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Graduated compression stocking
performance: Insights from wearers
and development of a cost-effective
3D-printed leg mannequin

Nga Waun Li' ®, Mei-ying Kwan?® and Kit-lun Yick?

Abstract

Compression textiles are prevalent in sports, healthcare and medical products. However, challenges have appeared in
designing graduated compression stockings, including the need for systematic studies on leg geometry and the complex
pressure-measuring process. This study investigated the pressure performance of suggested and undersized stockings,
particularly when the wearer’s leg size exceeds the supplier’s recommendations. The relationship between pressure and
the wearer’s body fat, muscle mass, bone percentage and body mass index (BMI) was also analyzed. A 3D-printed leg
mannequin was developed to predict the pressure exerted on human legs. Fifteen healthy female adults were recruited
to evaluate two commercially available travel-oriented graduated compression stockings in a seated position with 90°
knee flexion. This study found that both stockings failed to provide the theoretical pressure gradient in which the highest
pressure was found at below calf (b'). The stocking wearer should ensure that both their legs and the selected stocking
sizes align with the supplier’s recommendations to avoid unexpectedly high pressure applied to their legs. Among body
fat, muscle mass, bone percentage and BMI, only pressure measured at below calf (b') can be predicted by bone
percentage. Furthermore, the developed 3D-printed leg mannequin can be cost-effective for pressure evaluation in
the initial compression stocking development stages. It helps reduce the need for repeated human trials while enabling
customization to replicate different leg shapes and sizes, thereby conserving time and resources in the research process.
Future studies should be conducted with an improved design of the leg mannequin and more extensive participant
groups.
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Compression textiles have been widely applied to
healthcare, medical, athletic, and leisure sports appli-
cations.'? Sports compression garments have been
commonly used to improve muscle function, enhance
exercise performance, and prevent muscle fatigue by
increasing venous return, blood flow, and oxygena-
tion.* ® Long-haul air travel grows yearly, with 2.4 bil-
lion passengers flying internationally,” and the usage of
graduated compression stockings in long-haul flights is
expected to increase. With appropriate pressure, com-
pression stockings are the fundamental treatment to
facilitate the blood from the leg to return to the
heart, improve venous hemodynamics, decrease the
symptoms of the swollen extremity, reduce blood clot
risk during long-haul flight, and prevent deep vein
thrombosis (DVT), pulmonary embolism, and chronic

venous diseases.!"5 12

To achieve the leg pressure gradient, compression
stockings exert maximum pressure on the ankles and
gradually decrease toward the knees.'>!* Insufficient
pressure of the compression textile limits the efficacy,
whereas excess pressure can cause discomfort, numb-
ness, or even more severe damage."'* Commonly, the

'School of Design, Faculty of Design, Architecture and Building,
University of Technology Sydney, Ultimo, NSW Australia

2School of Fashion and Textiles, The Hong Kong Polytechnic University,
Hung Hom, Kowloon, Hong Kong

Corresponding author:

Nga Wun Li, Room 35, Level 6, Building 6, Faculty of Design, Architecture
and Building, University of Technology Sydney, Ultimo, NSW 2007,
Australia.

Email: ngawun.li@uts.edu.au


https://orcid.org/0000-0001-5387-6290
https://orcid.org/0000-0001-8479-7157
mailto:ngawun.li@uts.edu.au
http://uk.sagepub.com/en-gb/journals-permissions
http://dx.doi.org/10.1177/00405175241297170
journals.sagepub.com/home/trj
http://crossmark.crossref.org/dialog/?doi=10.1177%2F00405175241297170&domain=pdf&date_stamp=2024-12-11

Textile Research Journal 0(0)

non-ergonomically designed compression stockings
cause poor fit, discomfort, skin irritations, and inju-
ries.'>'® Therefore, evaluating the pressure of compres-
sion textiles has become a significant issue in
compression stocking development. For commercial
compression stockings, the indicated pressure dosage
typically reflects a measurement taken at the ankle,
while the distribution of compression dosage through-
out the leg remains unspecified.!” Besides, various
standards are used in different countries for evaluating
the pressure, including the British standard
BS661210:2018,'"®  European standards CEN/TR
15831:2009,"” German standard RAL-GZ 387/1:2008-
01,%° and International Compression Club recommen-
dation.?' Furthermore, the pressure indicated by the
manufacturer is measured exclusively in a laboratory
setting and not on human legs.** In fact, the human
leg’s size, shape, and texture can significantly influence
the pressure exerted by compression stockings.
Mismatches in leg shape and size can affect the pres-
sure applied by the stockings. Additionally, legs with
more muscle mass may have a softer texture, potential-
ly reducing the pressure experienced by the wearer.
However, commercial stockings are typically produced
in standardized shapes and various sizes, which may
not provide an ideal fit for all individuals. There is a
notable lack of studies investigating the relationship
between these factors and the pressure performance
of compression stockings.

To evaluate the pressure performance of the
stockings, commonly used methods include direct
measurements using pressure sensors> with human
subjects,”*?® compression testing machines,'®?° and
mannequin legs.”’” ?° Previous studies found that the
anatomical structure of individual legs, body postures,
measurement point on the leg, design of compression
stockings, and physical properties of stockings materi-
als also influence pressure value.?>**?%3° While wearer
trials are generally considered a more reliable evalua-
tion method than mannequin testing, they usually
involve costly and inefficient recruitment processes
and require large groups of participants to collect suf-
ficient data for analysis. According to the British stan-
dard BS661210:2018'® and German standard RAL-GZ
387/1:2008-01,%° the pressure can be tested on the
HATRA Mark II Hosiery compression testing machine
and the Hohenstein system compression test device.
Some studies used the medical stocking tester (MST,
Salzmann AG, St. Gallen, Switzerland) to measure the
interface pressure on a wooden leg model and electrical
sensors at four measuring points, including ankle (b),
below calf (b'), calf (c), and below knee (d).”*
However, the wooden leg in the MST medical stocking
tester costs around AUD 5567. The high cost of

purchasing the testing device may hinder the initial
design and development of the compression stockings.

Recently, a computer-controlled artificial leg with
force-sensing resistor sensors has been developed to
measure pressure in medical compression stockings.?®
However, the leg mannequin is cylindrical with a hard
surface, which is different from that of the human leg,
with curvature and softness. Another leg mannequin,
morphing from size M to L, is embedded with pressure
sensors and a silicone cover,’! requiring a complex
setup and high testing costs. These requirements are
impractical for pilot tests in the textile design and
development stages, which are generally conducted on
small scales. Another indirect approach is to estimate
pressure performance by testing the physical character-
istics of the compression textile,” theoretical calculation
by Laplace’s Law,'”*® and simulation by a three-
dimensional (3D) finite-element (FE) model.>**
According to European standards CEN/TR 15831:2009,
the measured force is measured using a tensile tensiome-
ter and then transformed into a pressure value using the
Laplace formula." A previous study found that the cal-
culated compression pressure of knitted fabric using
modified Laplace’s Law correlates well with the experi-
mental interface pressure values measured on the rigid
cylinder with a PicoPress compression measurement
system.*® In this way, the human leg’s texture, shape,
and anatomy have been neglected again, which may
affect the accuracy of the measured pressure value on
the human leg. A 3D FE model for simulating the inter-
action between the leg and the compression stockings
has been developed based on the actual geometry of a
female leg obtained from magnetic resonance imaging
(MRI) and the mechanical properties of the stocking
prototype.>**? The high cost of MRI and the profession-
al programming skills needed to develop an FE model
may not be efficient enough for pilot tests on compres-
sion textiles.

In addition, the relationship between the pressure,
compression stockings’ size, and wearer’s leg sizes has
not been systematically studied. Small-scale, realistic,
and cost-effective compression textile testing devices
are particularly scarce. Therefore, this study investigat-
ed the impact of undersized stockings, the effects of leg
sizes exceeding supplier recommendations, and the
effect of body fat, muscle mass, bone percentage, and
body mass index (BMI) on compression stockings’
pressure performance. A 3D-printed leg mannequin
was developed as a cost-effective method to study the
effectiveness of using leg mannequins to estimate the
compression performance of stockings on human legs.
The findings in this study are significantly beneficial for
the sportswear, healthcare, and textile industries.
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Material and methods

Participants

Fifteen young, healthy females above 18 (aged 22.73 £
4.09 years, height 161.83 +6.60cm, weight 51.89 +
8.75kg) participated in this study, in which eight par-
ticipants had leg sizes within the recommended range,
and seven were outside the range. The recommended
leg size is based on commercial compression stockings,
which are 19-21cm around the ankle and 28-37cm
around the calf. Among the seven participants
with leg circumferences outside the supplier’s recom-
mended size, four participants had larger calf circum-
ferences (mean: 38cm), one had Ilarger ankle
circumferences (22 cm), and two had smaller ankle cir-
cumferences (mean: 18.3 cm) than the supplier’s recom-
mended size. Participants were selected to be healthy
with normal body fat (25.53 + 6.56%) and high muscle
mass (68.21 +£7.57%) and tend to wear compression
stockings during exercise to enhance their performance.
All participants were informed and signed written con-
sent and participated under the ethics approval (ETH23-
8764) granted by the Human Research Ethics Executive
Review Committee at the University of Technology
Sydney. Table 1 presents descriptive statistics for the
biometric measurements of all participants.

Materials and equipment

Two knee-high graduated compression stockings
designed for travel were selected. To investigate the
importance of appropriately sized stockings, the size
of market sample A was selected based on the partic-
ipants and the developed leg mannequin’s leg measure-
ments. In contrast, the size of market sample B was
chosen to be smaller than required. Market sample A
(Jobst, Sweden) offers 15-20mmHg compression in
size 1, suitable for individuals with an ankle circumfer-
ence of 18-21cm and a calf circumference of 27-37 cm.

Table |I. Demographic of participants (n = |5)

This stocking is composed of 55% Nylon, 33% Cotton,
and 12% Elastane (Figure 1(a)), and the weight of
stocking A is 25.2g. Market sample B (Oapl,
Australia) provides 14-18 mmHg compression in size
S, fitting those with a leg height of up to 40cm and a
calf circumference of 25-30 cm. It is composed of 76%
Nylon and 24% Spandex (Figure 1(b)), and the weight
of stocking B is 17.8 g. Both market samples are knitted
in a single jersey structure. The knitted fabric of market
sample A has 1 mm thickness whereas market sample B
is 0.88 mm thick. Their dimensions were measured with
a ruler when lying flat on a desk. The pressure exerted
by stockings was measured using AMI air-pack pres-
sure sensors (AMI3037-SB-SET, SANKO TSUSHO
CO., LTD, Japan). It has a thin sensor bladder with
I mm thickness and 20 mm diameter. The measurement
range is from 0 to 150 mmHg, with an accuracy of +
2mmHg in a room temperature of 23°C.* Table 2
presents the size specifications of commercially avail-
able compression stockings A and B.

(a) (b)

Figure |. (a) Market sample A (Jobst, Sweden) and (b) Market
sample B (Oapl, Australia).

Participants with
recommended leg size

All participants

Participants with
non-recommended leg sizes

(n=15) (n=8) (n=7)

Mean SD Mean SD Mean SD
Age: 22.73 4.23 22.88 5.57 22.57 2.37
Height (cm): 161.83 6.84 162.13 7.73 161.50 6.25
Weight (kg): 51.89 9.05 47.13 5.49 57.33 9.56
Body fat (%): 25.53 6.56 21.80 5.03 29.80 5.59
Muscle mass (%): 68.21 7.57 70.28 8.97 65.86 5.26
Bone (%): 4.45 0.39 4.64 0.35 4.24 0.33
Foot size (EU): 37.70 0.90 37.44 0.82 38.00 0.96
Body mass index 19.82 3.29 18.00 2.51 21.89 291
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To customize a cost-effective pressure-measuring
method for initial compression stocking development, a
3D-printed leg mannequin was developed with an ankle
circumference of 21cm and a calf circumference of
33.5cm (Tables 3). The mannequin size was based on a
female participant who is 161 cm tall, 51.3 kg weight, has
26.8% body fat and 68.7% muscle mass. The mannequin
was 3D printed by Big Rep One printer with Polylactic
Acid (PLA) and covered with a 1-mm-thick Pevalen™
prosthetic cover (Embreis, Sweden) (Figure 2). The rigid
3D-printed leg core simulates the human leg size and
shape, while the prosthetic cover provides a smooth sur-
face for the 3D-printed leg mannequin to avoid uneven
surfaces interfering with the pressure measurement.

Measurement

Before the pressure measurement, the circumference
and length of participants’ legs in the supine position

Table 2. Size specifications of stockings A and B

and leg mannequins were measured by hand with a soft
ruler according to the Haddenham custom measure-
ment instructions®® (Figure 3). All the measurements
were performed with the same researcher to eliminate
interobserver variability. Then, participants were
requested to wear two market samples in a sitting posi-
tion with knee flexion of 90°. Air-pack sensors were
placed at four measuring points of the medial of both
legs in ankle (b), below calf (b"), calf (c), and below
knee (d).?>** In this study, pressure measurements
were performed on both legs when wearing two stock-
ing samples. The same method was applied to a 3D-
printed leg mannequin in which the same air-pack sen-
sors were placed on the medial of the leg mannequin
before wearing stocking samples. Each condition was
tested five times, and the mean value was obtained. All
experiments were conducted at the standard laboratory
conditions with a temperature of 23 +0.5°C and rela-
tive humidity of 654 3%.

Statistical analysis

The experiment data were analyzed using SPSS 23
(IBM Corp., Armonk, New York). An independent
samples 7-test was performed to identify the significant
differences in pressure between participants’ legs with
recommended and unrecommended sizes, two market
samples, and left and right legs. Pearson correlation
and linear regression were conducted to examine the
relationships between the dependent variable (pressure)
and four independent variables: (1) body fat, (2) muscle
mass, (3) bone percentage, and (4) BMI of the partic-
ipants. To predict the pressure measured on the partic-
ipants’ legs by the developed leg mannequin, the
Pearson correlation and linear regression analysis
were conducted to examine the relationships between
the pressure measured on the participants’ legs and the
developed mannequin at four measuring points. This
exploratory study set the significance level at p <.l to
detect potential trends.

Market Market
Image Measurement (cm) sample A sample B

Width A 175 18.5

B 67 73

C 74 8.5

D 103 9.4

E 100 10.0
Length f 140 14.5

g 6.0 6.0

h 125 12.5

i 210 21.0

j 275 27.5
3D printing by Leg mannequin was encased

Big Rep One printer in a prosthetic cover

—

3D-printed
leg mannequin

Prosthetic cover

Developed

Moulded into shape leg mannequin

Heat Gun

=tz

N ==

Figure 2. The development process of a 3D-printed leg mannequin
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Circumference

Pressure
measuring points

Length

Figure 3. Measuring points of pressure and leg size.

Result and discussion

This study examined the pressure performance of two
commercial compression stockings on the participants’
legs with recommended and unrecommended sizes.
Their pressure performance was then compared with
the developed leg mannequin to predict the pressure
on human legs. The details of the leg measurements,
the pressure data on both the participants and the
developed leg mannequin, and the cost of the devel-
oped leg mannequin are provided in Tables 3-5 and
illustrated in Figures 4-8.

Pressure performance on participants’ leg

Comparison of left and right legs. All stockings demon-
strated similar pressure levels on participants’ left and
right legs (Table 4), with statistical analysis confirming
that there was no significant difference in pressure
between the two legs (p >0.1). The results of similar
pressure on both participants’ legs indicate that wear-
ers can wear compression stockings in pairs with the
same pressure range as labeled, regardless of the minor
size discrepancy between their left and right legs.

Impact of undersized stockings on pressure performance.

When comparing the two stockings, the pressure mea-
sured at calf (c) (tsg=-6.10, p <0.001) and below the
knee (d) (tss=-5.92, p<0.001) had significant differ-
ences between stocking A with recommended size, and
undersized stocking B. Interestingly, the two market
samples had no significant pressure difference at the
ankle (b) and below calf (b'). Overall, the pressure of
stocking B was 3.07mmHg higher at calf (c) and

]
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Ankle (b) Below calf (b")

Calf (c)

Below Knee (d)

=g Stockings A  ==@==StockingsB = = InTheory

Figure 4. The pressure along the participant’s leg with recom-
mended leg sizes when wearing stocking A and B.

3.46 mmHg higher at below knee (d) than the pressure
of stocking A. As shown in Figure 4, both stockings
failed to provide a theoretical pressure gradient with
lower pressure at the ankle (b) than below the calf
(b"). In stocking A, the highest pressure was applied
below calf (b') and gradually decreased toward below
knee (d). On the other hand, market sample B had
steady pressure along the leg from below calf (b') to
below knee (d). This result agrees with other studies**>*
that found many stockings failed to produce the opti-
mal pressure gradient from the ankle to the calf. In the
theoretical pressure mechanism of compression stock-
ings, the highest pressure is applied at the ankle, then
gradually decreases toward the knee to help boost
blood circulation from the legs to the heart.® This
may be attributed to the stockings being unfit for the
human leg anatomical geometry. The lower pressure
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Figure 5. The pressure along the participant’s leg with leg sizes within and exceeding supplier recommendations when wearing

(a) stocking A and (b) stocking B.
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Figure 6. Bivariate scatterplot that exhibits the linear rela-
tionship between predicted and measured pressure at point b'
with the bone percentage of participants.

measured at the ankle (b) may be because the protruding
medial malleolus and calf created a small air gap between
the skin and stockings, thereby reducing the pressure
measured by the sensor. It is noteworthy that using the
ankle point as the reference point for indicating the com-
pression class or pressure range from the stocking pro-
ducers may be inaccurate in describing the pressure
applied along the leg from the stockings. Instead, pressure
data below the calf (b") could be more reliable.*

The pressure of undersized stocking B on four mea-
suring points along both legs is higher than on stocking
A. The pressure of undersized stocking B below calf
(b") and calf (c) was higher than the suggested range
(14-18 mmHg) by the supplier. Besides, the pressure
value on the ankle (b), below calf (b"), and calf (c) on
stocking A were within the suggested pressure range of
15-20mmHg on both legs (Figure 4). The improper
pressure offered by the stockings will result in excessive
heat, discomfort to the wearer, and even severe damage
to health."'* Therefore, the wearer should follow the
supplier’s instructions when choosing the size of the
compression stockings.

The two market samples have no significant pressure
differences at ankle (b) and below calf (b'), which can
be explained by the different widths of the stockings.
The ankle (B) and below calf (C) width of stocking B is
6 mm and 11 mm wider than that of stocking A, respec-
tively (Table 2). The larger width of the stockings at the
ankle and below calf reduced the pressure exerted on
the leg and minimized the pressure difference between
stockings A and B. At the calf, stocking B exerted a
significantly higher pressure than stocking A, which
can be explained by the 9mm smaller width at the
calf (D) in stocking B. Also, the higher pressure of
stocking B at below knee (d) appeared even though
both stockings have the same width (E). This discrep-
ancy may be related to the stiffness of the knitted textile
in stocking B. When stocking B exhibits greater fabric
stiffness, it can offer higher pressure when worn on the
same wearer’s leg. The increased stiffness can be con-
trolled by the lower elasticity in the yarn material and
the shorter loop length. This indicates that stocking B
is designed for smaller legs, whereas stocking A is
intended for larger leg sizes.

Pressure performance with leg sizes exceeding supplier
recommendations. Generally, the pressure at each mea-
surement point on the legs with unrecommended size is
higher than that of the recommended size (Figure 5).
The independent z-test analysis revealed that the pres-
sure at the ankle and below the calf has no significant
difference between legs with recommended and unrec-
ommended sizes in both stockings. When wearing
stocking A, the pressure on the calf with unrecom-
mended leg size was significantly higher than that of
the legs with the recommended size (F=0.02, p=0.01),
mainly due to the larger calf circumference of the
wearer. However, there was no significant difference
in stocking B. This shows that the knitted textiles in
stocking B were not sensitive to minor changes in calf
circumference. Furthermore, there was a significant
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Figure 8. The pressure along the participant’s leg and developed leg mannequin when wearing (a) market sample A and (b) market

sample B.

pressure difference in the below knee region between
participants with recommended and unrecommended
sizes when wearing both types of stockings (A,
F=1.09, p=0.01; B, F=7.23, p=0.01). This can be
explained by both stockings being sensitive to the
changes in leg circumference at the below knee region.

Both stockings had a similar pressure gradient on
recommended and unrecommended sizes (Figure 5),
indicating that the pressure gradient is unaffected
when the leg size exceeds supplier recommendations.

Generally, the pressure at each measurement point on
the legs with the unrecommended size was higher than
that of the recommended size. These results indicate
that stocking wearers should ensure their leg circum-
ference falls within the recommended range. Exceeding
the range may lead to increased pressure beyond the
values specified by the suppliers. For stocking B, the
steady high pressure along the legs will reduce the effi-
cacy of compression stockings, even when worn on legs
within the recommended size. This pressure gradient
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Table 3. Length and circumference (cm) of participants’ legs and the developed leg mannequin

Recommended Developed
All (n=15) leg size (n=38) leg mannequin
Mean SD Mean SD Mean SD
Circumference (cm)—Right leg Ankle (b) 19.80 0.85 19.66 0.23 21.00 0.00
Below calf (b') 26.93 341 27.19 1.94 28.00 0.00
Calf (c) 33.87 261 32.44 1.27 33.50 0.00
Below knee (d) 31.80 2.73 30.24 1.50 31.50 0.00
Circumference (cm)-Left leg Ankle (b) 19.86 1.03 19.54 0.50 Nil Nil
Below calf (b') 28.74 2.36 28.24 1.68 Nil Nil
Calf (c) 34.31 2.96 32.64 1.70 Nil Nil
Below knee (d) 31.59 2.49 30.03 1.0l Nil Nil
Length (cm)—Right leg A-b 11.55 0.98 11.40 1.04 11.00 0.00
A-b' 22.46 1.98 22.39 2.16 23.00 0.00
A-c 29.45 1.78 29.53 1.49 32.00 0.00
A-d 36.98 2.37 36.96 2.50 41.00 0.00
Length (cm)-Left leg A-b 12.03 1.93 12.04 248 Nil Nil
A-b' 22.87 1.82 23.16 1.67 Nil Nil
A-c 30.15 2.32 29.79 1.92 Nil Nil
A-d 36.83 2.13 36.61 2.29 Nil Nil

Table 4. The pressure performance of two commercial compression stockings on participants’ legs and on the developed leg

mannequin

Pressure (mmHg)

b (Ankle) b' (Below calf) c (Calf) d (Below knee)

Compression stocking samples Mean SD Mean SD Mean SD Mean SD
Participants’ legs with the recommended sizes
Right A 18.00 257 19.75 2.64 16.70 2.39 14.55 2.23

B 18.03 1.72 20.50 1.72 19.93 2.21 17.40 1.08
Left A 17.53 1.89 18.78 2.79 16.08 1.10 13.80 1.31

B 17.78 2.16 19.50 1.09 19.63 1.22 17.78 1.62
Developed Leg mannequin
Right A 31.20 0.45 38.80 0.84 29.60 0.55 18.20 0.45

B 26.00 0.00 38.40 0.55 33.80 0.45 30.00 0.00
Table 5. Cost of developed leg mannequin discomfort and skin irritation and lowers the wearer’s
Component Cost (AUD) compliance.
3D'P"intin1_gM— leg core 81.95 Relationship with body fat, muscle mass, bone percentage and
A Pe"ale”' prosthetic cover 468.50 BMI. The Pearson correlation results showed that
s (Emblre's‘ Sweden) 9.97 pressure at the ankle (b) correlated with muscle

uper glue . o .

Total: 56042 mass (r=-0.72, p=0.04), and pressure at and below

may hinder the effectiveness of pushing blood back to
the heart. Instead of facilitating upward blood flow, the
high pressure experienced below the calf may cause
blood to be pushed downward toward the ankle. The
higher compression load also leads to more intense
sweating and higher skin temperature,*® which causes

calf (b") had a significant correlation with bone
percentage (r =-0.76, p =0.03). The regression analysis
revealed that only the bone percentage significantly
predicted the pressure at point b' (F=10.77, p=0.02)
but not at other points and factors. With a f§ value of
—8.01 (p=0.02), the bone percentage accounted for
64% of the variance in the pressure at point b'. The
result predicted by the regression equation is valid, as a
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comparison of the predicted and actual pressure yields
R*=0.83 (Figure 6). The regression equation for the
pressure at point b' is as follows:

Pb; = —4.58 + (-18.63 x Log;,bone %)

The pressure measured at the below-calf region (b")
can be predicted by bone percentage. It can be
explained that a higher bone percentage increases the
hardness of the below-calf region. At the same time, the
other parts of the leg are not sensitive to the changes in
bone percentage. This result may further support pre-
vious findings that the point below the calf is the most
reliable when assessing the pressure of the compression
device and is easily found by a simple clinical exam
during the muscular contraction of the calf.* It also
suggests that the stocking suppliers and testing organ-
izations should consider using the point below the calf
as the reference point for evaluating the pressure per-
formance of compression stockings but not use the
ankle point.

Prediction of pressure measured on human legs by
the developed mannequin

This study found that the pressure measured on the
developed 3D-printed leg mannequin can be used to
predict the pressure performance on the participant’s
leg at below calf (b'), calf (c), below knee (d). The
results from Pearson correlation analysis found that
the pressure measured on the developed mannequin
at below calf (b') (r=0.49, p=0.08), calf (c)
(r=0.53, p=0.05), and below knee (d) (r=0.52,
p=0.06) have a significant correlation with the partic-
ipant’s leg, but not at ankle (b) (r=-0.31, p=0.28).
The linear regression analysis result revealed that the
pressure measured on the developed mannequin was a
significant predictor of the pressure measured on the
participant’s leg at points b' (F=3.81, p=0.08),
¢ (F=4.57, p=0.05), and d (F=4.44, p=0.00).
Overall, the model explained almost 24% of the vari-
ance in the pressure measured on the participant’s leg
at points b' (R=0.49), 28% of the variance at c
(R=0.53), and 27% of the variance at d (R=0.52).
The regression equations for the pressure on partici-
pants’ legs are as follows:

Pb; = 1.88 x Py + (-50.83) ©)
Pe =0.503 X Ppe + 3.062 3)
Py = 0.179 X Ppg + 12.097 4)

where P, is the pressure (mmHg) measured on the
leg mannequin at point b'; Py is the pressure (mmHg)
measured on the leg mannequin at point ¢; Pp,q is the
pressure (mmHg) measured on the leg mannequin at
point d.

The result predicted by the regression equation is
valid as a comparison of the pressure measured on
the mannequin and participants’ leg at b' (R*>=0.78),
¢ (R*=0.80), and d (R*=0.81) (Figure 7). Partsch et al.
found that the pressure measured on a wooden leg
mannequin always shows the highest pressure value
at the ankle.”® Unlike this study, the developed man-
nequin shows a similar pressure gradient with the par-
ticipants’ legs in both market samples, in which the
pressure at the below-calf region is the highest and
gradually decreases toward the knee (Figure 8). This
may be due to the similar shape of the leg mannequin
to that of the human legs.

Generally, the pressure measured at each measure-
ment point of the leg mannequin was higher than the
pressure in the participants’ legs. This can be attributed
to the rigid 3D-printed core and the thin prosthetic
cover with 1 mm thickness only. The depth of the soft
tissue on human legs affects the pressure measurement.
The higher measured pressure will be detected on a
surface with a rigid texture. This is because the pressure
sensor placed over the skin surface tends to sink into
the soft tissues under the compression from stockings,
resulting in a lower pressure.>* Furthermore, this
study’s developed 3D-printed leg mannequin costs
around AUD 560 (Table 5), whereas the wooden leg
in the medical stocking tester (MST, Salzmann AG, St.
Gallen, Switzerland) costs around AUD 5567. This
shows that the developed 3D-printed leg mannequin
can be a cost-effective option for evaluating pressure
performance in the initial development stages of com-
pression stockings and educational settings.

Suggested workflow and limitations of the
3D-printed mannequin for preliminary
compression stocking pressure evaluation

The developed 3D-printed mannequin offers a practical
method for replicating leg size and shape that can be
used to predict the pressure gradation of compression
stockings. To recreate the mannequin, a 3D scan of a
human leg can be taken to capture the precise anatom-
ical features, such as the leg circumference and length.
The scanned images can be used to develop a digital
model for 3D printing by Big Rep One printer with
PLA and covered with a 1-mm-thick Pevalen™ pros-
thetic cover (Embreis, Sweden) in a selected size.
Pressure sensors can be attached to the leg mannequin
at four critical measuring points along the leg, such as
the ankle (b), below calf (b"), calf (c), and the knee (d).



10

Textile Research Journal 0(0)

The pressure exerted by the stocking can be measured
and translated into corresponding pressures on a real
human leg using mathematical equations presented in
this study. This approach provides a systematic, cost-
effective and reproducible way to evaluate compression
stocking performance across different leg geometries,
enabling researchers and designers to adjust the stock-
ing design to achieve the desired pressure distribution
in clinical and commercial applications.

The findings from this research provide a founda-
tional understanding of how compression stockings
interact with varying sizes of leg, body fat, muscle
mass, bone percentage, and BMI. This is crucial for
informing the second stage of the study, enabling
more targeted research to optimize the stocking
design. A limitation of this study is that it was con-
ducted under controlled conditions with healthy partic-
ipants, which may limit the generalizability of our
findings to individuals with DVT. As the significance
level of p<0.1 was employed to capture meaningful
trends in this preliminary research, future studies
involving larger participant groups with different
gender and health conditions will be essential for fur-
ther validating and expanding upon these findings. The
development of personalized and made-to-order com-
pression solutions may improve sustainability, patient
outcomes, and product efficacy. Additionally, the
developed leg mannequin does not fully replicate the
softness of human muscles, particularly across different
parts of the leg. Future improvements to the manne-
quin’s design, such as the potential of incorporating
varied softness and embedded pressure sensors in the
leg mannequin, are necessary to enhance the accuracy
and functionality of pressure prediction.

Conclusion

Compression textiles are widely applied in sports,
healthcare and medical areas. However, challenges
appeared in designing the graduated compression
stockings due to the lack of systematic studies on leg
geometry and the complex pressure-measuring process.
The study investigated the pressure performance of two
commercial compression stockings on 15 participants.
Based on the results, the following conclusions can be
drawn.

e No significant difference in pressure between the left
and right legs has been found. This indicates that
wearers can wear compression stockings in pairs
with the same pressure range as labeled. Both com-
pression stockings failed to provide the theoretical
pressure gradient in which the highest pressure was
found at b' (below calf). This may be due to the

stocking’s designs fail to fit with the human leg
geometry.

e Wearing undersized stockings and wearing with
inappropriate leg size can lead to unexpectedly
high pressure on the legs. Stocking wearers should
ensure that their legs and selected stocking sizes
align with the supplier’s recommendations to avoid
experiencing pressure higher than suggested.

e The relationships between pressure performance and
body fat, muscle mass, bone percentage, and BMI
were investigated, and the results showed that only
the pressure measured at below calf (b') can be pre-
dicted by bone percentage. A higher bone percentage
increases the hardness of the below-calf region and
measured pressure. This study confirmed that the
pressure point at b' (below calf) is probably a
more reliable reference point than the ankle point
for pressure evaluation of compression stockings.

e For the developed 3D-printed leg mannequin, the
linear regression analysis result revealed that the
pressure measured on the developed mannequin
was a significant predictor of the pressure measured
on the participant’s leg at below calf (b'), calf (c),
and below knee (d), but not the ankle.

e Generally, the pressure measured at each measure-
ment point of the leg mannequin was higher than the
pressure in the participants’ legs. This can be attrib-
uted to the rigid 3D-printed core and the thin pros-
thetic cover with only 1 mm thickness. The higher
depth of the soft tissue on human legs results in
lower pressure as the pressure sensor tends to sink
into the soft tissues under compression from
stockings.

e A cost-effective 3D-printed leg mannequin was
developed at only 10% of the cost of the commercial
wooden leg in the medical stocking tester. It can
evaluate pressure performance in the initial develop-
ment stages of compression stockings and educa-
tional settings.
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