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Graduated compression stockings (GCS) have been employed for several decades
to prevent and treat venous diseases of the lower extremities in humans. In order
to investigate the mechanism of action of GCS on the lower extremity, a biome-
chanical model was constructed to simulate the magnitude and distribution of
stresses exerted by GCS on the soft tissues, bones, and saphenous veins of the
calf. The saphenous vein at the ankle was intercepted, and a flow-solid bi-
directional coupling model was established to study the effects of GCS on blood
flow return. The results demonstrate that the custom-made GCS can apply pres-
sure to the calf in a manner that is consistent with the desired gradient distribu-
tion. The simulated and experimental values of the GCS exerting pressure on the
calf surface exhibit a similar variation trend. Furthermore, the application of a
GCS has been demonstrated to enhance blood return in the saphenous vein and
to elevate the velocity of blood flow. The greater the external pressure applied to
the calf, the greater the blood flow velocity of the vein in the calf. The discrepan-
cy between the simulated and experimental values of the blood flow velocity is
approximately 8%. The results provide valuable insights into the magnitude and
distribution of pressure exerted by the GCS on each part of the calf, confirm the
effectiveness of the GCS in promoting blood flow back to the calf veins, and lay
the foundation for the accurate design and promotion of GCS.

Key words: GCS, biomechanical model, numerical simulation,
venous disorder, blood flow

Introduction

Statistical data indicates that the prevalence of varicose veins ranges from 10% to
25%. Among individuals aged 18 to 54 years, the prevalence is approximately one-third [1]. Pa-
tients with severe varicose veins in the lower extremities exhibit a number of adverse effects,
including skin atrophy, hyperpigmentation, eczema, and recurrent ulcers in the lower extremi-
ties. These effects have a significant impact on the health and quality of life of patients [2].

Patients with varicose veins that are not obvious in appearance but have uncom-
fortable symptoms can be treated with compression therapy by GCS [3]. Patients with obvi-
ous symptoms of varicose veins should be treated surgically, and postoperative use of GCS
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as well as medication should be used to consolidate the efficacy of surgery [4]. The GCS
apply maximum pressure on the ankle of the wearer, and the applied pressure gradually de-
creases from the ankle upward along the leg to conform to the environment of venous blood
return, thus promoting venous blood return [5-8] and playing a role in preventing varicose
veins in the lower extremities or reducing the incidence of post-operative varicose vein
complications [5]. The magnitude and distribution of the garment pressure that GCS exert
on the body are the main factors that affect the effectiveness of GCS for the prevention and
treatment of varicose veins [6, 7]. Generally, GCS with progressive pressure gradients exert
100% of the pressure at the ankle, 80% at mid-calf and only 40% to 60% under the knee,
which is partially determined according to China Textile Industry Standard FZ/T 73031-
2009 Compression stocking.

The efficacy of GCS in the prevention and treatment of varicose veins and in pro-
moting recovery from varicose vein surgery has been demonstrated in multiple studies [8-11].
Nevertheless, patients remain uncertain about the efficacy of GCS in preventing varicose
veins. This may be due to the fact that the GCS currently available on the market are only
available in a limited number of conventional sizes and are not tailored to perfectly fit the pa-
tient's lower extremities. Consequently, the applied garment pressure to the legs may not be
accurate. Furthermore, patients are unable to discern the full impact of GCS on venous blood
return. These circumstances may impede implementation and dissemination of GCS [12, 13].

To investigate the impact of GCS on human lower extremities, to provide theoretical
support for the accurate design of GCS, and to promote the promotion and application of
GCS, numerous scholars have dedicated significant efforts in this area. As a result of the limi-
tations of garment pressure tester technology, which can only measure the pressures exerted
by GCS on the surface of the human body and which is constrained to specific test locations,
the results cannot fully reflect the magnitude and distribution of the garment pressure on the
human body. In response to this challenge, many scholars have established biomechanical
models and employed numerical simulation methods to study the effect of GCS on the surface
and interior of the human lower extremities, and some research results have been obtained.
Zhao et al. [14] employed computed tomography (CT) imaging data to construct a biome-
chanical model of the human arm, which was utilized to simulate the magnitude and distribu-
tion of pressure applied by a compression arm sleeve during wear. Dan and Shi [15] utilized
CT scan data to construct a cross-sectional model of the female waist and a model of the waist
of compression pants to simulate the pressure and comfort of the waistband of compression
pants. Yu et al. [16] constructed a model of a human hand and a model of a pressure glove to
study the inhibitory effect of pressure therapy on scar growth in burn patients. They simulated
the magnitude and distribution of pressure exerted by the glove on the back of the hand to
provide a reference for the design and development of pressure gloves. Rohan et al. [17] con-
structed a sliced model of the lower extremity to investigate the biomechanical effects of GCS
and muscle contraction on the deep veins of the lower extremity. Ghorbani et al. [18] con-
structed a model of an adult male human lower extremity and a pressure garment, with the ob-
jective of simulating the interaction between the lower extremity and the pressure garment.

In the aforementioned studies, models of the human body have incorporated ele-
ments such as skin, muscle, bone, and other components. However, there have been no human
biomechanical models that include blood vessels. At present, numerical simulations of GCS
worn on the lower extremities are capable of simulating the dynamic stress and stress distribu-
tion on the skin surface, as well as stress and strain on the soft tissues and bones in the cross-
section of a leg wearing a GCS. However, there is a paucity of research on the transfer of
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stress from pressure on the surface of the body to the venous blood vessel wall and blood flow
after stress is applied to the vessel wall. This information is essential for elucidating the ef-
fects of GCS on venous blood flow in the lower extremities, improving the accuracy of GCS
design, and promoting the application of GCS.

Methods

In light of the aforementioned analysis, the calf area from the ankle to the knee has
been identified as the primary focus of this study. This region is particularly susceptible to the
development of varicose veins, which are most prevalent in the lower legs. Additionally, su-
perficial varicose veins are commonly observed in the saphenous vein, making it an ideal tar-
get for extraction. The objective of this project is to construct a biomechanical model of the
human lower extremities while wearing GCS. This model will then be used to simulate the
magnitude and distribution of stress on soft tissues, bones, and saphenous vessels after wear-
ing GCS on the lower legs. Moreover, the construction of a flow-solid coupling model of the
saphenous vein allows for the investigation of the impact of wearing GCS on venous blood
flow in the lower leg and the examination of the potential role of GCS in the treatment of var-
icose veins. Finally, the results are subjected to a validation process.

Finite element analysis of the interaction between lower leg
and graduated compression stockings

Building a 3-D geometric model of the human calf

The experimental equipment was a Philips Multiva 1.5T, magnetic resonance imag-
ing (MRI) system, which featured a 16-channel platform that enabled ultra-high resolution
imaging, allowing for the visualization of vascular branches while simultaneously increasing
the scanning speed. To perform the MRI program,
the volunteer (female, healthy, normal leg form, no
history of varicose vein disease, age 26 years old, saphenous
height 168 cm, weight 55 kg) wore loose pants un- vein
derneath and lay flat on the test bed with the heels
of both feet elevated using a soft pad to ensure no
contact between the legs and between the legs and ..
the test bed to ensure the integrity of the leg shape.
Following the scanning procedure, the raw data in
DICOM format were obtained for the purpose of (@)
constructing thg calf model. The MRI image data Figure 1. (a) Model of the tibia, fibula and
were imported into MIMICS 19.0 software, where saphenous vein and (b) schematic diagram
they were subjected to image segmentation and of the position of the calf bones, blood
model 3-D reconstruction, thereby yielding the 3-D  vessels and soft tissues after assembly
solid models of bones, soft tissues, and blood ves-
sels. Figure 1 illustrates the relationship between the position of the bones, blood vessels, and
soft tissues of the lower leg and a schematic diagram of their positions following assembly.

Saphenous

Tibia ¢
vein

Building 3-D geometric models of
graduated compression stockings

Two types of GCS, classified as Class 1 and Class 2 in accordance with the FZ/T
73031-2009 standard, were selected as research samples due to their prevalence in clinical
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applications. The volunteer was maintained in an upright position, and the circumferences of
her leg were measured at four locations: the thinnest part of the ankle circumference was rec-
orded as A, the transition between the Achilles tendon and the calf muscle was recorded as B,
the largest part of the calf circumference was recorded as C, and the initial tibial ridge (below
the knee) was recorded as D. The distance between adjacent measurement sites (recorded as
L1, L2, and L3, respectively) was measured as shown in fig. 2. The measurement data were
utilized to create Class 1 and Class 2 GCS using the compression garment design method pre-
viously studied by our research group [19]. Finally, the Class 1 and Class 2 GCS models were
created in finite element software, respectively, and are presented in fig. 3.

(a) (b)
Figure 2. Schematic diagram Figure 3. Custom-made compression stocking model;
of calf measurement position (a) custom-made Class 1 GCS and (b) custom-made Class 2 GCS

Defining material properties

In this study, bone was considered rigid and incompressible, and it was assumed to
be free of deformation during wear. Soft tissue was defined as a homogeneous, isotropic, line-
ar elastic material, while the GCS was defined as an isotropic, homogeneous elastomer. The
material properties of the components are presented in tab. 1.

Table 1. Material properties of each component

Model name Density [tone per mm?] Modulus of elasticity [MPa] Poisson's ratio
Bone 1.85 - 107 7300 0.3
Vascular 1.15-10° 50 0.45
Soft tissue 1.00 - 10°° 0.15 0.46
Compression stocking 4510710 0.49 0.32

Fluid-solid coupling simulation

In order to investigate the effect of GCS on blood flow [20] in the saphenous vein,
the stress on the outer wall of the saphenous vein obtained from the finite element simulation
in this study was applied to the outer side of the vessel wall in a flow-solid coupling model of
the vessel. In this study, a 50 mm length of the vessel was intercepted at the ankle, which is
the site where the GCS exerts the greatest pressure, in the saphenous vein of the lower leg. A
flow-structure coupling model with a vessel wall thickness of 0.2 mm was then established.
The stress values simulated in this study were applied to the exterior of the vessel wall in ac-
cordance with the aforementioned methodology.
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The cross-sectional area and path of the reconstructed solid model of the saphenous
vein were extracted based on the MRI data. The length of the vessel that was intercepted was
50 mm, and its cross-sectional shape was that of an ellipse. The short axis length was 3.5 mm,
and the long axis length was 4.58 mm. The hollow vessel model with a wall thickness of
0.2 mm was obtained by sweeping the sketch tool, illustrated in fig. 4(a). The vessel was then
filled with blood to create the blood model, which is shown in fig. 4(b).

Set-up of the solid field model
The vessel wall model was assigned ma-

0\
terial properties, including a density of (O
1050 kg/m3, a Young's modulus of 0.5 MPa,
and a Poisson's ratio of 0.45. The vessel wall
model was then meshed, with a mesh size of ‘

0.4 mm being set. The entrance and exit of the

vessel wall were fixed by inserting a displace- ., 30000 0000 4000 8000
ment value, and the X-, Y-, and Z-components (a)TSOO =22.500 () 2000 5000

of the displacement were set to 0 by selecting

the entrance and exit of the vessel wall. The flu- Figure 4. Saphenous vein model at the ankle;
id-solid coupling surface was established (8 vascular wall model and (b) blood model
through the utilization of the insert fluid solid

interface for the purpose of facilitating the transfer of loads between the blood and the vessel
wall. Finally, a pressure was applied to set the pressure outside the vessel wall. This pressure
was 2156 Pa, applied in the normal direction of the vessel wall to simulate the pressure of the
vessel wall when wearing the custom-made primary GCS. When the custom-made Class 1
and Class 2 GCS were worn, the pressures were set to 2156 Pa and 3094 Pa, respectively, in
order to simulate the pressures of the vessel wall.

Fluid field model set-up

The vessel inlet was designated as the inlet, and the vessel outlet was designated as
the outlet. The mesh type was designated as tetrahedral mesh, and the mesh size was set to
0.2 mm.

The following steps were taken in the analysis of the fluid field settings: The type of
model was designated as the viscous model k-¢. The blood density was set to 1050 kg/m?, and
the dynamic viscosity coefficient was 0.0035. The boundary conditions were established. A
Philips Multival.5T MRI system was employed to ascertain the blood flow velocity of the sa-
phenous vein in the volunteer's lower leg when in a supine position, resulting in a velocity of
0.033 m/s. The blood inflow velocity was set to 0.033 m/s. Given the low pressure within the
vessel, the outlet pressure was set to 0 Pa, and the wall was set to static without slip. The sur-
face of contact between the blood and the tube wall was selected using system coupling to
create a dynamic grid region. Subsequently, the dynamic grid was established, the grid meth-
od of smoothness was selected, and the optimization method of spring/Laplace/boundary lay-
er was employed for the purpose of achieving a smooth surface.

The validation of modelling by
objective measurements

To validate the established biomechanical model, the tested values of garment pres-
sure were compared with the simulated values. Furthermore, the peak blood return velocity in
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the saphenous vein obtained from the vascular flow-solid coupling model was also compared
with the data obtained from the MRI test.

Results and discussion

Numerical simulation of the interaction
between the lower leg and GCS
Numerical simulation visualization

Figures 5 and 6 show the stress distributions of soft tissues, bones and saphenous
vessels in the lower leg wearing custom-made Class 1 and Class 2 GCS, respectively.
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Figure 5. Stress cloud diagrams of soft tissue, bone, and saphenous vein after wearing custom-made
Class 1 GCS; (a) stress of soft tissue, (b) stress of bones, and (c) stress of the saphenous vein

Figure 5(a) illustrates that following the application of a custom-made Class 1 GCS
on the calf, a greater stress concentration was observed in the soft tissue at the ankle. The av-
erage stress value of the GCS acting on the soft tissue of the calf was within the range of 1.6-
3 kPa. The average stress value of the GCS acting on the soft tissue at the ankle was 2.8 kPa,
and gradually decreased along the calf. On the same cross-section, due to the influence of
physiological structure, the stress values were greater close to the bones and in areas of great-
er curvature. As illustrated in fig. 5(b) the stress values on the tibia and fibula were in the
range of 20-160 kPa after the calf model wore the custom-made Class 1 GCS. This indicated
that the stress on the calf bones was significantly greater than that on the soft tissues when the
GCS was worn. The fibula exhibited greater stress than the tibia, potentially due to the tibia
surrounding soft tissue, which exerted greater pressure on the fibula when the soft tissue was
compressed by the Class 1 GCS. The concentrated stress was observed in the ankles of the
tibia and fibula, with some concentrated on the anterior side of the fibula due to the promi-
nence of the tibia below the knee. In fig. 5(c), the stress applied to the soft tissue of the calf by
the GCS was further transferred to the wall of the saphenous vein, which exhibited stress val-
ues in the range of 0.2-2 kPa. The stress was concentrated at the ankle of the saphenous ves-
sel, showing a trend of gradually decreasing stress along the calf in an upward direction.

Figure 6(a) shows that after wearing a custom-made Class 2 GCS on the calf, the
stress value of GCS acting on the soft tissue of the calf was in the range of 1-4 kPa, which
was greater than the stress of wearing Class 1 GCS. The stress distribution on the soft tissues
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of various parts of the calf was similar to wearing Class 1 GCS on the calf. As shown in
fig. 6(b), the stress values on the tibia and fibula were in the range of 20-250 kPa after wear-
ing the custom-made Class 2 GCS, and greater stress was concentrated at the ankle of the tibia
and fibula. In fig. 6(c), the wall of the saphenous vein was subjected to stress values in the
range of 0.5-3 kPa. Similarly, the greater stress was concentrated at the ankle of the saphe-
nous vessel, and a trend of gradually decreasing stress along the calf upwards first could be
observed.
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Figure 6. Stress cloud diagrams of soft tissue, bone, and saphenous vein after wearing custom-made
Class 2 GCS; (a) stress of soft tissue, (b) stress of bones, and (c) stress of the saphenous vein

Validation of simulation results

The garment pressures of Class 1and Class 2 GCS were tested by Flexiforce A201
pressure sensor (TekScan, Boston, MA). Studies have shown that Flexiforce A201 sensor was
used to evaluate the interface pressure, and had higher measurement accuracy [21]. The sen-
sor was placed between the GCS and the calf of the volunteer, and garment pressure was test-
ed at eight positions at even intervals on the four circumferences A, B, C, and D in fig. 2, and
each position was tested three times.

According to the simulation results, the magnitude and distribution of the stresses on
the soft tissues obtained from the finite element simulation after the calf model wore the GCS
were similar to the results of the garment pressure test. To verify the simulation results, the
average values of stresses on the four sections of A, B, C, and D on the calf soft tissue model
were output, and the simulated values were compared with the actual garment pressures
measured, fig. 7. The average distribution of stress in the four cross sections of the custom-
made Class 1 and Class 2 GCS showed a gradient decrease, which was in accordance with the
relevant product standards, and the error between the simulated and measured values was
within 8%, and the measured and simulated values of the GCS were generally consistent.

To further investigate the magnitude and distribution of stresses transmitted by gar-
ment pressure to the saphenous vein vessels when GCS are worn on the surface of the human
lower leg, eight sections were selected at equal intervals between the ankle and below the
knee of the saphenous vein model, and the average stress values of each section were counted
and output. The results are shown in fig. 8.
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As shown in fig. 8, during the inwards transfer of pressure in the calf wearing the
custom-made Class 1 GCS and the custom-made Class 2 GCS, the saphenous vein was sub-
jected to maximum stress values of 21.56 hPa and 30.94 hPa at the ankle (1% and minimum
stress values of 5.12 hPa and 7.75 hPa at the knee (8™), respectively, along the longitudinal
section of the calf. Custom-made Class 1 GCS and Class 2 GCS have the same trend of pres-
sure distribution, with the Class 2 GCS having higher pressures than Class 1 GCS in all parts
of the stocking. Overall, the garment pressure exerted by the GCS on the lower leg was
transmitted to the saphenous vein, and the stress on the saphenous vein gradually decreased as
the garment pressure decreased in steps from Section 1-8 of the saphenous vein.

Fluid-solid coupling simulation

The deformation of the saphenous blood vessel wall and its intravascular blood re-
turn in the lower leg after wearing the custom-made Class 1 and Class 2 GCS were simulated,
and the results are shown in figs. 9 and 10, respectively.
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Figure 9. Wall deformation and distribution of great saphenous vein;
(a) Class 1 GCS and (b) Class 2 GCS

When the human saphenous vein was modelled, the cross section of the vessel was
not a regular circle. The shape of the cross section was nearly elliptical. When the human
body is lying face upwards with the heel facing downwards and the toe upwards, the long axis
of the elliptical cross-section of the vessel is parallel to the toe direction, and the short axis is
perpendicular to the toe direction when viewed from the plantar direction. The strain of the
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outer wall of the blood vessel at the ankle after wearing the Class 1 and Class 2 GCS had a
similar change pattern. In this model, when the outer wall of the blood vessel was subjected to
stress, a larger deformation was produced at the smaller diameter of the blood vessel or at the
place where the curvature of the blood vessel was large. That is, a larger deformation was
produced at the outer side of the entrance of the blood vessel as well as at the inner side of the
exit due to the larger stress. In fig. 9, the displacement at the maximum deformation of the
vessel wall was approximately 0.38 mm at the pressure value of 2156 Pa applied to the outer
wall of the vessel, and the maximum displacement at the maximum deformation of the vessel
wall was approximately 0.78 mm at the pressure value of 3094 Pa applied to the outer wall of
the vessel.
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Figure 10. Great saphenous vein blood return; (a) Class 1 GCS and (b) Class 2 GCS

As shown in the cross section of the saphenous vein vessel in fig. 10, after the outer
wall of the vessel was subjected to uniform pressure, due to the viscous nature of the fluid,
layers of fluid underwent relative sliding when blood flowed in the vessel. That is, the phe-
nomenon of laminar flow occurred, and during the flow process, the blood flowed at an in-
consistent speed, and the blood flow was fastest in the central axis. When the human body
wore the custom-made Class 1 GCS, the stress of the pressure transmitted to the saphenous
vein wall at the ankle was 2156 Pa, the blood flow velocity at the entrance was 0.0338 m/s,
and the peak blood flow velocity was 0.061 m/s. When the human body wore the custom-
made Class 2 GCS, the stress of the saphenous vein vessel at the ankle was 3094 Pa, and the
peak blood flow velocity was 0.091 m/s. This showed that the stress on the saphenous vein at
the ankle increased as the GCS Class increased. The peak blood flow velocity of the saphe-
nous vein at the ankle also increased, which confirmed that external pressure on the leg could
increase the venous blood flow velocity and thus prevent and treat varicose vein disease.

Experimental verification

Experimental steps

First, the testers debugged the Philips Multiva 1.5T MRI System. Then, the volun-
teer wore the custom-made Class 1 GCS and rested flat on the test bed for 15 minutes. The
volunteer assumed a proper posture with her legs slightly open, and her ankles rested soft
cushions to keep them relaxed. The volunteer finished the preparation and started the scan-
ning while wearing noise-proof ear muffs. The completion of the scanning was the comple-
tion of the first test. After the scan, the volunteer took off the custom-made Class 1 GCS, rest-
ed for 30 minutes and then wore the custom-made Class 2 GCS to prepare for the second test.



Zhao, L., et al.: A Biomechanical Model for Numerical Simulation of ...
1728 THERMAL SCIENCE: Year 2025, Vol. 29, No. 3A, pp. 1719-1729

Before the test started, the volunteers put on the GCS and rested in a flat position on the test
bed for 15 minutes to ensure the accuracy of the test.

Experimental results

The test results demonstrated that the peak blood return velocity in the saphenous
vein was 0.065 m/s when the volunteer was wearing the custom-made Class 1 GCS and
0.099 m/s when the volunteer was wearing the custom-made Class 2 GCS. The simulated val-
ues were found to be smaller than the measured values, with a simulation error of approxi-
mately 8%. This indicates that the simulation results had some degree of reference value.
These experimental results also demonstrated that the use of GCS can facilitate venous blood
return and enhance the blood flow rate. It was observed that the greater the external pressure
exerted on the calf, the greater the blood flow rate in the calf veins.

Conclusions

The results of the numerical simulations of the calf wearing GCS demonstrated that
the garment pressure would be transmitted to the inner part of the calf, and that the bone
would be subjected to significantly greater stress than the soft tissues and saphenous vessels
due to the larger elastic modulus. The simulated stress values were then compared with the
measured values of garment pressure. The trend of the simulated stress values and those of the
measured garment pressure was essentially identical in the four cross-sections of the calf. The
error was within 8%.

The results of the saphenous vein flow-solid coupling simulation model demonstrat-
ed that when the saphenous vein vessel wall was subjected to pressure, the vessel wall de-
formed, with the deformation being more pronounced at the larger curvature of the vessel
wall. The deformation of the vessel wall may result in a reduction in the vessel caliber, which
could subsequently lead to an acceleration of the venous return velocity. When the saphenous
vein vessel was subjected to pressures of 2156 Pa and 3094 Pa, the simulated blood flow
peaks were 0.061 m/s and 0.091 m/s, respectively, while the experimental peak saphenous
vein blood flow velocities were 0.065 m/s and 0.099 m/s, respectively. A minor discrepancy
was observed between the experimental and simulated values, which validated the reliability
of the simulated outcomes. The results of the simulation and experimental studies demonstrat-
ed that the use of GCS can enhance venous blood return and elevate blood flow velocity. Fur-
thermore, the results of this study demonstrated that an increase in external pressure applied to
the calf resulted in a corresponding increase in blood flow velocity within the calf veins.
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