&a textiles

Review

Fiber-Based Materials for Medical Textiles and Healthcare
Applications: A Comprehensive Analysis

Shohag Chandra Das 2 and Mohidus Samad Khan 13*

Academic Editor: Selestina Gorgieva

Received: 22 March 2026
Revised: 6 June 2026
Accepted: 12 June 2026
Published: 8 July 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

1 Textile Analytical Laboratory, Department of Chemical Engineering, Bangladesh University of Engineering
and Technology, Dhaka 1000, Bangladesh; scdas@ncsu.edu

2 Department of Textile Engineering, Chemistry, and Science, North Carolina State University, Raleigh,
NC 27695-8301, USA

3 Institute of Appropriate Technology (IAT), Bangladesh University of Engineering and Technology,

Dhaka 1000, Bangladesh

Correspondence: mohid@che.buet.ac.bd

Abstract

The ongoing concern about advanced healthcare systems drives the development of
highly functional medical textile products. However, despite rapid growth in fiber-based
healthcare products, a comprehensive understanding of the relation between fiber and
product properties remains limited. This review paper discusses the various fibers used
in medical textiles, their classifications, applications, and properties. The existing pre-pan-
demic studies showed a narrow focus on classifications and applications. Therefore, in
this review paper, very recent studies (post-pandemic) were analyzed, focusing on differ-
ent physical, mechanical, biological, and chemical properties necessary for healthcare ap-
plications. The adoption of international standards for assessing these properties has en-
hanced the products’ global acceptance. Moreover, this paper explores recent innovations
and challenges, indicating the future possibilities of medical textiles. The study summa-
rizes a coalition between textiles and medical science to create a new field, Tex-Medical
Engineering.

Keywords: medical textiles; textiles biomaterials; bio-fiber; healthcare; tex-medical
applications

1. Introduction

With advanced innovations and achievements, medical textiles have become a sig-
nificant part of modern healthcare [1]. Medical textiles played a crucial role in health pro-
tection from prehistoric wound dressings of natural fibers to modern surgical implants.
One of the crucial factors behind the advances is the emergence of innovative technologies
to convert textiles into end products. Over time, these applications span a wide range of
areas, including drug delivery, implantable devices, wound care, infection control, etc.,
and the number of application arenas is increasing day by day [2,3].

Fibers are the basis of medical textiles. Both natural fibers (cotton, silk, hemp, etc.)
and synthetic fibers (polyethene terephthalate, polypropylene, etc.) can be used for these
purposes. Moreover, textiles can be applied in several formats, including fiber, yarn, wo-
ven, knit, nonwoven, etc. [1,4]. Natural fibers are used for hygienic products due to their
softness, breathability, and absorbency. On the other hand, implantable devices need du-
rability, elasticity, and strength, etc., for which synthetic fibers are used [5]. Moreover,
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natural and synthetic composites can be used to maintain these properties. These versatile
properties of textile fibers, combined with advanced technologies, make them suitable for
healthcare products [6].

Several types of products are prepared from healthcare textiles, including implanta-
ble textiles such as sutures, soft tissue implants, orthopedic implants, and cardiac implants
[7]. Moreover, products like bandages, plasters, gauze, lint, and wadding are prepared as
non-implantable textiles [8]. Among them, hygiene and infection control are among the
most common applications. For this purpose, the textile fibers should resist bacteria, vi-
ruses, and fungi [9]. Moreover, nonwoven products produce disposable products at opti-
mal cost, with filtration and sterilization. All these healthcare textile products are the re-
sult of a combination of optimal properties. However, for textile materials used in
healthcare, several factors, such as biocompatibility, biostability, flexibility, lightweight,
stability, and durability, must be met [10,11]. For example, vascular grafts or scaffolds
must be biocompatible and, in some cases, bioresorbable; the drug-delivery polymer
should be biodegradable; bioactive-coated textiles should exhibit higher bioactivity, etc.
[12,13]. Thus, choosing a suitable material is a precondition for a better outcome, and the
fiber should be selected based on the final applications.

Despite substantial advancements, medical textiles still face several challenges, in-
cluding maintaining cost-effectiveness, producing sustainable products, and maintaining
regulatory compliance with the final products [14]. Continuous research is ongoing to
overcome these obstacles. Several emerging technologies are helping different solutions
to bridge the gap between conventional healthcare products and cutting-edge technolo-
gies. For example, carbon-based surface functionalization, including carbon-based coat-
ings, diamond-like carbon coatings, and related nanostructured coatings, has been ex-
plored to improve antimicrobial and antiviral activity, filtration performance, wear dura-
bility, and hydrophobicity of medical textile surfaces [15]. In addition, different circular-
economy approaches, including chemical treatment, autoclaving, sterilization-assisted re-
use, fiber tagging or molecular tagging, conductive polymers, bioactive fibers, and recy-
clable biomaterial design, have been proposed to improve the end-of-life management
and recycling potential of medical textiles [16].

Moreover, integrating recent smart technologies has made it more suitable for
healthcare. Nowadays, attaching sensors to various textile products for advanced health
monitoring has made it easier and more reliable. Examples include breath-monitoring
sensors in masks, heart-rate-monitoring sensors in wearable vests, temperature sensors in
baby clothing, continuous blood-pressure sensors in armbands, etc. All of these are for
physiological health monitoring. Accelerometer sensors in socks, gyroscope sensors in
vests, stretch sensors in gloves or braces, etc., are used to monitor motions and activity.
Moreover, humidity sensors in wound dressings and gas sensors in masks are used to
enhance the environmental sensing capabilities of textile products. These technological
advances have enhanced the quality of our lives and made detecting diseases easier [17].
A recent addition to these advancements is artificial intelligence. With the integration of
artificial intelligence into sensors, anomalies can be automatically detected and actions
taken more easily. Al helps make data processing and analysis more effective and efficient
[18]. Integrating Al into breath-monitoring sensors helps make respiratory diagnosis more
efficient [19]. Moreover, Al is also used to prepare textile healthcare products for optimum
waste reduction. Thus, helping in sustainability and circularity.

This review paper aims to analyze these healthcare textiles and their applications in
our daily lives, focusing on their properties, innovations, and applications. The study will
discuss the current state of medical textiles and future perspectives to address several key
questions: Which recent textile fibers have been added to healthcare textiles? What specific
physicochemical properties are needed to be fulfilled to be a healthcare textile? What is
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the current trend for medical textile products, and what are the future possibilities? De-
spite many published articles in recent years, there have been limitations in summarizing
them in a very constructive way, highlighting recent advancements. Especially with the
very recent five-year papers, the review will provide the reader with up-to-date
knowledge and insights into the characteristics and new application areas of medical tex-
tiles.

This review is divided into several chapters to provide readers with a better under-
standing. The first part of the manuscript discusses the classification and properties of
textile fibers used in healthcare applications. Then, the subsequent chapters analyze the
application areas of these fibers and products, combined with innovative technologies,
artificial intelligence, and sustainability. Finally, the last part analyses the current innova-
tions, trends, challenges, regulations, and possibilities.

2. Chronological Development History of Medical Textiles

The application of fiber in healthcare is nothing new. For centuries, people have used
various plants to bandage their wounds. The method was quite efficient, as those barks
contain medicinal components such as antimicrobial and anti-inflammatory agents. In
3000 BCE, Asian countries used cotton dressing and different fibers to sew wounds. Much
of the development of medical textiles was in the 17th to 19th centuries (Figure 1). During
the 17th-century plague, a costume used to protect against it was called the plague doctor
costume. Then, the invention of sutures and dressings paved the way for textiles in
healthcare. In the 20th century, most innovative textile products were developed. Declar-
ing cotton and gauze as standard materials, synthetic sutures, gowns, etc., were created
in the early 20th century. In the mid-20th century, polyester and other synthetic fibers
became available for high-performance applications. Advancements in disposable dia-
pers, surgical masks, wound dressings, and PLA sutures were the blessings of the late
20th century. In the 21st century, the development of hydrogels, nanofibers, wearable sen-
sors, etc., made medical textiles an integral part. Moreover, advanced technologies such
as artificial intelligence, 3D printing, etc., have made our lives easier and more efficient.
Currently, the world is developing high-performance medical textiles with minimal envi-
ronmental impact and circularity [20-24].
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Figure 1. Chronological timeline of medical textile development. Created by the authors based on

Refs. [20-24].

3. Types of Textile Fibers Used in Medical Textiles

Several different types of fibers are used in medical textiles. Due to the drawbacks of
individual fibers, such as natural fibers having less tensile strength and synthetic fibers
not being environmentally friendly, hybrid fibers are also used for higher workability [25].
This section discusses the most widely used fibers in medical textiles (Figure 2).
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Figure 2. Types of textile fibers used in medical textiles.

3.1. Natural Fibers
3.1.1. Cotton

Cotton is one of the most widely used natural fibers (Table 1). The medical textile
applications of cotton include both external applications (surgical clothing, surgical co-
vers, bedding, etc.) and internal applications (drug delivery, dental applications, ad-
vanced wound dressing, tissue engineering, surgical sutures, etc.) [26]. The products need
properties such as breathability, softness, and moisture absorption, for which cotton fiber
is ideally suited. Moreover, properties such as biocompatibility have made cotton fiber a
suitable biomaterial [26,27]. One drawback of cotton is its susceptibility to microbial
growth, which requires proper treatment. Antimicrobial-treated cotton fabric is used for
various healthcare purposes, such as curtains, bed sheets, and pillow sheets. For example,
microencapsulation is a good technique for resolving the drawbacks of cotton fibers [28].
This treatment includes physical modifications with chitosan, alginate, carboxymethyl,
polyethylene glycol, poly N-vinyl pyrrolidone, etc. Chemical modifications, such as ether-
ification, oxidation, phosphorylation, etc., are used [29,30]. Moreover, surface nanoparti-
cle treatment can enhance antimicrobial and UV protection efficiency [31].

3.1.2. Hemp

Hemp is a natural fiber with several enhanced physiochemical properties, including
antimicrobial, higher tensile strength, resistance to UV light, breathability, etc., and all of
these properties are desirable for healthcare products [32]. Moreover, hemp is biodegrada-
ble and carbon-neutral, aligning with the soaring demand for environmentally friendly
materials [33]. These properties have made it suitable for use in various healthcare appli-
cations, including gowns, bedding, caps, facemasks, wipes (PPE), gauze, plaster, dress-
ings, sutures, ligaments, artificial joints, grafts, and organs [34]. Researchers have used
hemp-alginate hydrogel as a wound dressing [35], and a few studies have focused on the
antimicrobial and bioactive properties enhancement of hemp-made fabric [36,37].
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3.1.3. Silk

Silk is one of the most used animal-based natural fibers. The fibers are used for their
tensile strength, biocompatibility, biodegradability, extensibility, and other properties. As
a healthcare textile, silk fiber can be used in surgical sutures, drug delivery, tissue-engi-
neering scaffolds, nerve regeneration, optics, and innovative fabrics, among other appli-
cations [38,39]. There are several sources of silk production: tetranychidae (mites), lepi-
dopterans (silkworms), hymenopterans (wasps, bees), arachnids (spiders), etc. [40]. Some
commercially available silk-based biomaterials are Silk Patch, Silk Therapeutic Clothing,
Sidaiyi wound dressing, Fibrovid, Fibroheal Ag Foam, Fibromoist gel and spray, Fibro-
heal Ag sprinkling powder, etc. [41]. Silk fibroin-coated textile materials possess antimi-
crobial properties, which help in developing hygiene products [42]. Vascular grafts are
among the most prevalent recent applications of silk fiber tissue engineering. Several
types of vascular grafts are made from silk fibroin scaffolds. These grafts can be fabricated
using several methods, such as gel spinning, electrospinning, dip coating, composite fab-
rication, and weaving [40,43]. Properties like wall thickness, relaxed internal diameter,
linear density, porosity, thermal properties, degree of crystallinity, compression strength,
retention strength, etc., need to be fulfilled to be used as a biomaterial [44-48].

3.1.4. Wool

Wool fiber has been used as a hygienic material due to its enhanced properties to the
human body, including excellent odor and sound insulation, biocompatibility, non-aller-
genic and non-toxic properties, etc [49-51]. These properties made it suitable for medical
textiles to protect the skin/dermal area from the impacts of pressure, friction, and moisture
[52,53]. Moreover, wool offers natural elasticity and moisture-wicking capabilities, mak-
ing it suitable for applications such as compression bandages and prosthetic liners [54]. In
recent years, wool has also spread into electronic textiles. The fiber, combined with vari-
ous bio-inspired strategies, is used for health monitoring and exhibits enhanced proper-
ties, including antimicrobial activity, electro-thermal performance, high-pressure sensi-
tivity, fast response, and strong stability [55,56]. However, its use is often limited due to
potential allergic reactions and lower sterilization compatibility than synthetic fibers.

In addition to these natural fibers, jute, flax, ramie, kenaf, sisal, etc., are also used in
healthcare textiles.

Table 1. Physical properties of the most widely used fibers in medical textiles (refs: [4,57-60]).

Moisture Circularity
Fiber Density Tenacity Regain Elongation Crystallinity of Fiber
(g/cm3)  (cN/tex) %) (%) (%) Cross-Sec-
tion
Cotton 1.54 2640 7-8 6-10 60-70 Medium
Hemp 1.48 35-50 8-12 1-4 60-70 Irregular
Jute 1.3-1.5 3045 12-13 1-3 65-70 Irregular
Polyester ~ 1.38-1.4 30-80  04-0.8  10-40 350~ Round totri-
lobal
Nylon 1.14 60-90 3.5-4.5 15-25 50-70 Circular
Polypropylene 0.9 30-70  0.03-0.1 10-30 45-55 Circular
Viscose 1.5-1.53 20-30 11-14 10-25 25-35 Irregular
Lyocell 15 3650 11-13  14-16 35-40 Neaﬂl};:“cu'
POlyl(;Cth)Amd 125-1.30 40-65  0.5-1 10-30 3040 Circular
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Chitosan 1.3-1.5  15-25 12-15 10-20 25-40 Irregular

3.2. Synthetic Fibers
3.2.1. Polyester

Polyester is one of the most widely used synthetic medical textile materials due to its
unparalleled properties, including high tensile strength, durability, resistance to wear,
and sterilization. Nowadays, synthetic polymer fibers are expected to become biodegrada-
ble so that their monomers can be reshaped into new polymers [61,62]. Moreover, prop-
erties such as biocompatibility, non-toxicity, and an initiated antimicrobial effect in both
in vivo and in vitro environments have enhanced its application in biological applications
[63]. For example, a polyester-based 3D-printed scaffold has shown its potential for tissue-
engineering applications. Researchers used a polyester blend with other fibers to develop
3D-printed materials. Polymeric scaffolds showed comparable cell viability and metabolic
response to other existing scaffolds [64]. The application can also be named as a polyester
composite; the composite fiber results in enhanced properties of the two fibers. Research-
ers mixed nanoparticles with polyester fiber and electrospun the resulting blend [65]. An-
other recent study produced a needle-punched polyester fabric containing Ag nanoparti-
cles as a nanocomposite. The developed nonwoven fabric shows 90% to 92% antimicrobial
activity and minimal leach-out [66].

Typical applications of polymer fiber include surgical gowns, masks, drapes, and mi-
crofilters. High-functional applications include 3D-printed scaffolds and point-of-care di-
agnostics [67], wearable- sensor [68], anti-mold packaging [69], etc.

3.2.2. Nylon

Nylon is a thermoplastic textile polymer fiber with an amide structure. The tensile
strength of nylon fiber can reach 100,000 Psi, making it suitable for high-performance mil-
itary or other protective textiles. That is why significant advances have occurred in nylon
research (Figure 3). Some of the standard nylon used in medical textiles are Nylon 6, Ny-
lon 6,6, Nylon 11, Nylon 15, Nylon 5, and Nylon 3 [70]. The medical textile application of
nylon began in 1970, when its biocompatible properties were discovered [71].

One of the most popular applications of nylon is surgical sutures. Recently, sutures
have been developed with antimicrobial agents (e.g., Chitosan) with drug encapsulation.
As a result, the sutures serve multiple purposes simultaneously, e.g., controlled drug de-
livery, wound healing, and antimicrobial resistance [70]. Different nanoparticles also work
as antimicrobial agents for these sutures. Among them, silver (Ag) nanoparticles are
among the most widely used for this purpose [71].

However, the history of nylon is long, from the last decade to ongoing research and
advancements. In the early 20th century, polyglycine was synthesized and served as the
initiator for the synthesis of nylon-6,6. The development continued, and in 1940, the first
nylon product came to market. Due to its high mechanical properties, it has been used in
healthcare, and advances have continued to this day [72].
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Figure 3. Nylon fiber development timeline. Created by the authors based on Ref. [72].

3.2.3. Polypropylene

Polypropylene is also a versatile thermoplastic polymer that is lightweight compared
to previous synthetic polymers. PP was first synthesized in 1951, and commercial textiles
were produced in 1954. With rapid growth and development, it is now used in almost
every sector of the commercial textiles industry.

Due to its high mechanical properties, it can be used in multipurpose applications,
such as apparel, water filtration, biomedical, air filtration, packaging, automotive, aero-
space, recycled material, and construction [73].

This fiber is also used in surgical sutures and can be used in high-performance appli-
cations by combining with other materials. Carbon fiber—PP composite is one of them. A
study showed that the composite could enhance the tensile and flexural moduli by 161%
and 530%, respectively, compared to raw carbon fiber. As a result, the composite fiber can
be used for protective textiles [74]. Moreover, PP can be used for photochromic textiles
that change color through a chemical reaction. Thus, the fiber is used to detect bacterial
presence in textile materials such as masks and gowns [75]. Like other fibers, PP can also
be treated with nanoparticles to develop antimicrobial properties. It can be applied using
different methods, such as coating, melt interaction, melt mixing, melt extrusion, melt
blending, immersion injection molding, hand lay-up, etc. [73]. A recent study showed 99%
bacterial resistance of silver-coated PP fiber, making the fiber suitable for antimicrobial
textiles [75]. Moreover, PP fiber can be made with a nanocomposite fibrous system. The
fiber can be a nanocomposite by combining with different fibers, such as inorganic nano-
particles, carbonaceous fillers, mineral clay composite fibers, etc. [76]. All these methods
make PP fiber suitable for healthcare applications.
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These three fibers are among the most widely used in healthcare textiles. In addition
to these, fibers such as polyethylene, polyurethane, acrylic, and polyvinyl chloride are also
used.

3.3. Regenerated and Modified Fibers
3.3.1. Viscose Rayon

Viscose is one of the most used regenerated fibers, prepared from the cellulose of
different plants or wood pulps such as cotton, bamboo, wood, etc. Cellulosic plants are
chemically processed to produce viscose. Viscose’s properties, such as biocompatibility,
biodegradability, strong mechanical properties, high porosity, higher purity, and modi-
fied surface, make it suitable for healthcare applications [77]. The fiber is semi-synthetic
and an alternative to cotton fiber. Thus, viscose is used as a wound dressing material and
as a 3D polymeric scaffold that can support cell growth and viability. Moreover, viscose
rayon is used as an absorbable suture that does not need to be cut for internal sewing [78].

Viscose can be a composite fiber when combined with other fibers to produce multi-
functional textiles. The composite can be applied in yarn form or nonwoven form in
healthcare products with enhanced physical, chemical, and biological properties [79,80].
Chitosan is widely used with viscose for antimicrobial and other properties. A study
showed that a chitosan composite with viscose fiber has better biochemical and mechani-
cal properties. The 99% antimicrobial resistance property of the composite has been initi-
ated, which was not previously possible [81]. Another study used Zn nanoparticles with
a chitosan-viscose composite (DBD VIS/NCH + Zn), which introduced a functional group
on the surface of the composite fiber [82]. The Zn nanocomposite with chitosan and vis-
cose showed enhanced antimicrobial resistance and washing durability. Thus, fabrics
from these composites can be used in hospital textiles [83]. Moreover, due to improved
fiber bonding, the composite’s tensile strength also increases. Sericin was shown to en-
hance the tensile strength of viscose from 72.5 MPa to 104 MPa after composite formation.
However, elongation at break reduces due to enhanced crystallinity in the fiber [84]. More-
over, filament composites are used in protective textiles due to their high mechanical per-
formance [85]. With properties comparable to those of natural and synthetic fibers, viscose
rayon is a possible future replacement for cotton fiber.

3.3.2. Lyocell

Lyocell is also a regenerated cellulose fiber. The fiber is synthesized by a closed-loop
solvent-spinning process. Like viscose, lyocell is also produced from various cellulosic
fibers. Researchers extracted lyocell fiber from noil cellulose and found comparable me-
chanical properties to wood pulp lyocell [86]. As a semi-synthetic fiber, it contains both
the properties of natural fiber and synthetic fiber, thus meeting the stringent requirements
of a textile fiber for medical applications. It also has biocompatibility, biodegradability,
good moisture management, comparable durability, and breathable properties, etc. More-
over, lyocell has higher mechanical strength than similar counts of viscose and cotton fi-
ber, which is about 1.5 times [87].

Lyocell can be used as an antimicrobial textile for healthcare applications, combined
with other materials. Different methods can be used for this property in this regenerated
fiber. Among them, physical blending and chemical grafting or crosslinking methods are
more widely used [88,89]. Several types of antimicrobial agents, such as different nano-
particles, chitosan, organic or inorganic materials, are used for this purpose. Zinc oxide is
reported to perform the antimicrobial function in lyocell fiber with enhanced rubbing
properties [90]. These antimicrobial properties have made it suitable for applications in
healthcare products such as surgical masks, dressings, bandages, gloves, caps, lab coats,
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sanitary pads, diapers, and gowns, as well as in clothing such as sportswear and under-
wear. socks etc.

3.4. Biodegradable and Eco-Friendly Fibers

Although natural fibers are biodegradable and eco-friendly, they differ from the
other natural and synthetic fibers mentioned above due to their exceptional properties
and applications.

3.4.1. Polylactic Acid (PLA)

Polylactic acid is a synthetic bioplastic fiber. The fiber was developed to replace the
conventional polyethene terephthalate (PET) fiber. The initial methods for synthesizing
PLA were ring-opening polymerization (ROP) and direct polycondensation. After the
synthesis, the filament can be manufactured by any of the spinning methods (wet spin-
ning, dry-spinning or melt-spinning), depending on the end uses [91].

The medical application of PLA fiber is more reliable than the discussed fiber due to
its unparalleled properties. Zhang et al. used a polyurethane/triclosan-coated polylactic
acid nonwoven fabric to make medical covers. The covers have excellent breathability (383
mm/s) due to a needle-punched nonwoven fabric with antimicrobial resistance [92]. More-
over, a common feature across all the studies is the rapid biodegradability of PLA. It is
also used to develop various personal protective equipment (PPE). Recently, researchers
developed PPE from the polylactic acid (PLA) sourced from food waste and poly(3-hy-
droxybutyrate-co-3-hydroxyvalerate) (PHBV). The nonwoven fabric was produced via
electrospinning and met ASTM F2100 standards, with over 99.5% filtration efficiency [93].

3.4.2. Chitosan

Chitosan is collected from the fungi cell walls, crustacean shells, etc. Its chemical
name is poly-1,4,2-acetamido-2-deoxy-B-D-glucose. It has some exceptional properties, in-
cluding biocompatibility, biodegradability, antimicrobial, antitumor, and non-toxicity.
One of the most stunning applications of chitosan is as an anti-inflammatory wound-heal-
ing agent, which releases glucosamine to accelerate tissue formation and stimulate home-
ostasis (Figure 4). For this purpose, chitosan is attached to other textile fibers using several
methods: ionic gelation, polyelectrolyte complexation, microemulsion, coprecipitation,
emulsification, solvent diffusion, etc. [94].

Several studies have shown its application in wound dressings. Specifically, chitosan
has been explored as a fiber-forming biopolymer, coating agent, and functional compo-
nent in textile-based wound dressings. In addition to chitosan fibers and chitosan—colla-
gen composite dressings, chitosan-based nanogels and nanocomposites have been re-
ported as functional systems that can support antimicrobial activity, hemostasis, drug de-
livery, and wound healing when integrated with fiber- or textile-based wound-care plat-
form [95,96].

Moreover, chitosan-based 3D scaffolds have also been implemented in tissue engi-
neering and drug delivery. Chitosan can be used as a direct ink for the bioprinting of
scaffolds and can also be used with other materials [97]. The scaffolds can be applied in
bone tissue regeneration, cartilage tissue, skin tissue, nerve tissue, cardiac tissue, corneal
and ocular tissue, liver and kidney tissue, etc. [98]. Among them, bone tissue engineering
is quite widely used [99].
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Figure 4. Performance versus applications heatmap of widely used healthcare textile fibers. [Suita-
bility levels are based on reported literature frequency, application relevance, and the authors’ in-

terpretation of fiber performance for each healthcare textile application].

4. Properties of Textile Fibers for Medical Applications

In this section, the key properties of textile fibers for medical applications are
discussed according to their functional relevance. Measurement methods, units,
representative values, and related product applications are provided where applicable
(Table 2).

4.1. Physical Properties

Physical properties are the inherent and natural properties of textile materials. Sev-
eral physical properties are necessary to decide the applications of textile materials.

4.1.1. Fiber Diameter

Fiber diameter is one of the most critical factors determining the final flexibility, soft-
ness, and comfort of a medical textile product. Different fibers have different diameters,
and the diameters of synthetic fibers are chosen depending on their end use. Among nat-
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ural bast fibers used for medical textiles, jute and hemp are the thinnest, at 0.03-0.14 mm
[100].

4.1.2. Fiber Density

Fiber density is also a necessary property for textile fibers. Natural fibers have a com-
paratively lower density than synthetic fibers. Thus, this influences the final weight of
medical textiles, which can, in turn, affect comfort properties. Low-weight materials are
preferred for long-term wear in PPT gowns [101].

4.1.3. Absorbency

Absorbency is another critical property of textile fibers, which is essential for wound
dressings and hygiene products. In this case, natural fibers perform better than synthetic
fibers. Natural fibers possess a comparatively higher percentage of amorphousness, which
allows them to absorb more. Absorbency also affects the moisture regain percentage of
the fibers. The higher the absorbency, the higher the moisture regain of the fibers. Absor-
bency affects the final functionality, comfort, and performance of textile products
[102,103].

4.1.4. Surface Roughness

Surface roughness is necessary for surgical sutures as it influences tissue interaction
and friction when sewing. Moreover, after sewing, the sutures need to maintain proper
friction so that the tissue heals quickly and the sutures do not cause additional infection
to the wounded tissue. Thus, less roughness is preferred for surgical sutures. For this rea-
son, synthetic fibers like nylon, polyester, etc., show better performance than natural fibers
due to less surface roughness [104]. However, natural fibers are still used due to better
biodegradability and biocompatibility compared with synthetic fibers [105].

4.1.5. Thermal Properties

Thermal properties are also important for textile fibers” end uses. Different thermal
properties of the fibers are analyzed to determine their suitability for different applica-
tions. For example, TGA and DSC analyses are conducted to investigate the thermoregu-
lating properties (thermal conductivity) of healthcare textiles. Treating these products
with varying surface treatments can change the thermal properties [28].

Moreover, a few other physical properties are not directly fiber properties but are
crucial for healthcare textiles. These are porosity, water vapor permeability, breathability,
optical transparency, electrostatic behavior, etc. [106].

4.2. Mechanical Properties

Mechanical properties are the behavior of textile fibers when they are subjected to
pressure or force. Several mechanical properties must be analyzed for medical textile
products.

4.2.1. Tensile Strength

Tensile strength and durability need to be firmly maintained for better workability.
Tensile strength can be measured for both individual yarns and fabric. Various methods,
such as a single-thread tensile strength tester and a universal testing machine (UTM), are
used to test yarn strength. For this purpose, ASTM D2256 and ISO 2062 standard methods
are followed. Moreover, machines like universal testing machines (UTMs) with fabric
grips are used for fabrics with ASTM D5035 (Strip Test), ASTM D5034 (Grab Test), ISO
13934, etc., standard methods [107]. The units of tensile strength of the textile are ex-
pressed as centi-Newton per tex (cN/tex), grams-force per denier (gf/den), Newton per tex
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(N/tex), Newton per meter (N/m) or Newton per millimeter (N/mm), pounds-force per
inch (Ibs/inch), etc. Synthetic fibers show better tensile strength than similar-count natural
fibers. Additionally, synthetic fibers can be modified for specific end uses. Thus, synthetic
fibers are preferred for high-tensile-strength medical textile products [108,109].

4.2.2. Elongation

Elongation is the ability of textile materials to stretch when forces are acting on them.
It is measured as the percentage increase in length relative to the initial length. Some med-
ical textiles with elastic properties are preferred for comfort and functionality. For exam-
ple, surgical gowns, sutures, etc., are chosen with a medium elongation percentage, while
compression bandages are selected with a high elongation percentage [110].

4.2.3. Young’s Modulus

Young’'s Modulus, also called the Elastic Modulus, indicates fiber stiffness, which is
the opposite of elongation. It is analyzed using a stress—strain curve or by determining the
stress—strain ratio. It is expressed in units of Megapascals (MPa) or Gigapascals (GPa)
[111].

4.2 4. Suture Holding Strength

Suture holding strength is specially analyzed for surgical sutures for critical wound
closure applications. Both the knot pulls and the strength without the knot pull are ana-
lyzed for this purpose. Different types of knots are analyzed depending on the application
of sutures. Some of the common knots are square knot (reef knot), granny knot, slip knot
(running knot), Aberdeen knot, half-hitch knot (sliding knot), etc. Among them, the
square knot is a flat knot and is used widely [105].

4.2.5. Tear Resistance

Moreover, properties like tear resistance are a necessary characteristic of surgical
gowns and dressings, which implies the resistance of textile materials against tearing. It
is expressed in a similar unit of tensile strength. Studies used different testing methods
for measuring the tear resistance of the textile fabric, including the Elmendorf Tear Test
(ASTM D1424, ISO 1974), Tongue (Single Rip) Tear Test (ASTM D2261, ISO 13937-2), Trap-
ezoidal Tear Test (ASTM D5587, ISO 13937-3), etc.

Beyond these, properties such as flexural strength/rigidity, bursting strength, com-
pression resistance, creep resistance, abrasion resistance, puncture resistance, etc., are also
analyzed depending on the end uses of the products [108,112].

4.3. Biological Properties

Biological properties are needed for medical textile products to ensure safety, com-
patibility, and performance for human tissue and body fluids. Different standard methods
are used to assess the effectiveness of the products. Some of the common biological prop-
erties are as follows.

4.3.1. Biocompatibility

Biocompatibility is the ability of textile materials to interact with tissue or body fluid
without causing harm, toxicity, allergies, or inflammatory reactions. It is measured using
various standards, such as ISO 10993, ASTM F748, and USP Class VI, for medical textiles,
including wound dressings, implants, sutures, artificial organs, and vascular grafts. Sev-
eral popular ISO standard methods, ISO 10993-5 measures the cytotoxicity of textile prod-
ucts by analyzing cell viability; ISO 10993-10 measures sensitization and irritation by an-
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alyzing allergic responses; and ISO 10993-11 measures acute systemic toxicity by examin-
ing the overall biological reaction [113].

4.3.2. Hemocompatibility

Hemocompatibility is somewhat like biocompatibility. However, it is analyzed ex-
plicitly for samples that contact the blood without any clotting, immune response, hemol-
ysis, etc. Thus, products like vascular grafts, heart valves, blood bags, dialysis membranes,
artificial lungs, etc., are needed to test hemocompatibility. Several popular standard meth-
ods, ASTM F756 and ISO 10993-4, measure the hemolysis of textile products by measuring
red blood cell destruction; ISO 10993-4 measures coagulation time by evaluating blood
clotting; the Platelet Adhesion Test measures a material’s impact on blood coagulation,
etc. [114-116].

4.3.3. Biodegradability

The biodegradability assay shows the ability of textile materials to degrade naturally
or without toxic byproducts. Due to recent concerns about sustainable practices, textile
products with biodegradable properties are preferred. For this purpose, standard meth-
ods like ASTM F1635 analyze mass loss percentage to assess the weight reduction over
time in biological conditions; ISO 14855-1 assesses pH and hydrolysis of samples in bio-
logical fluids; ISO 10993-13 measures molecular weight degradation by assessing the pol-
ymer breakdown, etc. [117].

4.3.4. Antimicrobial Properties

Antimicrobial properties help textile products protect themselves from microbial
growth or infectious risks. Products such as hospital bedding, surgical gowns, wound
dressings, masks, and gloves require antimicrobial properties. Sometimes, the textile ma-
terials themselves have inherent antimicrobial activity, and sometimes an antimicrobial
agent is used to impart antimicrobial activity. Agents such as silver nanoparticles, zinc
oxide, chitosan, triclosan, and copper oxide are used to activate this characteristic. Differ-
ent standard testing methods are used to assess antimicrobial properties. For example,
AATCC 100 is used for quantitative analysis, which measures bacterial reduction after
exposure; ASTM E2149 is used for the dynamic contact test, which measures the antibac-
terial activity of non-leaching materials; ISO 20743 is used to analyze bacterial reduction
percentage, etc. [117,118].

Moreover, properties such as bioactivity, non-allergenicity, serializability, odor re-
sistance, etc., are also assessed depending on the end use.

4.4. Chemical Properties

Chemical properties are essential in assessing the chemical functionality, durability,
and safety of healthcare textiles. Different testing standards are used for analyzing chem-
ical properties.

4.4.1. Chemical Composition

Chemical composition is an important factor for textile fibers as it can influence their
physical, mechanical, chemical, and biological properties. Chemical composition analysis
is specifically used for natural fibers. These fibers contain cellulose, hemicellulose, lignin,
pectin, wax, and other components, which can be analyzed using biomass analytical meth-
ods (LAPS). International standards for the analysis are ISO 1833 and ASTM D629. More-
over, infrared spectroscopy, such as FTIR and ATR, as per ASTM E1252, is used to identify
polymer structures in synthetic and natural fibers. Elemental analysis is used for deter-
mining by TXRF, ICP-MS, etc. [119-123].
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4.4.2. Hydrophilicity/Hydrophobicity

Hydrophilicity/hydrophobicity can be regarded as a physicochemical property that
is important for products such as wound dressings, drug-delivery textiles, superabsorbent
fibers, surgical gowns, masks, protective clothing, etc. The water absorption method
(ASTM D570) is a popular method for analyzing hydrophobicity/hydrophilicity that
measures water uptake over time. Moreover, the wicking test (AATCC 197, ISO 9073-6) is
also used to determine moisture transport in textiles, and contact angle measurement
(ASTM D5946) analyzes surface wetting properties [124,125].

4.4.3. Chemical Resistance

Chemical resistance is the stability of textile materials against harsh chemicals or en-
vironments. This property is needed for textiles such as surgical gowns, gloves, protective
clothing, and chemical-resistant hospital textiles. A chemical exposure test (ASTM D543,
ISO 1817) is a popular method for assessing resistance to various chemicals. Moreover,
the pH stability test (AATCC 61) indicates degradation under acidic/alkaline conditions
and swelling, and the solubility test (ISO 62) assesses chemical interactions with solvents.
All of these analyses give an idea of the chemical properties of textile materials [12,126].

Moreover, properties such as oxidation resistance, degradability under physiological
conditions, swelling behavior, surface energy, etc., are also analyzed to assess the chemi-
cal properties of textile fibers.

Table 2. Properties of textile fibers for medical applications.

Property Specific Prop-
Category erty

Technical Data

(Range/Units) Test Method/Standard Application Ref

Fiber Diame-

Affects softness, permeability (natu-
20.75 tex to 24.50 tex ~ Microscopic analysis  ral cellulosic fibers/Vernonia elaeag- [101]
nifolia fiber)

Affects bacterial adhesion and wet-

Scanning electron micros- i (Electrospun PS and PLA fi- [127]

0.8+0.1-6.8 + 1.9 um

i E
ter/Fineness copy (SEM) brous webs)
fi Ti
112.582 tex Beesley’s Balance Sutures (Bast lb,er from Hmospora [105]
cordifolia)
1.78 £ 0.10 (mm) Medical device (Silk fibroin) [44]
Impacts weight, structure (natural
1.30 g/cm? Weight balance cellulosic fibers/Vernonia elaeagnifo- [101]
lia fiber)
Physical 0.049-0.06 g/cm? B Thermal .msulatlon (A-ralmd nano- [128]
p " fiber aerogel fiber)
roperti
operties Lightweight composite (Ar-
Density 221 kg/m? eca/jute/glass fik?er hybrid compo- [129]
site)
5.7 £ 0.4 mg/cm Digital Vernier caliper Medical device (Silk fibroin) [44]
o . Wettability (Electrospun PS and
89% Mass area ratio PLA fibrous webs) [127]
592, Density functional theory Thermal insulation (Aramid nano- [128]
’ (DFT) method fiber aerogel fiber)
86 £ 2% Gravimetric test Medical device (Silk fibroin) [44]
Thermal Insulation (Aramid nano-
Rheology ~4000 Pa.s Haake stress rheometer . . [128]
fiber aerogel fiber)
Surface Rough- 175+2.13 um Homel roughness tester Sutures (Bast flb'er from Tinospora [105]
ness cordifolia)
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X-0.000 . Hospital bed sheet (MPCM-treated
Y- 0.000 Fabric touch tester (FTT) cotton fabric) [28]
Thermal Be- Thermogravimetric anal- ~ Comfort (natural cellulosic fi-
. Mass loss percentage ) e [101]
havior yses bers/Vernonia elaeagnifolia fiber)
Mass loss percentage TA Instruments Membrane (CNC/PLA fibrous [130]
membrane)
Mass loss percentage Thermogravimetric ana- Composite fabric (Co.tton—wjaste pol- [131]
lyzer yester composite fabric)
Thermoset the.rmograw— Hospital bed sheet (MPCM-treated
Mass loss percentage metric . [28]
cotton fabric)
analyzer
Mass loss percentage Calorlmes’;iiruleC 3500 Medical device (Silk fibroin) [44]
~34 mW/(m-K) Infrared thermal imager Thermal 1 nsulation (Ar amid nano- [128]
fiber aerogel fiber)
Thermal Con- Thermal conductivity Membrane (CNC/PLA fibrous
ductivity 0.01-0.27 W/mK tester (DTC 300), TA membrane) [130]
01760822 w.m-1 k- Modified L.ees disk de- Hospital bed sheet (M_PCM-treated 28]
vice cotton fabric)
UPF 20-55 UV Shimadzu 3101 Nanocomposite (Curcunﬁn/TiOz— [31]
Spectrophotometer treated cotton fabric)
Sutures, implants, bandages (natu-
16.30 cN/Tex Single fiber tensile tester ral cellulosic fibers/Vernonia elaeag- [101]
nifolia fiber)
4149.22 £ 6.39-4731.08  Single fiber tensile ~ Optimizing the harvesting (applica- [102]
+7.66 cN strength tester ble for cotton fiber)
8.1 MPa Instron 5969 instrument 1 'c- Al insulation (Aramid nano- | o,
fiber aerogel fiber)
23-30MPa  Instron-5976 instrument T cmorane (GNC/PLA fibrous
membrane)
358.44£3.29cNand  Digital single-thread  Sutures (Bast fiber from Tinospora [105]
Mechanical Tensile 223.59 +4.45 cN strength tester cordifolia)
P ti t th i i — -
roperties Streng 23742 N ASTM D5034-09 (2017) Composite fabric (co-tton w.aste pol [131]
yester composite fabric)
. . Lightweight composite (Ar-
-h 1 .
8.51-46.99 MPa Servo yc.irau IC ur'uver eca/jute/glass fiber hybrid compo- [129]
sal testing machine .
site)
679 N Universal ter.15i1e testing Hospital bed sheet (M_PCM-treated 28]
device cotton fabric)
44+1t051+05  ASTM-D-1682-94 (1994) vanocomposite (Curcumin/TiOz- ),
treated cotton fabric)
4.3 +0.5MPa and 2.5 Instron-3365 instrument . .
0.1 MPa (1SO 5081) Hospital accessories (Wool felt) [132]
248+05N ElectroPuls E3000 (In- Medical device (Silk fibroin) ~ [44]
stron)
3.1% and 2.54% Creep analysis Stretchablhty, flexibility ’(Ba’st fiber [105]
from Tinospora cordifolia)
Elongation at 30-110% Instron-5976 instrument Membrane (CNC/PLA fibrous [130]
Break membrane)
18.88% ASTM D5034-09 (2017) Composite fabric (cotton-waste pol- [131]

yester composite fabric)
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Universal tensile testing Hospital bed sheet (MPCM-treated

28.99 28
o device cotton fabric) [28]
40.7+£ 0.59 76.1 +
070 52A)1(a;1/nd 61+ Instron-3365 instrument ~ Hospital accessories (Wool felt) [132]
. (o]
, 32-42 MPa Instron-5976 instrument M ePrane ((NC/PLA fibrous )5
Young’'s Modu- membrane)
1 . .
us 15 to 6.4 CGPa ASTM D3822 Reinforcement (Hen.equen fiber/PP [133]
composite)
50.879 mm? and Agar disc diffusion Sutures (Bast fiber from Tinospora
o [105]
78.525 mm? method cordifolin)
' ‘ . . 98.5% and 92.7% Agar cglture dish diffu-  Membrane (CNC/PLA fibrous [130]
Biological Antibacterial sion method membrane)
P " Activit T ; . PR
roperties ctivity 5.7 5 mm Zone of inhibition Antimicrobial textile (Silk flb.rom [42]
coated cotton/bamboo textile)
10-20 mm Agar diffusion method Nanocomposite (Curcun‘}m/Tloz- [31]
treated cotton fabric)
9.229% Oven-dry method Absorbency (natural c.elh'ﬂolsm fi- [101]
bers/Vernonia elaeagnifolia fiber)
. Moisture Re- 20.24% Reynf)ld anc.l Branson  Sutures (Bast ﬁbgr f.rom Tinospora [105]
Chemical ain/Absor rapid regain tester cordifolia)
1 -
Properties & Moisture management Hospital bed sheet (MPCM-treated
bency 328.5% . (28]
tester cotton fabric)
Drop test (ASTM TS-018, Antimicrobial textile (Silk-fibroin-
111-8648 drops AATCC TM79) coated cotton/bamboo textile) [42]

5. Applications for Textile Fibers in Healthcare

In the case of medical textiles in healthcare, all the applications can be kept in four

groups (Table 3). These are:

a.

Non-implantable medical textiles: These textile materials are designed and made
only for external applications, as their primary objectives are preliminary protection
from different wounds or therapeutic purposes. Examples include wound-care prod-
ucts, compression bandages, masks, and aprons.

Implantable medical textiles: These products can be used inside the animal body
surgically. However, these products should be biocompatible as they would interact
with the tissue or organ parts of our body. For example: polyglycolic acid as a suture,
vascular grafts, artificial organs, ligament, tendon, etc.

Extracorporeal medical textiles: These products support or help different internal
organs from the outside of the body. These are fiber-based blood filters, plasma sep-
aration, dialysis filters, etc.

Healthcare/hygiene medical textiles: These products are mainly used for controlling
hygiene in the work environment, especially in hospitals or healthcare settings. Such
products are diapers, sanitary napkins, surgical clothing, wipes, etc. [134].

5.1. Wound Care and Bandaging

5.1.1. Dressings

Wound dressing is an essential part of the healthcare system, which is used to protect

wounds from infections and future wounds and help accelerate healing. Over time, sub-

stantial advances in wound-healing research have occurred. Conventional wound dress-

ing materials include gauge, lint, and wadding. Advanced dressings include hydrogels,

hydrocolloids, foam dressings, alginate dressings, etc., with properties such as biocom-
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patibility, exudate management, moisture regulation, antibacterial, barrier protection,
breathability, etc., which need to be considered before selecting a dressing [135,136].

Recent developments in wound dressings include a smart monitoring system built
into the dressing (Figure 5). The dressing can sense the wound condition and can react
when needed. It can be named as self-healing wound dressing, stimuli-responsive wound
dressing, and contractive wound dressing [137]. A study used a pH monitoring system in
the dressing that combined a semiconducting polymer with iridium oxide particles, which
sensed pH via potentiometric transduction. It was shown that maintaining a pH of 6-9
helps in wound healing [138].

Moreover, nanoparticles or other bioactive component-based dressings showed good
antimicrobial and healing results. Cellulose fiber with collagen dressing showed 94.25 +
1.31% bacterial resistance [139]. Chitosan with unripe banana peel powder also showed
microbial resistance without any cell toxicity [140]; Zno Np-based cellulose bandage also
showed the expected antimicrobial resistance [141]. Hydrogel-based textile bandages also
offer great potential today. Researchers tried to make the hydrogel have skin properties
similar to those of 1800 times more than 3M standard dressings [142].

However, cost-effectiveness and sustainability factors should be focused on during
the development of a wound dressing.

Figure 5. Applications of different fibers in different healthcare problems. (a) CMC-cellulose hydro-
gel for wound dressing application. (b) Polyester fiber-based zero-power smart face mask. (c) Cur-
cumin/TiOz—citric-modified cotton fabric for antimicrobial textiles. (d) Silk fibroin-based vascular
graft/scaffold showing in vivo implantation for vascular tissue engineering. (e) Fluorescence mi-
croscopy image showing cell viability/biocompatibility on a polyamide-based biomedical substrate.
(f) SEM images of chitosan-based monofilament sutures showing fiber surface morphology under
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different processing conditions. (g) Poly(lactic acid)/graphite nanoplatelet nanocomposite-based 3d
printed polymeric scaffold for ligament tissue. (h) Cotton/polyester/polyamide-based woven com-
pression bandage at 120% stretch. (i) Nylon monofilament-based surgical suture modified with chi-
tosan/hyaluronic acid. (Reproduced with permission from Refs. [19,31,46-52]).

5.1.2. Compression Bandages

The compression bandage differs slightly from the previously discussed wound
bandage. Later, one is not to protect against infection but to exert controlled pressure over
a specific body area. Mainly used for deep vein thrombosis (DVT), venous leg disorders,
sports injuries, etc. Thus, applying this bandage helps in better blood circulation, reduces
swelling, and indirectly accelerates the healing process [143,144].

The developments in compression bandages involved fabricating the bandage with
suitable fibers to maintain the desired pressure. For this reason, an elastane fiber was at-
tached to a non-elastane fiber. Researchers developed different combinations over time,
such as polyester/spandex (25-40 mm Hg), viscose/polyamide/acrylic/elastane (30-40 mm
Hg), wool/cotton/rubber (17-40 mm Hg), cotton/viscose/rubber (60-90 mm Hg), cot-
ton/polyamide/elastane (30-40 mm Hg), cotton/viscose/polyamide/Lycra™ (3040 mm
Hg), cotton/polyamide/elastomeric yarn (30—40 mm Hg), and nylon/polyamide/spandex
(3040 mm Hg) [143]. Moreover, the effectiveness of the bandage depends on the fabric
structure. Both woven and knitted structures are used for compression bandages [145]. A
recent study showed that elongation percentage enhances tension proportionally [146].

Other attached properties that are considered during the design of the bandage for
better usability include antimicrobial properties [147], comfort, porosity, breathability,
durability, adhesion, washability, etc. [148]

5.2. Implantable Textiles
5.2.1. Sutures

Sutures were first used in Egypt 3000 years ago for wound closure. Different natural
resources, such as bark, were used to produce fine fiber, which was then used as a suture
[149]. Much development has happened over time, and the last decade was the golden
age of synthetic sutures. However, natural, biodegradable, bioabsorbable, and non-toxic
natures are preferred. One of the most popular methods of applying sutures is to make
them antimicrobial. Sometimes, fiber is naturally antimicrobial [91], and treatment can
enhance its antimicrobial properties. Various chemicals, such as chitosan, triclosan, chlor-
hexidine diacetate, and nanoparticles, are used for this purpose [150]. Various methods
can be used, including coating, melt spinning, wet spinning, grafting, electrospinning, and
blending [151]. Moreover, the chemical can work as an anti-inflammatory agent. Sutures
can be natural, synthetic, or semi-synthetic. Thus, fiber type selection depends on wound
types and the outcome [104]. Absorbable sutures are preferred because they are perma-
nently placed within the body and are absorbed between 1 and 8 weeks after application.
The chemical structure inside the body should be degradable to prepare absorbable su-
tures. Polylactic acid-based fiber is popular for this purpose. Moreover, poliglecaprone,
glycomer, polydioxanone, polyglactin, polytrimethylene carbonate, polyglycolic acid,
polydioxanone, poliglecaprone, catgut, etc., have also recently been developed [152,153].
An additional recent development is the analysis of wounds via suture. In that case, na-
nosensing capability is embedded in the fiber structure, providing continuous updates on
healing. A study used the Hummers method to coat silk suture fiber with graphene oxide
and then collected post-operative data on strain amount, healing percentage, etc. [154].

5.2.2. Vascular Grafts
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The application of nanofiber or nanocomposites for fabricating a polymeric scaffold
for vascular grafts has shown several enhanced properties. Different types of composite
nanofibers or polymers are recently used in vascular grafts, such as cellulose acetate—poly
ethylene oxide, polyacrylonitrile, poly(ether sulfone), polyvinyl alcohol, magnesium ace-
tate—magnesium citrate, polyvinylpyrrolidone, polyamide 6, polyacrylonitrile MgO, pol-
ypropylene glycol, etc. [155]. Moreover, the application of carbon nanotubes combined
with other fibers/polymer materials, such as PCL/gelatin, showed mechanical properties
comparable to those of actual blood vessels [156].

5.2.3. Soft Tissue Implants

Textile polymer-based scaffolds are being developed, which is a great concern of
modern medical science and tissue engineering due to their advantages. Many implanta-
ble soft tissue products are made from textile fiber scaffolds, including heart, tooth, skin,
bone marrow, brain, kidney, liver, tendon and ligament, bone, cartilage, eye, ear, spinal
cord, nerve, lung, stomach, reproductive organs, etc. [50,157]. Here, the polymers are used
to produce various matrixes, such as scaffolds, nanofibers, hydrogels, and bio-printed
constructs. The matrixes can be fabricated by several methods, including conventional
techniques such as: solvent casting and particulate leaching, freeze drying, gas foaming
(GF), electrospinning, thermally induced phase separation (TIPS), sol-gel, powder foam-
ing process and additive manufacturing techniques such as stereolithography (SLA),
fused deposition modeling (FDM), binder jetting technique, selective laser sintering (SLS),
inkjet printing, laser assisted bioprinting, direct cell writing, metal-based additive manu-
facturing, etc. [158,159]. The researchers developed various textile materials for creating
these scaffolds. Natural polymers such as collagen, silk, chitosan, and hyaluronic acid
(HA), along with biodegradable synthetic polymers such as poly(e-caprolactone) (PCL),
polylactic acid (PLA), polyglycolic acid (PGA), poly(lactic-co-glycolic acid) (PLGA), pol-
yanhydrides, poly(orthoesters), polyurethanes, polycarbonates, and related biodegrada-
ble polymer composites, have been widely used to develop textile-based scaffolds with
improved biological and mechanical properties [160].

Table 3. Healthcare applications areas of different textile fibers.

Applica-
tion Area

Material Composition chanical Prop-

Treatment Analyzed

Analyzed Me- . .
Chemical/Bi- Testing Standards Tecgl;::lo- Ref

Chemi-
cal/Compo- erties OIOgICE.ll
nent Properties

Wound
Dressings

Cotton

Stress-Relax EN ISO 139:2005 and
- esiios e - 1SO 5084: Woven  [161]
1996 (E)

Poly (3,4-ethylene
oxythio-

di-

Oxidative
IrOx nano-

phene):poly(styrene - pH - polymeriza- [138]

sulfonate) (PE-
DOT:PSS)

articles .
P tion

Cotton

Breaking force
(N), breaking
elongation (%),
water vapor
permeability

Antimicro- Free radical

b1.al, cyto.tox.l— ASTM E2149-20 pol.ymerlza-
city, antioxi- tion and

Curcumin,

chitosan [162]

dant coating

Glyhydrogel
fibers

Gelatin, glyc-
erin

B . - W t 1mn-
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5.3. Protective Textiles
5.3.1. Surgical Gowns

Surgical gowns are critical components of medical textiles. They work as a barrier
between the patient and the user to minimize infection risk and protect the critical patient
from the user. Thus, stringent international regulations must be met for a gown to be con-
sidered a surgical gown. Some international standards include EN 13795, ASTM F2407,
and AAMI Levels of Protection (Levels 1-4). Moreover, properties like tear strength, ten-
sile strength, barrier protection, comfort, durability, air permeability, sterility, etc., are
considered during gown design [164,169].

Among them, thermal and physiological comfort is an essential concern for surgical
gowns, as users may wear them for extended periods. Georgievska et al. developed a pol-
yester and wood pulp-based surgical gown and showed that fabric structure and compo-
sition have an effect on the thermo-physiological comfort of a gown [170].

Spun-bond/melt-blown/spun-bond combined fabric, also known as SMS fabric, is a
recent development in gowns. In this method, the gowns were reported to show higher
tensile strength with barrier properties. A study showed that a combination of 100% pol-
ypropylene-based nonwoven fabric manufactured by the spun-bond/melt-blown/spun-
bond (SMS) method performs higher tensile strength than conventional PP and PE fabrics
[164]. Another study of SMS showed the resistance to body fluid following (ANSI/AAMI
PB 70:12) and wet bacterial penetration resistance. With this resistance, the fabric showed
comparable breathability [165].

Recently, a smart sensor monitoring system for real-time data collection in surgical
gowns has also been reported and is in development.

5.3.2. Face Masks and Respirators

Masks are one of the most necessary personal protective equipment (PPE) among all
types of healthcare products. Especially due to the COVID-19 pandemic, the focus on
masks has increased dramatically [171]. Thus, due to the demand, production, and use of
different types of face masks in everyday settings, the focus on synthetic materials such
as polypropylene (PP) has increased, driven by their availability and cost. However, these
synthetic fibers pose significant environmental concerns. Studies show that each year, bil-
lions of face masks are produced and discarded, resulting in plastic pollution [172]. Thus,
the need for sustainable, environmentally friendly materials for healthcare products is im-
perative in this current situation.

Recent studies highlight the potential of highly functional natural fibers, such as
hemp, for healthcare products and other applications [34]. Hemp, a bast fiber, is a biode-
gradable, carbon-neutral, antimicrobial, and durable fiber that is a suitable alternative to
existing fibers, offering many additional enhanced properties [32,33].
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Advanced studies showed the application of different types of nanoparticles coated
on the surface of the fabric used for the mask. As a result, fabric exhibits bacterial re-
sistance. Researchers coated the outermost layer of the surgical mask with carbon nano-
tubes to make it superhydrophobic and more thermally stable [173]. Another study used
silver nanoparticles for antimicrobial and antivirus applications, where the nanoparticle,
in combination with sunlight energy, produces an elevated temperature that destroys the
bacteria and viruses [174].

Moreover, several technological advances in sensor technology have also been em-
bedded in face masks. These technologies include flexible magnesium oxide (LSMO)/mica
sensor-based masks for human breath monitoring [175], zero-power silver nanowires
(AgNWs) sensor-based masks for cough monitoring [19], FFP2 masks for CO2 monitoring
[167], flexible fiber gas sensors mask for detecting harmful gases [168], etc.

5.4. Smart Textiles in Healthcare
5.4.1. Wearable Sensors

Wearable sensors can be applied to different types of healthcare textile products such
as masks, gowns, sutures, etc.

Several advanced sensor technologies have already been seen recently in face masks.
These technologies include flexible magnesium oxide (LSMO)/mica sensor-based masks
for human breath monitoring [175], zero-power silver nanowires (AgNWs) sensor-based
masks for cough monitoring [19], FFP2 masks for CO2 monitoring [167], etc.

Moreover, Al has revolutionized wearable sensors. It enables users to monitor and
instantly react to the system in real-time [176]. Particularly, in the case of TDDS, the ap-
plication of AI will help not only with real-time monitoring but also with the efficient
application of medicines [177] and calculation of the percentage addition [18]. The Al-
based system helps optimize delivery based on several factors, including absorption, dis-
tribution, metabolism, excretion, and toxicity [178].

5.4.2. Drug-Delivery Systems

Traditional methods of drug delivery, e.g., oral and injection, have several limita-
tions, including toxicity, metabolism, absorption, etc., which is why several innovative
drug-delivery systems have been developed over time [179,180].

Among them, one of the most promising methods is transdermal patches, which de-
liver drugs into the bloodstream through the skin. The process helps the drug to be con-
trolled, released, and achieve consistent dosing [181]. Transdermal patches have recently
become popular due to their lower rejection rate, easier administration, and greater pa-
tient persistence. The technology contains different methods of payload delivery [182].
These methods are iontophoresis, electroporation, tape stripping, microneedles, electroos-
mosis, sonophoresis, photomechanical waves, electromagnetic microwaves, etc. [183].

However, the patches face several challenges and limitations, including permeabil-
ity, irritation, and environmental concerns [184]. To solve the issue, natural polymeric ma-
terials are used to maintain circularity, and artificial intelligence can be used to control
drug release. Researchers are exploring the use of various natural fibers as matrixes to
retain drugs within their structure [185].

Some natural fibers, such as cellulose acetate, chitosan, ethylcellulose, gum arabic,
alginate, silk, and hemp, are electrospun to produce scaffolds for drug-delivery applica-
tions [186]. Some of the applications include hemp and alginate hydrogel-based drug de-
livery [35], alginate fibers for pH-responsive drug-delivery systems [187], and silk fibers
for drug-delivery and tissue-engineering applications [188].

Moreover, researchers are applying artificial intelligence to control the release rate,
which will substantially enhance the efficiency of the products and will be an innovative
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way of controlling drug delivery [189,190]. Recent advances in Al-based drug-delivery
systems are applied, particularly in controlled micro-emulsifying drug delivery [191]; op-
timized nanocarriers delivery [192]; optimized 3d printed patch [193], etc.

6. Innovations, Challenges, and Future Directions in Medical Textiles
6.1. Innovations in Medical Textiles

Due to advances in nanotechnology, 3D printing, and smart electronics, medical tex-
tiles are rapidly evolving into innovative products. The benefits of innovation are seen in
the performance and functionality of the final products, which have enabled enhanced
healthcare products, personalized medicine, etc. In the subsequent sections, we will dis-
cuss the latest innovations in medical textiles with emerging trends.

6.1.1. Nanotechnology in Medical Textiles

One of the most innovative advancements in medical textiles is the application of
nanotechnology. Due to the applications of nanotechnology, different physical, mechani-
cal, chemical, and biological properties, such as strength, UPF, heat-insulating, energy
storage, fluorescent supercapacitor, antimicrobial resistance, antifouling, biocompatible,
conductivity, antistatic textile, water repellency, oil repellency, etc., can be enhanced sub-
stantially [194-196].

Most natural fibers can be transformed into nanofibers with a higher surface area,
thereby promoting cell proliferation. Recent studies have shown the application of nano-
fibers in drug-delivery systems and polymeric scaffolds. These two areas are highly func-
tional and innovative approaches to nanotextiles. Electrospinning is the widely used
method for preparing these nanofibers. Moreover, nanofiber-based wound dressings are
emerging due to their improved moisture absorption and controlled release properties.
Researchers combined drug delivery with dressing by developing transdermal patches
[197].

Nanocoatings are also necessary for different wearable and smart textiles to prepare
products for highly functional applications, such as respiratory masks, antimicrobial
gowns, wound dressings, drapes, and caps. The coatings are prepared by applying nano-
particles to the surfaces of textile materials using various methods. The particles bond
with the fibers and work as a coating [198].

Smart textiles are prepared using different active, passive, and ultrasmart materials
via nanocoating. These fabrics are embedded with electronic sensors for healthcare mon-
itoring. Moreover, nanocoated textiles are used for biosensing various factors [15,196].

6.1.2. 3. D Printing and Bio-Fabrication

Textile fiber-based polymeric scaffolds are not recent developments. However, recent
advancements have taken them to the next level. The development of high-resolution
printers for fibrous materials has made it easier to produce customized, patient-specific
products.

The application of sustainable biomaterials in these 3D-printed scaffolds has gained
momentum in the medical textile industry. Materials such as polylactic acid (PLA) and
chitosan are being used due to their high performance. Moreover, 4D textiles are a recent
innovation that is still being studied to understand them better [157,199].

6.1.3. Eco-Friendly Manufacturing Processes

Although selecting raw materials wisely is necessary for the best outcome, a suitable
manufacturing process is a crucial factor for innovative products. For example, a recent
innovation, nano-pulse technology, can modify lignin-attached natural fibers into delig-

https://doi.org/10.3390/textiles6030083


https://doi.org/10.3390/textiles6030083

Textiles 2026, 6, 83

25 of 36

nified fibers with a composition similar to that of cotton fiber. As a result, the quality of
medical textiles is being enhanced greatly. The fibers no longer need to be treated with
hazardous chemicals to remove lignin; rather, a combined sustainable biological and ul-
tra-short electrical pulses are used to modify textile surfaces at a nanoscale [200,201].

Moreover, several processing techniques, such as electrospinning for producing ul-
trafine nanofibers from synthetic fiber solution, melt electrospinning writing (MEW) for
precise 3D printing, plasma treatment for modifying textile fiber for better dyeability, ad-
hesion and hydrophobicity, supercritical CO2 dyeing for waterless dyeing of textile mate-
rials, biopolymer grafting for enhancing biological properties of textile substrates, sono-
chemistry for ultrasound-assisted modifications of bast fibers, etc.

6.2. Challenges

Although medical textiles are emerging, their commercialization and widespread
adoption face significant challenges. Some of the challenges are discussed below.

6.2.1. Regulatory and Standardization Issues

The medical textiles used for healthcare purposes need to fulfill international stand-
ards. For this purpose, various international organizations have established several test-
ing methods and guidelines. The products must pass these tests to ensure safety, effec-
tiveness, consistency, and performance. Different regulatory bodies are responsible for
the regulations, such as the U.S. Food and Drug Administration (FDA), the European
Medicines Agency (EMA), the International Organization for Standardization (ISO), the
American Association of Textile Chemists and Colorists (AATCC), the American Society
for Testing and Materials (ASTM), etc. [120-123].

6.2.2. Ethical and Environmental Considerations

It is important to get ethical approval for a medical textile before analyzing it in vivo
or in situ conditions, which is a great challenge. Moreover, minimizing environmental
impact is also a recent focus for medical textiles. Thus, getting proper ethical approval for
ethical applications and sustainable products poses a comparative challenge for medical
textiles to come into commercialization [16,202].

6.2.3. Market Dynamics and Commercialization

The economic, technological, and regulatory issues always influence the commercial-
ization of medical textiles. Thus, addressing these barriers is a prerequisite for the growth
of the products. It is necessary to analyze the market trends and opportunities [203].

6.3. Future Research Directions

The above discussion demonstrates that the medical textiles market is continuously
growing. Proper innovation and investment can increase the value of healthcare products.
One possible combination is the release of therapeutic agents through real-time health
monitoring. Thus, it will enable users to have their health issues automatically resolved.
Transdermal patches are a good method for applying this technology for controlled drug
delivery with continuous monitoring [204].

Moreover, applying artificial intelligence and machine learning to decision-making
will be the future of medical textiles. In every sector of real-time health monitoring, artifi-
cial intelligence will be a great assistance for autonomous decision-making. For instance,
a real-time breath-monitoring sensor in a respiratory mask with artificial intelligence will
be the future of respiratory disease monitoring, which is already under development.
Some studies have shown its great possibilities after the COVID-19 pandemic [175,205].
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Another futuristic medical textile is the development of textile materials that can self-
modify in response to the patient’s needs, using shape-memory or responsive materials.
The materials will work depending on several sensing factors, such as temperature, pH,
color, and moisture [206].

Moreover, all products will need to meet future sustainable regulations. Thus, biode-
gradable, recyclable, or biopolymer will be the raw material for future medical textiles.

Besides material developments, interdisciplinary collaboration across fields will
yield the best outcomes. For instance, the combination of Textile Science and Biomedical
Engineering will create a new engineering field named Tex-Medical Engineering. The
field will help collaboration among materials scientists, textile engineers, and biomedical
researchers to develop next-generation medical textiles.

7. Conclusions

Medical textiles have become an integral part of the healthcare system. Due to ongo-
ing improvements in people’s lifestyles, advanced healthcare products are increasingly
chosen for their enhanced functionality. Textile fibers combined with other technologies
offer a promising avenue for curing and preventing various diseases and problems.

This review comprehensively analyzed the current state of knowledge and innova-
tions in medical textiles, including their classifications, applications, properties, reported
advances, challenges, and future research directions. This review starts by elucidating the
historical timeline of medical textiles from the ancient era through the present to the fu-
ture, highlighting the great possibilities ahead. This review also analyses the classification
of medical textiles by source and application area, with a description of each major fiber
type. It also discusses the physical, mechanical, biological, and chemical properties of
medical textiles analyzed for safety and performance, followed by international stand-
ards. It also broadly explored the application areas of medical textiles with the latest in-
novations and challenges for final applications.

The applicability of these medical textiles spans from non-implantable to implantable
textiles, from extracorporeal to personal protective textiles, offering multidimensional
possibilities for combating complex diseases. In personal protective equipment (PPE), a
noticeable shift from synthetic to sustainable, biodegradable fibers has been observed.
Various composite biofibers have demonstrated excellent biomechanical properties for 3D
polymeric scaffolds and drug delivery. Still, there are many challenges, such as regulatory
issues, competitive pricing, ethical approval, environmental considerations, etc., that need
to be addressed to achieve mass acceptance and applications. Thus, further research and
innovations are required to overcome these challenges. However, this review has some
limitations due to the continuous new research and developments. The review summa-
rizes the importance of medical textiles in modern healthcare and serves as a reference for
academicians and industrialists.
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