0.836 28.4 ± 4.0 20.9 ± 1.6 12.0 ± 4.2
6 46,507 0.842 27.0 ± 2.8 20.0 ± 1.3 11.1 ± 3.4
4 95,150 0.836 27.2 ± 2.6 19.9 ± 1.5 11.0 ± 3.5
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model and the Group C ECS fabrics with the 2D material mechan-
ical properties was 25.6 mmHg at the ankle, 20.2 mmHg at the calf,
and 14.7 mmHg at the knee, and that obtained for the ECS fabrics
with the 3D material mechanical properties were 22.3 mmHg at
the ankle, 16.0 mmHg at the calf, and 9.3 mmHg at the knee. These
ECS fabrics could thus be assigned to the Class-II pressure category
(medium) for treatment of moderate venous disorders such as
varicose veins and leg swelling in application [38,39]. To further
verify the effectiveness of the use of 2D and 3D material mechan-
ical properties in pressure performance prediction, a series of
experiments were conducted to compare the simulated and the
experimental data as described in Section 3.3.

Table 4 shows the comparison results of meshing independence
examination among different meshing sizes (4, 6, and 8 mm per
element) tested in the developed FEM. All three mesh densities
of the FE models produced the similar levels of the simulated inter-
face pressure, indicating that these meshing densities are high
enough to enable meshing-numerical solutions. Relatively, our
applied meshing size of 6 mm per element presented the highest
meshing quality value of 0.842, that is, the developed FEM can
effectively reflect pressure profiles exerted by the studied ECSs.
Fig. 9. Comparison between the simulated and measured interface pressures when ECSs
the different sized wooden leg models.
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3.3. Validation of the simulated interface pressure values against
experimental data

Fig. 9 illustrates the comparison between the pressure values
simulated using the 2D or 3D material mechanical properties with
the experimental pressure values. The results indicated that the
pressure values simulated for the ECS fabrics with the 3D material
mechanical properties were in closer agreements with the experi-
mental pressure values in general, especially for the Group C of ECS
samples applied to the WL-I, WL-II, and WL-III leg models.

Table 5 presents the differences between the simulated and
measured interface pressure values. When the ECS fabrics with
2D material mechanical properties were applied to the WL-I, WL-
II, and WL-III models, the DROs between the simulated and mea-
sured pressure values were approximately 26.7%, 14.0%, and
17.2%, respectively, while the corresponding DROs were reduced
to 13.7%, 10.4%, and 6.7% when ECSs fabrics with 3D mechanical
properties were applied to the same groups of leg models. That
is, the average DROs between the simulated and measured pres-
sure values decreased from approximately 19.3% for the ECS fabrics
with the 2D material mechanical properties to 10.3% for the ECS
materials (groups A, B, and C) were applied with 2D and 3D mechanical properties to



Table 5
Details on DROs of the simulated and the measured pressure values by using 2D and 3D material mechanical properties of ECS fabrics, respectively.

ECS samples Simulated pressure by ECSs with 2D or 3D material mechanical properties Measured pressure Experimented test

2D 3D

Simulated pressure (mmHg)
(pressure gradient %)

DRO (%) Simulated pressure (mmHg)
(pressure gradient %)

DRO (%) Measured pressure (mmHg)
(pressure gradient %)

Group A-WL-I Ankle 38.7 ± 5.2 (100%) 29.0 37.5 ± 7.7 (100%) 25.0 30 ± 0.7 (100%)
Calf 28.8 ± 1.8 (75%) 25.2 22.8 ± 3.8 (61%) 0.9 23 ± 0.5 (77%)
Knee 20.5 ± 3.6 (53%) 20.6 18.0 ± 5.9 (48%) 5.9 17 ± 0.7 (57%)

Group A-WL-II Ankle 42.3 ± 5.2 (100%) 20.9 42.3 ± 5.0 (100%) 20.9 35 ± 0.5 (100%)
Calf 32.9 ± 5.9 (78%) 17.5 30.2 ± 4.2 (71%) 7.9 28 ± 0.7 (80%)
Knee 22.1 ± 3.3 (52%) 7.9 25.2 ± 4.2 (60%) 5.0 24 ± 0.5 (69%)

Group A-WL-III Ankle 49.1 ± 8.5 (100%) 22.8 42.8 ± 6.6 (100%) 7.0 40 ± 0.4 (100%)
Calf 35.7 ± 6.6 (73%) 11.6 35.0 ± 4.1 (82%) 9.4 32 ± 1.6 (80%)
Knee 23.5 ± 5.1 (48%) 9.6 25.2 ± 6.4 (59%) 3.1 26 ± 0.6 (65%)

Group B-WL-I Ankle 31.1 ± 4.8 (100%) 24.4 30.5 ± 2.6 (100%) 22.0 25 ± 1.4 (100%)
Calf 27.7 ± 3.9 (89%) 20.4 26.6 ± 4.2 (87%) 15.7 23 ± 0.4 (92%)
Knee 26.7 ± 6.4 (86%) 33.5 21.4 ± 4.2 (70%) 7.0 20 ± 0.8 (80%)

Group B-WL-II Ankle 37.9 ± 12.1 (100%) 30.7 33.9 ± 4.6 (100%) 16.9 29 ± 0.9 (100%)
Calf 30.4 ± 6.4 (80%) 21.6 29.6 ± 4.7 (87%) 18.4 25 ± 0.7 (86%)
Knee 25.4 ± 3.9 (67%) 5.8 24.1 ± 5.6 (71%) 0.4 24 ± 0.5 (83%)

Group B-WL-III Ankle 39.7 ± 7.2 (100%) 13.4 39.6 ± 5.7 (100%) 13.1 35 ± 0.5 (100%)
Calf 33.9 ± 7.9 (85%) 21.1 31.4 ± 5.2 (79%) 12.1 28 ± 0.8 (80%)
Knee 31.4 ± 7.9 (79%) 20.8 25.5 ± 9.9 (64%) 1.9 26 ± 0.7 (74%)

Group C-WL-I Ankle 25.6 ± 2.2 (100%) 2.4 22.3 ± 2.4 (100%) 10.8 25 ± 1.6 (100%)
Calf 20.2 ± 1.6 (79%) 1.0 16.0 ± 1.0 (72%) 20.0 20 ± 1.0 (80%)
Knee 14.7 ± 2.1 (57%) 83.8 9.3 ± 2.9 (42%) 16.3 8 ± 0.5 (32%)

Group C-WL-II Ankle 26.8 ± 2.2 (100%) 0.7 27.0 ± 2.8 (100%) 0 27 ± 1.0 (100%)
Calf 21.2 ± 0.9 (81%) 3.6 20.0 ± 1.3 (74%) 9.1 22 ± 0.9 (82%)
Knee 15.2 ± 2.1 (57%) 16.9 11.1 ± 3.4 (41%) 14.6 13 ± 0.4 (48%)

Group C-WL-III Ankle 35.4 ± 7.2 (100%) 14.2 31.2 ± 3.9 (100%) 0.6 31 ± 0.5 (100%)
Calf 23.2 ± 3.6 (66%) 3.3 23.1 ± 1.5 (74%) 3.8 24 ± 1.0 (77%)
Knee 20.7 ± 4.3 (59%) 38.0 13.6 ± 2.0 (44%) 9.3 15 ± 0.8 (48%)

Fig. 10. Comparison on the DROs (%) between the use of 2D and 3D material mechanical properties when being applied with three different groups of ECS samples on three
different sizes of leg models.
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fabrics with the 3D material mechanical properties (Fig. 10). Equiv-
alently, the simulation precision increased by approximately
46.6%.

The ECS–leg interaction system is in a 3D stress state if the fab-
ric stresses along the wale, course, and thickness directions are all
nonzero. Previous research assumed that ECS fabric are orthotropic
laminas in a plane stress state [40], without considering material
mechanical properties along the thickness directions, which could
lead to overestimations or underestimations in the predicted pres-
sure values. The results of the present study reveal that the use of
ECS fabrics with 3D material mechanical properties could more
12
realistically predict actual conditions, thus leading to FEM-based
pressure simulation results to be more consistent with actual pres-
sure values. To further analyse the effects of changing the material
mechanical properties on pressure prediction performance, we
used wooden leg models with a round cross section and a rigid sur-
face; this enabled us to focus on the material properties and their
variations in the simulations while ignoring other factors influenc-
ing pressure values, such as irregular leg surface curvatures and
heterogeneous tissue stiffness. In a future study, we will include
more complex contact conditions such as biologic leg models with
uneven surfaces and varying tissue properties to further estimate
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the effects of modelled ECS material properties on the correspond-
ing pressure prediction performance.

E, v, and G are elastic moduli that are commonly used to indi-
cate the mechanical properties of compression fabrics in FEM
through integrating 2D orthotropic analysis theories and Instron
or Kawabata biaxial tensile and shearing testing. In one of our pre-
vious studies [14], the measured E values of 1 � 1 laid-in knitted
ECS fabrics along the wale direction were 0.278, 0.214, and
0.150 MPa at the ankle, calf, and knee, respectively, and along
the course direction, the values were 0.197, 0.150, and
0.103 MPa at the ankle, calf, and knee, respectively. Its results indi-
cated that with use of these 2D material properties of ECS fabric in
the FEM, the DROs between the simulated and measured interface
pressure values at the ankle, calf, and knee presented approxi-
mately 44.0%, 16.5%, and 20.4%, respectively. Through optimiza-
tion, our recent FE study [20] using the similar structured knitted
ECS fabrics with 2D mechanical properties reduced these DROs to
approximately 15.5%, 15.2%, and 18.1% at the ankle, calf, and knee,
respectively. However, these error ranges remain above 15%. In
contrast to methods as aforementioned, this new approach pro-
posed herein applies mechanical properties derived along the
thickness direction (Ez, vxz, vyz, Gxz, and Gyz) in addition to those
derived along the wale and course directions (Ex, Ey, vxy, and Gxy)
for pressure simulation through FEM, which reduced the DROs to
be 10.3% generally, implying that the use of material thickness
properties can affect the simulated normal pressure magnitudes
exerted by ECS fabrics on the applied contacted body (leg models).

Overall, our analytical approach for determining shear moduli
along the thickness direction (Gxz, Gyz) by using the Airy stress
function and experimental tests provides a new solution for
obtaining essential material properties of thin, soft, and elastic
compression fabrics. The Airy stress function is commonly used
to solve 2D linear elastic problems to characterize material stress,
strain, and deformation [29,41]. For example, Rastgoo et al. applied
an isotropic Airy stress function to construct mathematical models
for estimating the 2D stress distribution of a cantilever beam under
parabolic loading [42]. In contrast to previous studies, this pro-
posed analytical approach applies the orthotropic Airy stress func-
tion and cantilever testing [43] to determine the cantilever
bending stress, strain, and deformation of ECS fabrics, thus
enabling the quantification of the relationship between bending
deformation w, bending loading q, and shear modulus G. This
approach provides an effective way for obtaining the 3D tensile,
shear, and bending properties of ECSs, enabling mechanical simu-
lations to more closely reflect the actual status of deformed fabrics
in an ECS–leg interaction system. In future studies, we will further
apply this approach to investigate compression fabrics composed
of different elastic materials and simulate their corresponding
pressure performance for individual treatments by using more
complex FE models with irregular body geometries and elastic
heterogeneous tissue structures.

Numerical modeling has become a highly important approach
to provide solutions to investigate complex working mechanisms
of functional textiles and apparel as well as their interactions with
the human body, especially for those studies requiring repeated
trials and material preparations or lacking effective experimental
methods to test or verify. Interface pressure applied by the com-
pression textiles (e.g., ECSs) on the human body (e.g., leg) forms
a mechanical continuum with a larger area, which is hard to be
tested by using the current pressure sensing system with single
or several sensors or probes; moreover, human body is irregular
in geometry and heterogeneous in tissue properties, using pressure
contact sensors cannot directly detect pressure values at each ana-
tomic site and their resultant stress and deformation within soft
tissues. The application of FE modeling contributes to holistically
investigating pressure contact condition and more complex inter-
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actions between garment system and the contacted body those
experimental measurements cannot address. The findings of the
numerical modeling in this study can facilitate material and pro-
duct designers, engineers, and researchers to effectively analyze
and evaluate design ergonomics and applicability for improved
functional performance of compression materials and textiles.
4. Conclusions

This study developed a new approach for determining the
mechanical properties of ECS fabrics in 3D stress planes based on
the developed analytical model. Through the integrated Airy stress
function and cantilever beam bending testing, the shear properties
of ECS fabrics in the course–thickness and wale–thickness planes
were determined. On the basis of orthotropic theory, FEM, and
experimental testing, nine critical mechanical properties were
obtained, including three-dimensional Young’s moduli, Poisson’s
ratios, and shear moduli along the wale, course, and thickness
directions of ECS fabrics, and their effects on pressure magnitudes
(doses ) and distributions (gradients) were simulated. The simu-
lated pressure values were validated against experimental data
obtained using a pressure-sensing system. The results indicate
the applicability of the proposed approach for ECS pressure predic-
tion. The approach improves the FEM-based simulation precision
for ECS fabrics and affords substantially reduced DROs. The contri-
bution of this study is the provision of an operable and reliable
pressure prediction method, which can guide the design of ECSs
with favorable mechanical properties and the determination of
the elastic moduli of compression materials; this can thus enhance
the understanding of the mechanisms underlying the interactions
between elastic compression textiles and the human body, thereby
facilitating compression material optimization and pressure dose
control to achieve improved compression therapeutic efficacy.
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