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Abstract: Compression garments are elastic clothing with an engineered compression gradient that
can be worn on limbs, upper, lower, or full body to use for therapy and sports. This article presents
an overview and review on the compression garments and concentrates on the design of compression
garments with an appropriate pressure for specific applications. It covers the types of compression
garments, fibers and yarns, knitted fabric construction, garment design, an evaluation system, and
pressure measurement and modeling. The material properties, fabric properties, pressure modeling,
and the garment design system presents the prediction, design, and fabrication of the compression
garments. Lastly, the research status and directions are discussed.
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1. Introduction

Compression garments are special clothing containing elastomeric fibers and yarns used to apply
substantial mechanical pressure on the surface of needed body zones for stabilizing, compressing,
and supporting underlying tissues [1]. They have been widely researched and utilized in the fields of
medical applications, athletic applications, and body-shaping applications [2].

The first mention of compression therapy appeared in the Corpus Hippocraticum (450–350 BC) [3].
It was believed that pressure exerted could levitate the side effects of gravity and uphold posture
in order to benefit wound healing of the lower limbs. Compression therapy, which is applied with
bandages, started out as a form of conservative treatment for varicose veins in 1440. However, the
commercial adoption of bandages did not appear until the end of the 19th century [4]. The first modern
elastic compression stockings with gradual compression were also fabricated in the 19th century in
England. Compression therapy has also been used for the last 50 years for burn care and has been
accepted to help minimize the formation of hypertrophic scars and enhance the maturation process of
scars [5].

Compression garments have been utilized for medical reasons for many years. The use of compression
garments has become widely common in sportswear. Sportswear with moderate compression distribution
is widely used in athletics and fitness activities and is expected to enhance the performance of the athletes,
decrease the possibility of injury, and accelerate the process of recovery [6–8]. Likewise, compression
garments with a slight pressure designed to be tight fitting for body shaping purpose are becoming
more popular.

The effectiveness, safety, pressure distribution, and retention of the compression garments
are important aspects that have significant effects on the health of users. Among compression
garments, the pressure performance including magnitude and durability is the key indicator, which is
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determined primarily by mechanical properties of the garment and garment fit [9]. Pressure exerted
by the compression garment is one of the most important properties for evaluating therapy efficacy,
comfort, health, and security. Denton [10] identified the pressure threshold of discomfort to be
around 5.88–9.80 kPa (44.1–73.5 mmHg) depending on the individual subject and the part of the
body concerned, which was greater but close to the average capillary blood pressure of 4.30 kPa
(32.3 mmHg) near the skin surface. The pressure comfort zone for the normal condition is 1.96–3.92 kPa
(14.7–29.4 mmHg), but it also depends on the individual condition of the treated body part and body
position. An improper compression garment would influence the energy, work efficiency, and health
of the wearer. Insufficient pressure will limit efficacy while too high of a pressure will make people
feel uncomfortable, cause numbness to the body part, or even cause breathing difficulty and other
serious damage to health [11]. Apart from pressure performance, the physical characteristics like
air permeability, heat, moisture transmission, and tactile characteristics all have an influence on the
comfort of compression garments. For medical compression garments, the antibacterial properties
may be also taken into consideration.

This article presents an overview and review on the compression garments by concentrating on
the different types of functional compression garments and the design of compression garments with
appropriate pressure for specific applications. The information was collected by reviewing literature
and searching electronic databases including PubMed, the Web of Science, and Google scholar. The
systematic keywords include compression/pressure garment, compression/pressure therapy, chronic
venous disease, hypertrophic scar, orthopedic support, sportswear, tight fitting garment, compression
garment design, smart compression garment, elastomeric fiber/yarn/knitting fabric, pressure sensor,
and pressure modeling. Since the authors major in materials and textile and have research experience
on the compression stockings, the review mainly covers fibers and yarns, knitted fabric construction,
garment design, an evaluation system, and the pressure measurement and modeling. The material
properties, fabric properties, pressure modeling, and garment design system presents an instruction
on the prediction, design, and fabrication of the compression garments. Lastly, the research status and
directions are discussed.

2. Functional Compression Garments

Compression garments are individually designed and manufactured for a particular part of the
body, stockings, bandages, sleeves, gloves, body suits, and face masks [2]. They have been utilized in
the areas of chronic venous disease management, scar management, orthopedic supports, sportswear,
and body shaping.

2.1. Chronic Venous Disease and Edema Management

2.1.1. Action Principle

The chronic venous disorder (CVD) is the most prevalent venous disorder in the venous system
of the lower extremities and affects the human health in the world ranging from 5% to 30% in the adult
population [12]. It is more prevailing with increasing age and it shows a sex difference with more in
common with females than in males [13]. The typical manifestations of CVD include reticular veins,
varicose veins, edema, pigmentation, eczema, lipodermatosclerosis, and healed and active venous
ulcer [14]. The risk factors of CVD found to be linked with age, sex, pregnancy, obesity, heredity,
phlebitis, and previous leg injury [15]. The environmental or behavioral factors are also associated
with CVD like a sedentary life style, prolonged standing, inactivity, and occupation [16].

Two of the most universally accepted pathophysiology of venous insufficiency are primary
valvular incompetence and congenital vein wall weakness [17–19]. Compression therapy is the
conservative treatment and the footstone for the patients with venous insufficiency. The mechanisms of
the operation are to increase venous flow velocity, reduce venous wall distension, and improve valvular
function in order to reduce the venous hypertension of the limbs, improve venous hemodynamics,
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decrease the symptoms of the swollen extremity, and maintain the gradient pressure of the suffered
leg. This ultimately helps improve the venous return from the distal to the proximal region [3].

Medical compression stockings (MCSs) or bandages with gradual compression from distal to
proximal regions are usually utilized to conduct the compression therapy. There are two main principles
of compression therapy. The first one is to create an enclosed system in order to allow an evenly
distributed internal pressure in the leg. This principle involves the application of Pascal’s Law,
which entails muscle movement generating a pressure wave that is distributed evenly in lower limbs
during active and passive exercise. The compressive effect can reduce the diameter of veins by
positioning valves and forcing the venous blood to return to the heart [20]. The second principle
involves the application of Laplace’s Law in order to create a varied interface pressure based on limb
shape as well as the tension of the stocking or bandage applied [21].

For lymphedema in the lower limb, the action principle of compression stockings is speculated
to improve the calf muscle pumping on the veins as well as to help lymph propulsion by enhancing
the extrinsic force such as contractions of the skeletal muscles adjacent to the lymphatic vessels [22].
With regard to the sitting position without leg exercises, wearing compression stockings plays a limited
role in improving the extrinsic force. Another possible potential benefit of wearing compression
stockings is to decrease capillary filtration [23].

2.1.2. Application of Compression Stockings

Compression stockings come in different lengths including knee-high, low-thigh, high-thigh,
and panty hose as well as multiple compressive magnitudes. In general, MCSs with 20–30 mmHg of
compression are recommended for patients with varicose veins. Patients suffering from active ulcers
usually tolerate up to 30–40 mmHg of compression while more resistant chronic venous insufficiency
like lymphedema may require 40–50 mmHg or more [24]. A study showed that patients with symptoms
of mild venous insufficiency benefit from wearing MCSs providing an ankle pressure of 10–20 mmHg.
It was found that lower pressure is invalid while a higher pressure adds nothing [25]. This is true for
occupational leg swelling but not for improving CVD [25,26].

Compression stockings are generally effective for four to six months and need to be replaced at
the end of that time [3]. It’s best to put them on when subjects first get up and wear them constantly
except when bathing and sleeping.

2.1.3. Application of Bandages

Bandages are usually utilized with high stretch or low stretch as well as single layer or multilayer.
The compression pressure of less than 20 mmHg has been categorized as mild, 20–40 mmHg as medium,
40–60 mmHg as strong, and greater than 60 mmHg as very strong [27]. Compression bandages of
35–45 mmHg pressure at the ankle were proven in several studies to be safe and effective [27,28].
Novel bandage like Setopress® make it easy to apply the right compression regardless of the limb
shape or size. This is realized by the imprinting of a rectangle on the compressive material which,
when stretched to a certain size, “looks like a square.” This provides the desired magnitude of
compression (generally 30–35 mmHg) [3].

For the sake of subjects’ safety, there is obviously an upper limit of the compression pressure.
For low stretch bandages, this upper limit is about 30 mmHg on the upper extremity while around
50–60 mmHg on the lower extremity [29]. In the upstanding position, a compression pressure
exceeding 50 mmHg is required for a reduction of ambulatory venous hypertension and intermittent
occlusion of incompetent veins during walking [30]. Such high intermittent interface pressure peaks
exert a “massaging effect” and may be achieved by low stretch multilayer bandages than by elastic
stockings [30,31].
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2.2. Scar Management

A hypertrophic scar (HS) is a very typical skin complication resulting from dermal injury especially
following severe burns. The scar partial is inevitably different from the other normal skin with regard
to pigmentation, color, vascularity, thickness, and hardness, which may result in the self-abasement
and stigmatization. Regarding physical comfort, the scar would lead to lots of symptoms including
pruritus, pain, erythema, and more. Additionally, if the scar is close to a joint, articular stiffness may
be caused by the scar contracture. Therefore, scars may lead to aesthetic, psychological, physiological,
and functional problems to patients. Therefore, this inevitably undermines the quality of their life [32].

Compression garments have been utilized for the prophylaxis and treatment of the hypertrophic
scar since the 1970s. It is also the first-line conservative management so far. However, the effectiveness
of the pressure treatment is controversial and has little scientific evidence to support it. The mechanism
of the pressure treatment is not clear enough from the current research. It is thought that possible
mechanisms are reduced collagen formation and increased collagen lysis due to the reduction of blood
flow and oxygen supply to the scar tissues and increased apoptosis [33,34].

To achieve the ideal result, the compression garment is recommended to be worn about 23 h per
day and for 1 year until the scar matures. The propriate pressure is best kept at 20–30 mmHg [35,36]
so the compression garments should be changed every 2 to 3 months to prevent a diminish in
elasticity [37,38]. The defects of the compression garment are mainly in the aspects of limited use,
depression pressure, and patient discomfort [39].

There are some areas which have a concave or flat shape that prevents pressure from being
delivered by the pressure garment. In this area, the pressure garment alone cannot exert the required
pressure. Therefore, it required additional padding or a face mask. There is a lot of research that had
been conducted on developing the face mask for burn injury patients [40–43].

2.3. Orthopedic Supports

Knitted orthopedic supports are a kind of medical compression garments. Knitted orthopedic
supports are commonly divided into three categories, according to preventive supports, functional
supports, and post-operative/rehabilitative supports, and they could be utilized as knee braces,
wrist braces, ankle braces, shoulder braces, elbow-braces, and calf, lumbar, and back supports [44].
Unfortunately, the compression requirements for orthopedic support are not standardized to date [45].

Orthopedic supports are generally customized for subjects based on a combination of the science
of proprioception and targeted skeletal support technology. Appropriately designed orthopedic
supports create a positive anatomical change in the body as well as an increase in body strength,
enhance motor skills, and/or provide support to paraplegic patients, neonates, elderly, pregnant, and
nursing women, and patients with motor disabilities [9].

Knitted orthopedic supports are usually manufactured with an anatomically-shaped knitted
elastic fabric with some additional inserts like silicone, metallic, or other parts as a frame [46].
Orthopedic supports may also be comprised of other components for reinforcements or adjustable
parts such as straps, fasteners, and hinges. All parts included support that can change the elasticity of
the entire product.

2.4. Sportswear

Functional compression sportswear is supposed to help sportsmen enhance performance at the
competition. Two principles should be primarily considered to guide the design and engineering
of these sportswear. The first is applying compression on specific muscles to increase blood flow
and the other is application of principles of an aerodynamics to reduce drag in high speed sports [2].
Depending on the requirements, the sportswear could be designed according to both principles or
individually. In addition to functional features, aesthetics is also an important design criterion in
this category.
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Compression sportswear enhances performance in power-based activities mainly via several
mechanisms. First, it is believed that augmented proprioception could be responsible for an
improvement in the technique while reduced oscillatory displacement of muscles may promote
enhanced neurotransmission and mechanics at the cellular and molecular level [8]. It boosts lactate
removal, enhances oxygen supply, and improves recovery following exercise and training. Furthermore,
the elasticity of the compression garment provides increased flexion and extension torque at the end
range of extension and flexion, respectively. It may assist the hamstrings in controlling the leg at the
end of the swing phase in sprinting [47]. Lastly, psychological factors are also perceived to improve
performance [48,49].

Another viewpoint is that wearing compression sportswear is not helpful for enhancing sprint or
throwing a performance, but could be beneficial to reduce post-exercise trauma, swelling, and perceived
muscle soreness, and accelerate the recovery of force production [7,50–53]. Different conclusions on the
effects of wearing compression sportswear may be related to the types of activities and sportswear and
the individual differences.

Research studies have conducted to discover the optimal effective and safe compression.
With regard to swimsuits, compression below 7.5 mmHg exerted on a trunk was helpful for venous
pump action as well as work efficiency. However, for shoulder and inguinal region, high compression
would lead to a suppressed skin blood flow to peripheral parts and the delay of blood pressure
recovery after exercise [54]. If the exerted pressure values of chest above 8.6 mmHg, the pressure
values of waist exceeded 2.7 mmHg. If the pressure values of abdomen exceeded 4.2 mmHg, it will
have an influence on the comfort of wearing swimsuits [55].

In addition, for the sportswear, the properties of chemical stability, UV resistance, air permeability,
water vapor transmission, and washability should also be taken into consideration.

2.5. Body Shaping

Tight fitting garments are employed to beautify the body figure by compression on specific body
parts to the required shapes [56]. The girdle is a typical type of pressure foundation wear worn by
women to re-shape the lower part of the body by uplifting the hips and compressing the abdomen in
order to enhance the aesthetic appearance of the wearer. According to the support capabilities, girdles
could be classified as light, medium, and firm level of control. The firmer level of support is provided
by tighter materials and more layers of fabrics. While shaping the women’s lower part of the body,
it should not create discomfort nor any detrimental effects on wearer’s physiology [18].

The pressure exerted by girdles is a significant parameter since it is closely concerned with body
shaping effects and wearing comfort. The optimum pressure of the ten different positions include the
front tummy, left front tummy, right front tummy, left side, right side, left front lower, right front lower,
left hips, right hips, and waist level are calculated. As the results reveal, most people can bear relatively
higher pressure (about 11.5 mmHg) at the two sides and prefer lower pressure (about 4.5 mmHg) at
the hip and the acceptable pressure for the waist is about 6.5 mmHg and the mean acceptable pressure
is about 7.5 mmHg [57]. A study on subjects wearing girdles of various design, materials, patterns,
and construction was conducted and found the discomfort pressure was above 30–40 mmHg [58].
Manufacturers can refer to the optimum clothing pressure distribution to develop and design girdles
to satisfy the needs of most people.

The compression may not only relate to garment size and properties, but also to factors including
body size and anatomy like human fat, resilience of muscle, and human bone structure. Furthermore,
other subjective sensations such as tactile feeling, hot/wet feeling, and objective measures such as the
change of body shape could be used in future work to evaluate the effectiveness of girdles.

2.6. Smart Compression Garments

Smart Compression Garments (SCG) are a kind of novel compression garments integrated
with the pressure mapping system capable of assessing both muscular and skeletal motion and
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positioning [59,60]. It includes a wearable system, which could process information of soft tissue data
of active muscle load, cruciate ligament forces, and co-contraction of paired muscles in real-time and is
able to provide metrics for improved performance and safety [61].

Novel approaches in material-based sensor technology show that the integration of soft sensors
within compression garments is possible. The Electromyography (EMG) and MEMS-based inertial
sensors are also used in the SCG [59]. SCG is able to record, store, stream, and deliver muscle and
joint data for real-time feedback to users and mainly function as a proprioceptive aid during recovery.
By using more advanced and appropriate materials, sensors, and systems, future SCG will be expected
to monitor the pressure distribution on the body and detect the vibration characteristics of muscles
(soft tissues) and benefit for the subjects’ proprioceptive sensation, neuromuscular control, injury
prevention, and performance enhancement [8].

The strong development challenge of current SCG is sensors-based activity recognition technology.
For market product application, the transition of clinical accuracy into an affordable consumer-focused
garment including the limitations of cost and reliability should be taken into account [62].

3. Fibers and Yarns

3.1. Types of Elastomeric Fibers and Yarns

The most prominent feature of the compression garment is its elastic mechanical properties
that render it as an effective membrane stretching element acting on the curvilinear human body.
To achieve this, elastic fibers and yarns that exhibit good extensibility and elastic recovery have been
used to make the elastic fabrics including knitted fabrics. Elastomeric or spandex fibers and their
continues filament yarns have been applied for this purpose including segmented polyurethane
fibers, polyester ether fibers, polyester fibers like PBT poly (butylene terephthalate) (PBT) fiber
and polytrimethylene terephthalate (PTT) fiber, olefin based elastomeric fibers, and bio-component
fiber [63]. According to the extension, they can be classified into low elastic fiber with an elongation
range from 20% to 150%, medium elastic fiber with elongation in the range of 150% to 390%, and the
high elastic fiber with elongation up to 400% to 800%. Commercial synthetic elastic fibers used in
compression garments normally have an extension break over 200% and exhibit rapid recovery when
tension is released [63,64].

Lycra™ is the first popular commercial elastomeric fiber, which is invented and marketed by
DoPont (E. I. du Pont de Nemours and Company, Wilmington, DE, USA) [65]. It is a synthetic linear
macromolecule with a long chain consisting of at least 85% of segmented polyurethane along with the
alternating hard and soft segments linked by urethane bonds [66]. The soft chain segments provide
elasticity to fiber while the hard segments supply a molecular interaction force to fiber and guarantee
the strength and stability of fiber [64]. More than 90% of the spandex fibers are produced with the
method of solution dry spinning since this method supplies better heat resistance and tenacity than
other methods like melt extrusion, reaction spinning, and solution wet spinning.

Apart from elastomeric fibers, other fibers such as nylon 6 or nylon 66 filaments or cotton are
employed to make elastic yarns. Covered yarn, core-spun yarn, and textured (or air-covered) yarn are
the common elastic yarns utilized in the compression garments [67]. In a covered yarn, the elastomeric
core yarn is wrapped by a covering filament yarn with Z or S twist. The covering can be done twice
in double covered yarn while the second wrapping is completed in the opposite direction to achieve
torque balance and stability. Core-spun yarn is achieved on a ring spinning machine where short staple
fibers like cotton are around an elastomeric core yarn. The textured yarn consists of elastomeric yarn
and false-twisted covering yarn. It is made by a combined process of false-twist texturing and air-jet
mingling. Among the three kinds of yarns, the covered and core-spun elastomeric yarns are for high
extension applications and textured yarns are for low to medium stretch requirements [66].
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3.2. Characteristics of Elastomeric Yarns

The mechanical properties including tensile properties and elastic recovery properties are the
most important for the performance of the products contained elastomeric yarns. In addition to this,
elastomeric fibers should also satisfy the requirements for forming a finished product such as stability
under dyeing and finishing conditions, easy processing with non-elastic yarns, and stability under
normal washing conditions [64,68].

There are usually two types for the elastomeric fibers inserted in the fabrics. One kind is bare
threads inserted together with other yarns or through interlacing and the other type is covered or
core-spun elastomeric yarns. For the blending yarns, the tensile properties are influenced by material
composition, processing, and process parameters.

An analysis based on the elastomeric yarn wrapped with nylon will explain elongation
performance. Figure 1 shows the theory of the superposition of two yarn models including elastomeric
and plastic yarns in the elongation dynamics and they all contribute to the general model with the
continuous purple curve [69]. From the beginning to ε0, the strain is mainly acquired from the
elastomeric yarn with high elastic modulus, as shown by the red dashed curve. While the contribution
of the polyamide yarn with high plastic properties, which is shown by the blue dotted curve, occurs
progressively and between a given range of elongation ε0 and ε3. With specific machine settings,
the properties of the elastomeric yarn become dominant at an extreme degree of elongation. The global
constitutive law of a material is contributed by the constitutive law of all the components consisting of
the material.
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Figure 1. Stress-strain curves of a covered yarn with elastic core and covering yarns. Images adapted
and reproduced with permission from Reference [69]. Copyright SAGE Publications 2012.

The mechanical properties of elastomeric core-spun yarns were significantly affected by spandex
and the outer yarns. Figure 2 shows the load-elongation curve of the 100% cotton yarn (19.7 tex),
the spandex (44.4 dtex/4f), and the elastomeric core-spun yarn (19.7 tex) [70]. It was found that the
elastomeric part of core-spun yarns such as spandex did not contribute much to yarn strength while a
non-elastic part of core-spun vortex yarns restricted the stretch limit of core-spun yarns [71].

In terms of compression garments, the suitable and stable pressure is the most crucial.
For sportswear or body shaping garments, the low or medium elastomeric fibers could meet the
elastic requirements while, for a medical purpose, high elastomeric fibers should be used to obtain the
desired pressure. Within the usage range of the tensile curve, the tensile strain is expected to increase
slowly when the tensile stress rose. Therefore, the pressure would be stabilized in a relative range.
This also means there is a wide range of applications for the compression garments to satisfy different
sizes and movements.
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4. Fabric Construction and Mechanical Properties

4.1. Knitting Construction and Fabrication

Since elastic knitted fabrics take the highest proportion of the compression garments, the knitting
construction is reviewed then. The weft knitting and warp knitting are the two categories of the
knitting technology. For the weft knitting, the flat knitting machine and circular knitting machine
consists of a single jersey, interlock, a double jersey, and rib machines, which are always used. In terms
of warp knitting, Tricot, Raschel, and a double-needle-bar Reschel machine are employed. The details
of the construction and knitting methods are listed in Table 1. Figure 3 shows the typical knitting
constructions utilized in the fabrication of elastic fabrics.

Table 1. Knitting construction and fabrication methods.

Knitting Method Knitting Machine Knitting Construction Isotropy in Deformation Applications

Weft knitting

Single jersey Elastic yarns are knitted or inlaid
or plating to knit jersey or double
jersey, fleece, pique

Elastic deformation in the
wale and course direction

Sportswear;
Medical compression
garments

Double jersey

Interlock Bare or Covered elastic yarns are
inlaid or plating

Elastic deformation in the
wale directionRib

Flat knitting
1. covered elastic yarns are
knitted or inlaid or plating
2. space fabric

Elastic deformation in the
wale and course direction

Warp knitting

Tricot

Elastic yarns are knitted on the
back bar with 1–0/1–2// tricot
stitch to knit fabrics with plain
jersey and mesh

Elastic deformation in the
wale and course direction

Swimwear;
tight-fitting garments

Raschel Elastic yarns are as laid-in stitch to
produce power-net construction

Elastic deformation in the
course direction Swimwear;

tight-fitting garments;
support garmentsDouble-needle-bar Raschel

1. Elastic yarns are in the surface
bar to knit space fabric
2. Circular elastic fabric

Elastic deformation mainly
in the course direction



Polymers 2018, 10, 663 9 of 19
Polymers 2018, 10, x FOR PEER REVIEW  9 of 19 

 

 

Figure 3. Typical knitting construction for elastic fabrics (red line is elastic yarn and yellow line is 

ground yarn): (a) Elastic yarns are as laid-in stitch in jersey. (b) Elastic yarns are as weft inlay stitch 

in jersey. (c) Elastic yarns are as plating stitch in jersey. (d) Elastic yarns are as plating stitch in rib, (e) 

Elastic yarns are as weft inlay stitch in jersey. (f) Elastic yarns are knitted on the back bar with 1–0/1–

2// tricot stitch. (g) Elastic yarns are as laid-in stitch to produce power-net construction. 

On these knitting machines, various elastic fabrics could be fabricated and used to make 

compression garments. They are usually knitted with at least two types of yarn including a ground 

yarn to ensure thickness and stiffness of knitted fabric and an inlay-yarn to generate compression. 

The elastomeric inlay-yarn can be inlayed, floated, or plated into a knitted structure. Higher levels of 

compression are mainly achieved by increasing thickness of the elastic core of the inlay-yarn even 

though adjustments may also be made to the knitting process including the knitting construction and 

elastic yarn insertion density [45,72,73].  

According to the application of different kinds of compression garments, one should select the 

appropriate material, knitting construction, and method to achieve the elastic characteristic.  

4.2. Fabric Mechanical Properties 

Compression garments are made of elastic fabric. Extensibility and elastic recovery are its most 

important characteristics because of which compression garments are able to exert continuous 

pressure on the human body. During the wearing of compression garments, the hysteresis of fabric 

and dynamic elastic properties are also the significant factors influencing the actual compression. 

Research studies have been done to prove that elastomeric yarns and knitting construction all 

influence the elasticity of the fabric. A study conducted by Senthilkumar et al. [74] found that, at 

different extension levels, spandex-plaited cotton fabric has better dynamic elastic recovery than 

spandex core cotton spun fabric. In another study, Cooper et al. [75] tested the stretch and recovery 

properties of different stretch fabrics with all-cotton, nylon, and polyester/spandex core yarns and 

indicated that yarn type and inter fiber friction may play a significant part in the stretch and recovery 

properties. Research studies also indicated that elastic recovery depends on the compression force 

provided, the length of time that the force is applied for, and the length of time that the fabric is 

allowed to recover [2]. 

Apart from extensibility and elastic recovery, hysteresis is also an important phenomenon for 

elastic fabrics. Hysteresis reflects the stress relaxation of elastic fabric when it has been subjected to 

repeated stretching and recovery [76]. The hysteresis phenomenon was first discovered by Ng [77]. 

He found that elastic fabrics had relaxed their stress significantly under stretching and the degree of 

stress relaxation would increase with prolonged time under stretching. Studies also found that fabrics 

containing elastomeric yarns had severe hysteresis problems under constant deformation. In 

addition, stress relaxation would result in pressure degradation [78]. 

In the compression garments, stiffness is also a significant mechanical property of fabric that 

affects the compression performance. It is defined as the change of compression exerted by a garment 

when the girth is increased or decreased and includes static stiffness and dynamic stiffness. Dynamic 

Figure 3. Typical knitting construction for elastic fabrics (red line is elastic yarn and yellow line is
ground yarn): (a) Elastic yarns are as laid-in stitch in jersey. (b) Elastic yarns are as weft inlay stitch
in jersey. (c) Elastic yarns are as plating stitch in jersey. (d) Elastic yarns are as plating stitch in rib,
(e) Elastic yarns are as weft inlay stitch in jersey. (f) Elastic yarns are knitted on the back bar with
1–0/1–2// tricot stitch. (g) Elastic yarns are as laid-in stitch to produce power-net construction.

On these knitting machines, various elastic fabrics could be fabricated and used to make
compression garments. They are usually knitted with at least two types of yarn including a ground
yarn to ensure thickness and stiffness of knitted fabric and an inlay-yarn to generate compression.
The elastomeric inlay-yarn can be inlayed, floated, or plated into a knitted structure. Higher levels
of compression are mainly achieved by increasing thickness of the elastic core of the inlay-yarn even
though adjustments may also be made to the knitting process including the knitting construction and
elastic yarn insertion density [45,72,73].

According to the application of different kinds of compression garments, one should select the
appropriate material, knitting construction, and method to achieve the elastic characteristic.

4.2. Fabric Mechanical Properties

Compression garments are made of elastic fabric. Extensibility and elastic recovery are its most
important characteristics because of which compression garments are able to exert continuous pressure
on the human body. During the wearing of compression garments, the hysteresis of fabric and dynamic
elastic properties are also the significant factors influencing the actual compression.

Research studies have been done to prove that elastomeric yarns and knitting construction
all influence the elasticity of the fabric. A study conducted by Senthilkumar et al. [74] found that,
at different extension levels, spandex-plaited cotton fabric has better dynamic elastic recovery than
spandex core cotton spun fabric. In another study, Cooper et al. [75] tested the stretch and recovery
properties of different stretch fabrics with all-cotton, nylon, and polyester/spandex core yarns and
indicated that yarn type and inter fiber friction may play a significant part in the stretch and recovery
properties. Research studies also indicated that elastic recovery depends on the compression force
provided, the length of time that the force is applied for, and the length of time that the fabric is
allowed to recover [2].

Apart from extensibility and elastic recovery, hysteresis is also an important phenomenon for
elastic fabrics. Hysteresis reflects the stress relaxation of elastic fabric when it has been subjected to
repeated stretching and recovery [76]. The hysteresis phenomenon was first discovered by Ng [77].
He found that elastic fabrics had relaxed their stress significantly under stretching and the degree of
stress relaxation would increase with prolonged time under stretching. Studies also found that fabrics
containing elastomeric yarns had severe hysteresis problems under constant deformation. In addition,
stress relaxation would result in pressure degradation [78].
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In the compression garments, stiffness is also a significant mechanical property of fabric that affects
the compression performance. It is defined as the change of compression exerted by a garment when
the girth is increased or decreased and includes static stiffness and dynamic stiffness. Dynamic stiffness
is important because it play a vital role in the actual use. Stiffness is related to the elasticity of the
material and the construction of the fabric [79]. The research showed that there is a positive correlation
between the static and dynamic stiffness indices, but the dynamic stiffness has a slightly higher
value [76]. In clinical practice, the compression garment should be selected when considering the
prospective stiffness [80].

Since clothing pressure largely depended on its biaxial extension and stress relaxation
properties [81], research studies have been conducted to find the relationship between the clothing
pressure of knitted fabrics and stress under extension and recovery processes [82,83]. The pressure
behavior of tubular knitted elastic fabrics at different extension levels during 48 hours was investigated
and it was found that the stitch length and extension rate are the vital factors that affects the interfacial
pressure and pressure reduction [84]. The effects of spandex feeding rate and the fabric structure
of elastic fabric were also analyzed [85]. Most of the compression garments have to be worn about
23 hours per day, which means the fabric corresponded under stretching at a given extension level
for a long and continuous time before tension was released [86]. Practical applications also verify
the opinion that the pressure of elastic fabric is time-dependent. As a result, slackening occurs in
compression garments when patients wear them over a prolonged period of time and pressure decay
affects the effectiveness of compression therapy [87].

Under conditions of wear, garments should adapt to human movement by relatively sliding and
partially stretching between garments and the human body [85]. A study indicated that the pressure
performance of a compression garment is closely related to multi-mechanical behavior of its knitted
fabrics such as stretching, shearing, bending, and fabric surface friction [88].

5. Garment Design and Evaluation System

5.1. Garment Design

Normal compression garments are produced in a regular cut-and-sew method. First, flat knitted
elastic fabrics are knitted to the correct size and shape (fully fashioned) and, in a subsequent step,
to sew them together [89]. Most of sportswear with low compression are produced with this method.
Although it has the advantages of lower cost and production flexibility, the disadvantages are more
obvious since the seams always cause skin irritation and easy to make breaks on the garments.

One-piece construction, also known as the whole garment, is commonly utilized in the
compression garments design. Double needle bar warp machine, flat knit machine, and circular
knit machine have their advantages for knitting whole seamless compression garments with minimal
or no cutting and sewing processes [90]. The seamless technology is often used for high compression
garments like medical compression stocking, swimwear, and support garments.

Different parts of compression garments may be designed since various knitting construction
methods like single jersey, mesh, or rib are used to achieve the required fabric properties and
corresponding compression. For instance, the construction of the seamless knitting pattern could
be designed to apply the appropriate pressure to the specific muscles. For compression sportswear,
the mesh structure would be used into the underarms under the chest areas and at the center of the
back to acquire body fitting and better air permeability in some cases [91].

As commercial products with various garment design and construction, not all compression
garments are properly fit to achieve the optimal effects. The excessive improper compression could
enlarge the unpleasant and uncomfortable feeling during the wearing of the compression garment and
even restrict blood supply and cause debilitation. Therefore, customized compression garments for a
variety of specific functions are becoming more prevalent [51].
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5.2. Design System

Various novel technologies like body scanning, the three-dimensional (3D) garment model,
and pattern generation are beneficial to customized garment manufacturing area as well as the
customized compression garment development.

To develop a design system for customized compression garment, three important steps should
always be considered. The first step is to acquire body shape and size. This step is primarily for
achieving the exact measurement of the human body. The second stage is to investigate a mathematical
model to determine the size and properties of compression garment and the pressure exerted.
The last stage is to develop a computerized system to design the compression garment based on
the mathematical model and to verify the system.

Usually, 3D digital scanning is used to get body information such as curvature of body parts. A 3D
compression garment model is generated by a mathematical model based on the fabric mechanical
properties with desired pressures exerted on body and body curvature [92–95]. Then the 3D garment
model was flattened into a two-dimensional (2D) pattern design to construct the compression
garment [96]. Because the 2D pattern corresponds to a fabricated 3D shape compression garment to
realize the desired pressure, the relationship between the 3D mesh surface and a 2D planar pattern
needs to be investigated. A physical/geometric approach to model was conducted by Wang [56].
The 2D meshes were computed and can generate a specific pressure when folded into the 3D body.

Most compression garment design systems collect the fabric mechanical properties and the
curvature radius of body parts to build a 3D compression garment model. Therefore, it is beneficial for
achieving the desired compression from specific elastic fabrics. While, for the whole design engineering
process, all the critical factors included in the design process should be taken into account and added
into the design system. Therefore, the tensile properties of yarns, the construction types, and physical
properties of fabrics show an effect on the physical properties of the final garments and applicable
usage types and so need to be added in the design system [44].

Although the mechanical properties of body parts also have a great influence on the pressure
distribution, the fleshy parts sustain pressure better than bony parts. The present design system of the
compression garment doesn’t take human anatomy into consideration [97].

5.3. Evaluation for Compression Garments

Generally, to ensure high treatment efficacy and health safety, application of the appropriate
pressure is the most important consideration. In addition, thermo-moisture comfort, tactile conform,
toxicity, and sanity properties should be taken into account.

Three essential components including the garment fit, the garment slip, and fabric stretch are
important to meet the skin strain requirements [98]. The garment fit is determined by the ratio of
garment size to body size and the nature of garment design, which provides the space allowance for
skin strain. For compression garments, the garment size is always designed smaller than body size
and the reduced proportion is the reduction factor. The garment slip is usually determined by the
coefficient of friction between skin and fabric and between each layer of garments. Since compression
garments are normally closely fitted with a pretension, the “fabric stretch” determines the pressure
exerted on the body parts. If a garment has high friction and stretching resistance, high clothing
pressure is likely to be exerted on the body, which could result in discomfort sensations. The critical
strain areas of the body are the knee, the seat, the back, and the elbows [99].

Compression garments are generally to be worn by patients continuously for at least several
hours and sometimes during intense exercise. Therefore, it is of the utmost importance to take the
comfort characteristics of such garments into consideration. In addition, design incorporates features
such as human anatomy, ergonomics, material choice, final application, and service life as well as cost
to be evaluated when choosing products [100]. Furthermore, side-effects should not be ignored since
an inappropriate compression garment will affect the energy, work efficiency, and health of the wearer.
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6. Pressure Measurement and Modeling

6.1. Pressure Measurement

The pressure of compression garments consists of static pressure and dynamic pressure and the
measurement methods include in vitro and in vivo. Basically, the in vitro pressure is calculated from
the force-extension curve of the elastic fabric combined with Laplace’s Law [101]. The measurement
in vivo is always conducted with various interface pressure devices.

6.1.1. Pressure Sensors

The early techniques utilized to measure pressure are with hysteresis, low sensor accuracy,
and poor conformity to body curvature [102] such as electro-pneumatic [103] and fluid-filled pressure
transducers [104]. By applying piezoresistive elements such as strain gauges and force-sensing resistors,
resistive pressure devices were proven to have higher accuracy [105]. However, the piezoresistive
sensors were found sensitive to temperature and the sensor sensitivity is limited at forces under
10 mmHg.

The capacitive pressure sensor was also developed to measure the pressure by translating signals
of pressure changes into electrical capacitance variation. This kind of pressure transducer showed
not only higher sensitivity and flexibility, lower temperature dependency, and also lower power
consumption than piezoresistive devices [106]. It was generally used on rehabilitation engineering
prosthesis and orthosis with high interface pressure [107]. A commercially capacitive sensor, the
Pliance X System (Germany-Novel Electronics, Munich, Germany) has been developed and applied
for static interface pressure measurement between skin and compression garments [108].

6.1.2. Static Pressure Measurement

An ideal interface pressure device should usually meet the requirements of sensitivity, small
and thin in dimensions, highly flexible, and the measurement range as low as 0–50 mmHg [109].
It should be capable to display a continuous output not affected by temperature or moisture. Above all,
for pressure measurement between body and garments, the sensor should be highly conformed to the
body contour and free from error measurement on curved surfaces.

Current devices for measuring garment static pressure are principally used in the medical field
such as the Kikuhime® pressure monitor, SIGaT tester®, and PicoPress® pressure monitor [76,110–112].
They satisfy the requirements for static pressure measurement. Nevertheless, these devices except
PicoPress® pressure monitor are not well suited to dynamic pressure measurement due to limited
portability, communication, and capacity during specific sports conditions [50,112,113].

6.1.3. Dynamic Pressure Measurement

During activity and exercise, as muscles and tendons exert force for motion and stability, the limb
size of the body experiences great changes [114]. That means the pressure between the body and
garments is dynamic. It is significant to detect the dynamic pressure for the compression garment
design to achieve better physiological efficacy.

For the commercial products, the PicoPress® transducer, which is a kind of pneumatic pressure
transducer, could be used as a dynamic pressure tracing in vivo by connecting with a software program
and may be left under compression for several days [112]. The measured value will be higher than the
actual value because the direct interface measurement affects the radius of curvature [115].

However, there is little research on the dynamic pressure measurement. A study developed a
wearable wireless pressure monitoring device, which consisted of six 18mm diameter low profile
pressure sensors placed on different positions of the body such as calf, thigh, and buttocks regions,
and could measure pressures in the range of 5–50 mmHg [114]. The system was reported to have
an acceptable accuracy and precision to measure the dynamic pressure when running and had the
advantages for portability and memory. For practical applications, the disadvantage for unstable
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measurements may appear because the sensors are attached on the body. They have a potential to shift
during strenuous exercise. The preferable but more challenging way is inserted or integrated sensors
and circuit in compression garments improve practicability and acceptability.

6.2. Pressure Modeling

Direct measurement of the garment pressure on the human body has several limitations and is
impractical for routine tests. Therefore, it is expected to predict the garment pressure by numerical
simulation in the early stages of the design process.

As far as research is concerned, there are mainly three methods known as Laplace’s Law, the finite
element method, and the volumetric subdivision scheme, which are used for pressure modeling to
predict the compression garments’ pressure.

Many scholars have combined the body curvature radius with the biaxial extension properties
of elastic fabrics based on the Laplace’s Law to predict the clothing pressure on the human
body [86,93,98,116]. This method is a basic and convenient tool to calculate the rough pressure,
but it doesn’t take the elastic modulus of the human body and body motion into consideration.
Therefore, the pressure calculated doesn’t conform to the real condition.

The finite element method is commonly used and 3D models of human body are developed
for numerical simulation of dynamic garment pressure during wear. Research conducted by
Zhang et al. [117] presented a mechanical model for numerical simulation of 3D dynamic contact
pressure using a finite element method based on the theory of contact mechanics. It is verified that the
model can simulate the compression garment pressure during wearing with a reasonable accuracy.
While the model assumed the body is rigid and the friction between the body and garment was
neglected. A more accurate finite element model was developed from the reconstruction of geometrical
shapes of the commercial 3D anatomic male skin and the skeleton model [118]. It showed a big
local pressure variation along the cross section because of the influence from the curvature of the
human body and the anatomic bony and muscular structure. Another numerical simulation based
on finite element analysis was studied by Liu et al. [119,120]. In the study, the 3D bio-mechanical
mathematical model was developed through pressure objective testing, material physical estimation,
the 3D geometry finite element female leg model, and numerical simulation. The simulated model
could be used for numerically simulating the compression stocking’s special deformations, the surface
pressure magnitude, distribution in longitudinal directions, and dynamic mechanical interactions
between the human leg and stocking during wear. The model has consistently shown a reasonable
agreement with the experimental measurements. However, the differences on the practical wearing
state, the limitation of the pressure sensor, and the definition of biomaterials caused the error especially
at the ankle part.

Alternatively, Wang employed a geometric interpolatory volumetric subdivision scheme over
the hexahedron lattice to simulate the elastic human body deformation and the pressure distribution
when wearing tight-fitting clothing [121]. In this simulation method, the elastic human body model
and fabric mass-spring model were used. Through volumetric subdivision procedures, a sequence
of lattices converging to a continuous and deformed region are obtained, which indicates that the
displacement of any vertex in the recursively refined human body could be achieved.

The modeling methods are convenient in application while the more accurate model needs to be
developed because most of the body modeling is based on over-simplified geometrical assumptions
and may not match well with the actual anthropometric dimensions and physical properties [122].

7. Conclusions and Future Outlook

In this article, we conducted a comprehensive review on compression garments for medical
therapy and sportswear. As a major part of the review, the garments design including the material and
its properties, knitting construction and methods, and the design system has been carefully studied and
discussed. Afterward, special attention has been raised on the pressure measurement and modeling of



Polymers 2018, 10, 663 14 of 19

compression garments. Furthermore, the areas of compression garments utilized in chronic venous
disease and scar management, orthopedic supports, sportswear, and body shaping have introduced
the action principle and appropriate pressure for different effects and body parts.

By choosing proper materials, construction and garment design according to the body curvature
and anatomy and the suitable pressure for body parts, the pressure therapy and sportswear could
acquire optimal effects. As the stiffness index of the compression garment is important in the practice
clinic, it is independent of the compression class and it is necessary to refine the current classification
system for the compression garment especially the dynamic stiffness index. For example, it is more
effective to prevent edema with higher stiffness, so the compression stocking with a high stiffness
could be prescribed.

The new compression garments are expected to be designed to “remember” and keep their
shape. Novel materials and construction are helpful for the development of compression garments.
For instance, shape memory materials could be used in the specific part of the compression stocking
to keep the consistent effective compression. Alternatively, several systems of elastic yarns with
various elasticity could be combined in one fabric but with different constructions in the same course.
Therefore, there is a possibility that the low elasticity yarn and high elasticity yarn play a role at
different stages during the process. Despite for providing the required amount of compression therapy,
the novel compression garments are expected to be more sheer and comfortable.

The biggest challenge for the research of compression garments is the pressure prediction
and variation during the wearing. For the better wearing instruction of compression garments,
the pressure criteria for specific body parts, real time pressure display, and overpressure warning are
the research direction.
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