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Original article

Bacterial cellulose grown from
kombucha: Assessment of textile
performance properties using fashion
apparel tests

Jane Wood1 , Joanna Verran2 and James Redfern3

Abstract

Bacterial cellulose (BC) has been suggested as a sustainable alternative textile for apparel. Previous studies have eval-

uated the production of BC sheets and the suitability of these to form garment shapes. The laboratory measured

physical performance characteristics of BC from an apparel perspective remain relatively unexplored.

The aim of this study was to produce reproducible sheets of BC, enabling the evaluation of the performance of the BC in

an apparel textile testing context, and comparison to other textile materials. Grown in sterile black tea with glucose, the

BC presented as a mesh of non-woven nanofibers, and thus comparison was made with three non-woven fabrics. It has

also been suggested that BC could be used as ‘vegetable’ leather; therefore, performance comparisons were conducted

with animal skins.

Utilizing British, European and International standard test methods, the selected fabrics were evaluated for their per-

formance in tensile, elongation, moisture vapor permeability and abrasion tests, relevant for an apparel end-use.

Tensile strength testing revealed that BC is weaker than its animal counterparts but does display similar physical

characteristics at the point of failure; however, it displayed a higher tensile strength than the non-woven fabrics

chosen for comparison.

BC was the least breathable and most moisture-retentive of all the fabrics tested, raising questions regarding its

suitability and comfort for apparel applications in its untreated state.

However, BC displayed superior performance when tested for resistance to abrasion, suggesting it could be best utilized

in the form of encapsulated patches in items subjected to this type of damage.
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By 2030 global apparel consumption is estimated to be
102 million tonnes, a 63% increase from figures collect-
ed in 2019.1 This consumption puts a huge strain on the
environment and natural resources, with United
Nations’ estimates suggesting the equivalent of approx-
imately three planets worth of resources being required
by 2050 to sustain the growth in demand.2 The impact
of apparel on the environment is wide reaching; every
stage of the manufacturing process is resource-hungry
and contributes to environmental pollution from chem-
icals used in fiber production, processing techniques in
fabric creation and manufacturing practices in apparel
construction. In addition, environmental pollution is
continued during the lifetime of the garment via pollu-
tants due to washing and wear (for example, as

detergents and microfibers), with estimates of over
300,000 tonnes of clothing being discarded every
year, and approximately 20% of this being sent to
landfill.3

1Department of Materials, Faculty of Science and Engineering, The

University of Manchester, UK
2Department of Life Sciences, Faculty of Science & Engineering,

Manchester Metropolitan University, UK
3Department of Natural Sciences, Faculty of Science & Engineering,

Manchester Metropolitan University, UK

Corresponding author:

Jane Wood, Department of Materials, Faculty of Science and Engineering,

Booth St E, Manchester, M13 9PL, UK.

Email: jane.wood-2@manchester.ac.uk

Textile Research Journal

0(0) 1–15

! The Author(s) 2023

Article reuse guidelines:

sagepub.com/journals-permissions

DOI: 10.1177/00405175231152668

journals.sagepub.com/home/trj

https://orcid.org/0000-0002-7999-230X
mailto:jane.wood-2@manchester.ac.uk
http://uk.sagepub.com/en-gb/journals-permissions
http://dx.doi.org/10.1177/00405175231152668
journals.sagepub.com/home/trj
http://crossmark.crossref.org/dialog/?doi=10.1177%2F00405175231152668&domain=pdf&date_stamp=2023-01-30


There are concerns around both natural and synthet-

ic fibers. Synthetic fibers are currently largely made

from virgin plastics and whilst they use less water

than natural fibers in their production, they are

mostly non-biodegradable and therefore make a

higher contribution to greenhouse gas emission than

their natural counterparts. However, natural fibers

such as cotton and wool require larger amounts of

water and synthetic chemicals in their processing to

enable them to withstand the demands of the modern
consumer. In addition to addressing the issues regard-

ing manufacturing ‘traditional’ fabric types, the textile

industry is seeking alternative sources of rawmaterial to

address environmental concerns.
Bacterial cellulose (BC) is one such alternative mate-

rial. Commonly described in the apparel industry as

‘vegetable leather,’ it is reported to have numerous

‘enhanced’ properties in comparison to its plant coun-

terpart, such as high tensile strength, high water reten-

tion, extreme insolubility to solvents, the ability to be

molded into shape and high degrees of polymerization
and high crystallinity. In addition, its production yields

cellulose in a pure form, without the presence of impu-

rities and waxes such as lignin, pectin and hemicellu-

lose,4 which require heavy processing to remove from

naturally produced textiles. However, the study of BC

as an alternative textile in the fashion apparel industry

has been limited, with relatively few studies exploring

the application of BC in this field.5–7

‘Bacterial (or microbial/nano) cellulose is a form of

cellulose that is produced by bacteria.’8 It forms as a

product of the microbial metabolic process and can
be thought of as a generated protective layer for

the bacterial cell, due to the reported protective

properties from ultra-violet light and the retention of

moisture. BC is generated as micro- (or nano-)

fibrils via pores on the surface of the microbial cell,

generally at the interface of liquid and air,9 forming

as a mat, or a pellicle. This structure can be considered

a biofilm.8

BC is produced most vigorously by the

bacterium Komagataeibacter xylinus (also known as

Gluconacetobacter xylinus and Acetobacter xylinus).8,10,11

In laboratory conditions, techniques such as the aseptic

inoculation of sterile media (e.g., Hestrin and Schram or

Yamanaka) are used to develop BC sheets. However,

K. xylinus is also found in kombucha, known colloquially

as Kargasok tea, tea fungus, Haipao and Manchurian

mushroom,12 which is a fermented drink that has been

consumed for several thousands of years. This has led to

an artisanal approach to the development of BC material

with researchers growing sheets in large containers of

unsterile tea and sugar, inoculated with kombucha starter

cultures, with varied results.

A kombucha pellicle can be considered a consortium
of yeasts and bacteria.10,13 The composition of the pel-
licle is determined by its geographic and climatic con-
ditions of cultivation,13 but it is suggested that a
kombucha mat consists of a ‘core’ consortium of bacte-
ria and yeasts13 that always possesses cellulose-forming
properties.13,14 There have been many studies to evalu-
ate the microbial composition of kombucha cultures and
assess the optimum conditions for tea brewing.10,15–18

Some studies have attempted to replicate the original
culture in media other than tea. These have included
complex media such as pineapple, watermelon and
orange juice,19–21 coconut water22 and beer.23

Efforts to create a defined medium, essential for
reproducibility, are ongoing, but such media have
required the addition of complex yeast extract to stim-
ulate pellicle growth.24,25 Schramm and Hestrin26

developed the ‘standard’ (but undefined) complex
growth medium (commonly known as H&S) consisting
of glucose, bactopeptone and yeast extract.23,25,27,28

This medium is commonly used in experiments that
remove the developed pellicle/biofilm from the surface
of the liquid medium, rinsing using distilled water and
NaOH to lyse any residual bacterial cells. The biofilm
is then dried using various methods (most commonly
ambient air-drying) until a constant weight is achieved,
from which the overall yield of BC (in terms of weight
rather than purity) is calculated.23,25,27–29

Studies examining the performance of BC as a tex-
tile in apparel have focused on the production of BC
sheets,30,31 the ability of the sheet to be formed into
garment shapes32 or the response of the sheet to textile
coloration and finishing techniques from an aesthetic
viewpoint.33,34 Whilst previous studies have postulated
the use of BC as an apparel textile, with some suggest-
ing it could be seen as a replacement to animal leath-
er,7,35 to the authors’ knowledge, no studies to date
have specifically tested the sheets as an apparel textile
to establish their performance characteristics and suit-
ability for fashion garment end-use. If the BC sheet is
to be considered as an animal leather alternative in the
apparel industry, tests commonly used to assess the
performance of leather during garment wear, including
tensile strength and abrasion, should be carried out. In
addition, wearer comfort in apparel is associated (in
part) with the moisture transmission characteristics of
a textile, and thus should be evaluated for any textile
proposed for apparel purposes.36–38

Such work is critical if BC is to be used as a viable
alternative textile in fashion apparel. This study aimed
to identify the best practice for simple but reproducible
small batch fabrication of a BC biofilm so that more
reliable data could be generated relating to the textile
performance properties of the resultant material, thus
allowing evaluation of BC performance against
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‘comparable’ textiles (such as animal leathers, non-

wovens and cellulose-based structures) for use in the

fashion garment arena.

Materials and methods

Fabric samples

Bacterial cellulose sheets. A commercially available 200 g

Kombucha pellicle in 100ml of green tea was purchased

from ‘Happy Kombucha’ (https://happykombucha.co.

uk/) and stored on a bench top at room temperature in

its original green tea broth (as provided) until required

for experiments. To produce a standardized inoculum,

100 g of the starter culture was placed in a 500ml sterile

pot containing 250ml sterile H&S medium. A lid

was loosely placed on the pot, which was stored in an

incubator (30�C) for 15 days. After 15 days, solids

(¼pellicles) were removed from the pot by filtration,

with the remaining liquid broth used as inoculum.
To determine the most suitable medium to support

BC sheet generation, a variety of growth media were

used to grow kombucha pellicles (Table 1).
In this study, coconut water was selected for its ‘nat-

ural’ origin.39 Beer already contains yeast extract and

previous studies have suggested that enhanced yeast

extract content helps support pellicle development.41

The exact content of yeast in the supermarket-

purchased beer was unknown. Black tea broth was pre-

pared using recipes collected during the literature

review as guidance (3 g leaf tea steeped in 1 l boiling

water for 15min).10,41

To determine whether sterile conditions were neces-

sary to produce the BC pellicles, each medium was split

into two parts; one half was autoclaved and after cool-

ing to ambient temperature, and 10ml aliquots of

media were aseptically dispensed into 30 sterile 25ml

containers. The other half was not autoclaved, and

10ml aliquots of media were dispensed directly into
30 sterile 25ml containers.

Each container was then inoculated with 1ml of
original kombucha pellicle tea broth. The lid was
placed loosely on top, and the container incubated at
30�C with conditions monitored using a USB datalog-
ger (model: Easylog USB, manufacturer: Lascar
Electronics, Wiltshire, UK). Visual observations of pel-
licle development and sampling took place 27, 34 and
42 days after inoculation (10 pots per sample date).

Pellicles on the surface of the liquid media were
removed with sterile forceps and placed on dry filter
paper to remove any excess surface moisture. These
pellicles were then removed from the paper using for-
ceps and individually placed in petri dishes and
weighed twice – (i) in the wet state and (ii) after
drying for 24 hours in a fan oven at 60�C (which
equaled constant weight, as determined in preliminary
work; results not included in this paper).

The weight of BC produced per volume of liquid (%
w/v) was calculated.25,26 Mean and standard deviations
of the weights recorded were calculated with outliers
removed using the interquartile range statistical
method.42

The presence of a cellulosic molecular structure in
the pellicle samples was confirmed using Fourier trans-
form infrared spectroscopy (FTIR) (model: FTIR
UATR Spectrum 2, manufacturer: Perkin Elmer). To
determine any differences in the morphology, samples
of each of the pellicles were observed under a scanning
electron microscope (SEM) (model: Supra 40VP, man-
ufacturer: Carl Zeiss Ltd). The samples were prepared
for viewing by storing in a desiccator42 before being
mounted on a metal stub using a sticky carbon disc
and sputter coated in gold to 10 nm thickness.43,44

Comparison fabrics for assessment. Fabrics were chosen
for comparison to the BC according to their physical
morphologies (determined by visual assessment, and by

Table 1. Media used for pellicle/biofilm growth

Type of medium Preparation Comments

Coconut water Pre-packaged coconut water39 was purchased

from a local supermarket. The liquid was cen-

trifuged to extract any residual solids.

After preparation/purchase of the media, each

liquid was decanted into separate sterile 500ml

Duran bottles and sterilized in an autoclave for

10min @ 115�C (the lower temperature was

used to reduce risk of glucose caramelization).

Bitter Own brand bitter (2.8%) – Morrisons

supermarket40

Black Tea Tea broth was prepared by steeping 1 tea bag

(Yorkshire brand black tea) in 1 l boiling water

for 15min (approx. 3 g tea/l). The bag was

removed and 100 g glucose added (10%).10,41

H&S 2% Glucose, 0.5% bactopeptone, 0.5% yeast

extract added to 1 l distilled, deionized water.24

Wood et al. 3
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reference to BC SEM images), mass per unit areas,

thickness and composition.
The purpose of the study was to evaluate BC as an

alternative textile for fashion apparel, and therefore

common textile performance tests relevant to this

field were chosen: tensile strength and elongation, abra-

sion and moisture permeability. Tests such as thermal

insulation/conductivity and air permeability were not

considered in this work as these are usually character-

istics associated with performance clothing.

Mass per unit area

Three 10 cm� 10 cm square specimens were cut with

fabric shears at randomized points from each sample

fabric. These samples were weighed individually on a

precision laboratory balance (Sartorius, Germany) and

the mean of these readings was calculated. The arith-

metic mean was multiplied by 100 to determine the

mass per unit area of the fabric in g/m2.

Thickness

Using a thickness gauge (Mercer, UK; model 110),

readings were taken at five randomized points for

each sample fabric. The arithmetic mean of these read-

ings was calculated to determine the thickness of each

fabric sample in mm.

Tensile strength and elongation (BS EN ISO 13934)

In accordance with the specified method, three speci-

mens were taken at randomized points from each

sample fabric. The samples were mounted on the tensile

tester (Instron, UK; model 33R4465), with a jaw sepa-

ration width of 100mm. The machine was set to an

extension rate of 100mm/min and all specimens were

extended to breaking point with maximum force at

break (N) and breaking elongation (mm) recorded.

Martindale abrasion (BS EN ISO 12947-1)

In accordance with the specified method, three speci-

mens were taken at randomized points from each

sample fabric. The samples were mounted on the

Martindale Abrasion tester (James Heal, UK: model

NU 864) in accordance with test standard BS EN ISO

13934 and the machine set to rub at 5000 revolution

intervals against an abrasive cloth (James Heal, UK:

original SM25), with a 9 kPa weight per specimen.

The specimens were assessed after each 5000 rubs and

removed at the point of destruction with the number of

rubs recorded.
The test was repeated using a 12 kPa weight for the

animal skin and BC specimens only and specimens

were assessed after each 5000 rubs and removed at

the point of destruction with the number of rubs

recorded.

Taber Abraser (BS EN ISO 17076-1:2020)

In accordance with the specified method, three speci-

mens were taken at randomized points from the animal

leather, animal suede and BC sample fabrics. The sam-

ples were mounted on a Taber Abraser (Taber

Industries, USA; model 5135), using Calibrase CS-10

(Taber Industries) abrasive wheels, 1000 g weights and

a textile specimen clamp with double-sided tape to

ensure no movement of the sample on the mount

during the test. The appearance and weight each

sample was assessed and noted before the test and at

1000 revolution intervals until the sample broke down

or a total of 10,000 revolutions was reached.

Breathability: water vapor transmission

(BS 7209:1990)

In accordance with the specified method, three 90mm

diameter circular specimens were taken at randomized

points from each sample fabric and individually

weighed. Each sample was mounted on an individual

pot containing 40ml distilled water and a gauze cover

affixed covering the fabric sample and the pot. Each

pot was weighed, mounted on the rotating disc for

24 hours, removed and reweighed, in accordance with

test standard BS 7209:1990. The fabric samples were

removed from the pots and reweighed immediately.
The water vapor transfer (WVP) of each fabric was

calculated by comparing the mass of the pot at the start

and end of the test and using the following calculation

WVP ¼ 24M=At

where M is the mass lost (g), t is the time (hours), A is

the area (m2), A¼ (pd2/4) * 10�6 and d is the diameter

of the dish (mm).
Water vapor absorbed by the fabric and still present

at the end of the test was calculated as a percentage

mass by weight as follows

ððMass gð Þ of sample at end of test–Mass gð Þof
sample at start of testÞ
=Mass gð Þ of sample at start of testÞ � 100

As an additional measure in this test (not specified in

the standard test method), each fabric sample was

weighed before and after the test was completed, and

these weights compared to establish the moisture reten-

tion of the material.
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Results and discussion

Bacterial cellulose sheet development

Across all the media studied, samples prepared under
sterile conditions gave higher yields of BC sheet than
their non-sterile counterparts (Figures 1(a)–(c)). It is
likely that contaminants might affect the yield, so it is
always preferable to maintain an aseptic technique and
sterile conditions when appropriate.

Sterile tea always gave the highest yields of BC at
each time point and a general trend of increase in yield
across time was observed. This contrasts with the other
media, which displayed almost constant yields/a slight
decrease in yields between 27 and 42 days. However, it
should also be noted that the standard deviation of
yield measurements was also largest in the sterile tea
broth.

H&S broth samples gave the lowest yield of all
media across all timepoints observed, and the

difference in yield from sterile and non-sterile H&S
broths was less than for the other samples measured.
It was also noted that H&S broths gave measurements
with the lowest standard deviation. It could therefore
be considered that whilst the H&S BC yield is low, it is
also the most consistent in terms of yield. However, as
the tea broth gave the greatest yield of BC sheets, this
broth was selected to grow further material for
evaluation.

To develop larger sheets of BC in tea, sterile tea liquid
was prepared as detailed in the methods section above.
Some 300ml of tea liquid was dispensed into plastic
containers (170 (l)� 50 (d)� 110 (w)mm) and inoculat-
ed with 30ml of original Kombucha pellicle tea broth.
Lids were loosely placed on the containers and the BC
sheets allowed to develop for 40 days. The sheets were
removed, rinsed with water and left to dry for 1 week in
ambient conditions on a laboratory bench.

Physical morphologies and selection of comparison
fabrics

FTIR traces performed on the pellicle samples dis-
played peaks in the regions shown in Table 2. Neera
et al.,43 Dima et al.45 and Halib et al.46 all concur that
these peaks are indicative of the presence of a cellulosic
structure.

There was very little difference in the spectral data in
terms of the occurrence of peaks across the growth
media permutations, indicating the same molecular
structure across the samples.19

SEM images (Figure 2) revealed BC sheets to be a
random mesh of nanofibers, arranged in a similar struc-
ture to a traditional non-woven fabric structure (such as
those seen in felt or non-woven interlining fabrics),
regardless of the growing liquid.8,17 The nanofibers all
measured a similar diameter (approximately 100nm).

Non-woven fabrics are defined as textile structures
that are created from fibers and formed into webs by
bonding or interlocking via mechanical, thermal,
chemical or solvent processes.47–49 Therefore, three
non-woven fabrics were selected for comparison, a
plant-derived cellulose fiber sheet (mechanically manu-
factured), a woolen felt (mechanically manufactured)

Figure 1. Dry pellicle yield after (a) 27 days, (b) 34 days and (c)
42 days. H&S: Hestrin and Schramm medium.

Table 2. Indicative bacterial cellulose Fourier transform infrared
spectroscopy wavelength peaks

Wavelength peak (cm–1)

3350 O-H stretching

2800–2900 C-H stretching

1160 C-O-C stretching

1035–1060 C-O stretching

1300 C-H bending

1400 CH2 bending

Wood et al. 5



and a polyamide (PA) sheet (thermally and chemically

manufactured) (Table 3).
BC is often referred to as vegetable leather, with

some studies suggesting it is a viable alternative to

animal hide. Therefore, two types of cow hide were

selected for comparison: natural grain (leather) and

napped surface (suede) (sourced from university

fabric stores) (Table 3).

Mass per unit area and thickness

The wool felt, PA, animal suede and cellulose non-

woven were of similar weight (169–234 gm�2). BC was

slightly heavier (323.67 gm�2), with animal leather

displaying the greatest mass per unit area (685.00 g/

m�2). However, measurements of the thickness revealed

the cellulose non-woven material to be the thickest

material (1.88mm) and animal suede the to be thinnest

(0.60mm). These results can be explained by the physi-

cal structure of the materials; the cellulose non-woven is

constructed of plant cellulose fibers, mechanically

bound together into a loose and open fabric structure

(Table 4). The animal suede, leather and BC sheet are

much denser in physical structure with fewer visible gaps

between their constituent fibers (Table 4). The samples

were deemed acceptable for further comparison as they

were representative of fabrics used in apparel

applications.
It is also worthy of note that the chosen materials

had different surface morphologies when examined

using the naked eye. The animal leather displayed a

relatively smooth surface and the animal suede was

napped/raised, whilst the BC had an undulating sur-

face. All the manufactured non-wovens have similar

fibrous surface characteristics (Table 3).

Textile testing

To choose the most relevant textile testing methods, it

is important to understand textile performance charac-

teristics when designing and manufacturing apparel to

Figure 2. Scanning electron microscope images of bacterial cellulose sheets grown in different liquids (�10 k magnification). H&S:
Hestrin and Schramm medium. (a) Tea; (b) beer; (c) coconut and (d) H&S.

Table 3. Fabrics selected for comparison to bacterial cellulose

Sample fabric Comments

Bacterial cellulose Vegetable leather sheet.

Animal skin (suede) Cow hide, napped surface.

Animal skin (leather) Cow hide, natural grain surface.

Cellulose sheet Mechanically compressed cellulose

fibers.

PA interlining Mechanically and chemically manufac-

tured sheet

Wool felt Mechanically engineered wool fibers.

PA: polyamide.

6 Textile Research Journal 0(0)



ensure the garment meets the wearer’s expectations in

terms of comfort and fitness for purpose. To this end,

there are many laboratory-based tests that can estab-

lish the physical performance of a textile and therefore

its suitability for specific end-uses.50–53

Non-woven fabrics are generally used in apparel as a

‘support’ to give structure and shape definition for the

main body fabric used in the garment.54 There are sev-

eral textile testing methods that have been modified to

cater for the ‘unique’ structure of non-wovens49; how-

ever, as this study aimed to establish the suitability of

BC as an apparel outer fabric (and not a ‘support’

fabric), the modified versions of the standard tests

were not used.

Table 4. Sample mass and thickness

Sample (image �2

magnification)

Mean mass per

unit area (g/m–2)

Mean thickness

(mm)

Bacterial cellulose 323.67 (SD 2.87) 0.62 (SD 0.14)

Animal skin (suede) 234.64 (SD 0.47) 0.60 (SD 0.02)

Animal skin (leather) 685.00 (SD 0.82) 1.31 (SD 0.06)

Cellulose non-woven 178.67 (SD 2.36) 1.88 (SD 0.14)

Polyamide non-woven 208.33 (SD 0.47) 0.95 (SD 0.03)

Wool felt 169.00 (SD 2.83) 1.09 (SD 0.04)

Wood et al. 7



As BC has been suggested as an animal leather alter-
native, the most likely apparel end-use is outerwear or
apparel that is expected by consumers to have levels of
superior durability. Tensile performance and abrasion
resistance were therefore chosen as the most relevant
indicative tests of these characteristics.

However, as previously mentioned, comfort charac-
teristics cannot be overlooked. It is well documented
that moisture management of textiles and clothing is
a critical factor in wearer comfort.37,38,55–59 Moisture
vapor transfer and moisture retention capacity were
chosen to establish the performance of the sample
fabrics.

Tensile strength and elongation. Animal leather, animal
suede and BC displayed definite and abrupt points of
failure, with ‘clean’ break points visually observed in
the fabric samples (Figure 3(a)). However, the BC
withstands lower forces and elongates less before
rupture (0.196 kN at 17.85mm) than its animal
leather (0.844 kN at 29.77mm) and suede (0.515 kN
at 59.32mm) counterparts (Figure 3(b)).

The wool, PA and cellulose non-wovens all dis-
played low and comparable forces at failure (Figure 3
(b)). Figure 3(a) illustrates the gradual, less abrupt
breakdown of the fabric structure in comparison to
the abrupt failure observed in the animal skin and
BC samples. The wool felt extended most at its failure
point and it is suggested this is likely to be due to fric-
tion of scales on the wool fiber holding the structure
together.60 By comparison, the cellulose and PA fibers
have a smoother surface morphology therefore less
mechanical friction between fibers to hold them togeth-
er, resulting in lower breakdown force and extension.61

These results indicate that BC would not be suitable
as an animal skin replacement in apparel applications
where resistance to stress is critical, but it could still be
considered in applications where non-wovens are cur-
rently used. Closer fitted garments (such as leather
jackets) generally require higher tensile strength perfor-
mance due to the strain applied to the fabric when the
body moves. However, non-woven fabrics can be used
in looser fitting garments (such as personal protective
equipment (PPE) gowns or outer coats), suggesting the
tensile and elongation performance of BC does not
completely exclude this from apparel applications.

Moisture performance. Moisture vapor permeability
(MVP) measures the rate of transmission of water
vapor through a material. In textiles, this is often
used to describe the ‘breathability’ of a fabric; that is,
the rate at which the textile allows perspiration mois-
ture to move away from the body, pass through the
textile clothing and subsequently evaporate into the
atmosphere. The higher the reading from the test, the

more transmissible water vapor through the fabric.62

The breathability of a fabric can be affected by
the fiber composition, fabric construction and
thickness.36

The MVP test suggested the most breathable fabrics
were the non-woven plant cellulose, PA and wool
structure, with results of 659.65, 685.32 and 690.03 g/
m�2 . 24 h, respectively (Figure 4). These structures
have larger gaps between the fibers than their animal
skin and BC counterparts, thus allowing moisture
vapor to travel more freely through the structure.
Conversely, the more densely structured animal skin
samples showed less breathability (leather 671.96 and
suede 531.28 gm�2 . 24 h) (Figure 4). BC showed the
least degree of breathability (205.39 gm�2 . 24 h), more
than 60% less breathable than animal suede (Figure 4).

Marked differences were also observed when exam-
ining residual moisture in the samples. The synthetic PA
non-woven retained the least moisture (0.26%) and the
‘natural’ fabrics (cellulose non-woven, wool felt, animal
suede, animal leather) retained between 2.06% and
5.34% (Figure 5). These differences can be explained
by previous studies; natural fibers have a greater ability
to absorb moisture than synthetics.36,58,63

However, BC retained a markedly larger percentage
of moisture (14.67%) than the other fabrics tested
(Figure 5). Again, this is not surprising, as a character-
istic of BC is its enhanced ability to absorb moisture.8

This also explains the poor moisture vapor transfer
result for BC; the material can absorb moisture from
the surrounding atmosphere but cannot easily release
this. This is an issue for clothing where the textile is in
direct contact with the skin; such moisture retention
would lead to wearer discomfort.37,56,57 However, in
application such as, for example, wound dressings64,65

or beauty products (e.g., face masks),66–68 this degree
of water retention could be advantageous and enhance
the product performance.

Abrasion durability performance. The Martindale abrasion
test is a useful measure of the potential of a fabric to
‘wear out’ over a lifetime of use. As the test specimens
are rubbed over an abrasive cloth, it could be suggested
that the thicker specimens should show greater resis-
tance to wear, with thinner specimens potentially fail-
ing the test more rapidly. However, various studies
have illustrated that it is factors such as fabric/yarn
structure, fiber composition69,70 and molecular struc-
ture71 that are of the most significance when determin-
ing resistance to abrasion.

Traditional textile non-woven fabrics are known for
their poor abrasion characteristics in comparison to
traditional woven and knitted textile structures.49,72

This is illustrated by the results of the Martindale abra-
sion test, with the cellulose and PA non-woven fabric
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breaking down at 5000 and 10,000 rubs @ 9kPa,
respectively. Non-woven wool felt performed better,
with total breakdown at 15,000 rubs @ 9kPa (Figure
6). In a similar way to the tensile performance dis-
cussed above, this performance could be attributed to

the surface morphology of the constituent fibers; scales
on the protein wool fiber could cause an interlocking
effect and thus enhance the abrasion durability of the
fabric in comparison to the smoother surfaces of the
cellulose and PA non-woven fabric fibers.

Figure 3. (a) Physical breakdown of samples after the tensile test. (b) Tensile strength and elongation. PES: polyester; BC: bacterial
cellulose; PA: polyamide; NW: non-woven.
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The BC, animal suede and leather resisted a much

greater number of rubs and were therefore tested using

both the 9 and 12kPa weights (Figure 6). Whilst apparel

performance is normally assessed using 9 kPa, superior

textile performance (normally attributed to upholstery

and other high-performance textile applications) is

ascertained using 12 kPa; Martindale abrasion testing

for leather is normally conducted using a 12kPa weight.
BC displayed excellent abrasion resistance, with supe-

rior performance to animal skin at 9 kPa. BC showed no

signs of breakdown at 150,000 rubs with a 9 kPa weight,

whilst animal suede broke down at 90,000 (Figure 6).

This level of abrasion is classed as superior performance

for everyday apparel applications.52,72,73

At 12 kPa BC failed at 105,000 rubs, displaying a

similar performance to animal leather (100,000 rubs).

Both were superior to animal suede, which failed at

15,000 rubs (Figure 6).
As the BC and both animal leathers displayed supe-

rior abrasion characteristics during the Martindale abra-

sion test, the three materials were subjected to the Taber

Abraser test, which is considered a harsher, more

destructive test normally reserved for technical textiles

where a high degree of abrasion resistance is required.73

Figure 4. Breathability of the sample fabrics. MVP: moisture vapor permeability; NW: non-woven; PA: polyamide.

Figure 5. Water retention of the sample fabrics.
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BC and animal leather were comparable in perfor-
mance during the Taber Abraser test (Figure 7):
animal suede broke down rapidly to failure after 2000
revs (Figure 8). However, BC and animal leather
showed a steady and comparable degree of mass loss

to 10,000 revs, at which point the test was abandoned
as all the surface of the animal leather had been removed
(Figure 9). As an indication of the level of performance,
European Standard EN388-2016 (protective gloves
against mechanical risks) states that at the highest level

Figure 6. Martindale abrasion sample appearance at end of the test. *No failure, specimen still intact – test abandoned. BC: bacterial
cellulose.

Figure 7. Taber Abraser sample appearance.

Figure 8. Taber Abraser: sample damage at 10 k revs (suede total breakdown at 2 k).
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of protection a textile should withstand 8000 revs at
1000 g.74 Upon visual examination, neither of these sam-
ples displayed complete physical breakdown, with very
little surface damage noted on the BC sample (Figure 8).
It could therefore be suggested that the BC is more dura-
ble to abrasion than the animal leather sample tested
and could be suitable as a high-performance abrasion
resistant textile. However, as noted above, the moisture
retention properties of BC mean that this material
would not be suitable to be worn against the skin, so
it is suggested that encapsulation of BC within the struc-
ture of the garment would need to be explored. The
encapsulant would need to be carefully chosen as to
not inhibit the performance of BC.

Conclusion

This study first determined the optimum method for
fabrication of reproducible small batch manufacture
of BC sheets. To our knowledge, it is the first study
to assess BC as a textile for potential fashion apparel
applications. Evaluation of BC against standards for
textiles used in fashion clothing is important if BC is
to ever be considered as a replacement for traditional
textile sources in this field.

Whilst laboratory-manufactured liquid growth
medium (H&S) gave the most consistent yields, sterile
black tea and sugar produced the highest yield of BC
sheets. Sterile black tea with glucose was therefore used
to grow larger pieces of BC for textile performance
evaluation.

SEM examination of the BC sheets revealed a nano-
fibrillar mat structure, which was directly comparable
to the structure of ‘traditional’ non-woven fabric, thus

a selection of non-woven fabrics was used for perfor-

mance comparison to BC. As many practitioners have

suggested BC could be a replacement for animal leath-

er, animal skins were also selected for performance

comparison to BC.
There are many test criteria that could be applied

when assessing the performance of a textile for an

apparel end-use and they are largely dependent on

the expectations of the wearer. However, as this study

explored the application of BC in fashion apparel, it

focused on the aspects of strength and durability in

wear (tensile strength and abrasion) and the moisture

transfer properties considered important when assess-

ing elements of wearer comfort.
Tensile strength and elongation testing revealed that

whilst BC physically behaves as animal skin in terms of

abrupt breakdown, the forces and elongation required

to elicit this breakdown are considerably lower for BC

than its animal skin counterparts. However, BC with-

stood higher forces at break than the comparable non-

woven structures, suggesting that BC could have

applications in looser fitting apparel where tensile

strength is not a prohibitive factor.
The moisture transfer capabilities of fabrics are crit-

ical for the consideration of comfort of apparel. BC

was the least breathable of all the samples tested and

retained the most moisture at the end of the test. This

indicated that BC would not be suitable for use in a

garment worn in direct contact with the skin. However,

there may be applications for BC in fashion outerwear

where moisture absorbance/repellency performance is

not a limiting factor in fabric selection (e.g., fashion

clothing not designed for wet weather protection).

Figure 9. Taber Abraser – sample mass loss over time.
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BC outperformed all other samples in terms of abra-
sion resistance, showing no signs of breakdown even
after points of failure for the animal leathers. This
result is of greatest interest from the study, as the BC
tested exceeds the most rigorous requirements of
European Standards for clothing designed to protect
against abrasion.

These findings suggest the BC would not be suitable
in close fitting apparel due to its tensile, elongation and
vapor transfer/moisture retention characteristics. The
application of a specialist finish could go some way
to counter this, although this may compromise the sus-
tainable aspect of the BC and require re-evaluation of
the performance characteristics to ensure there are no
adverse effects. However, the superior abrasion perfor-
mance of BC could render it useful in clothing for pro-
tection; it is suggested from these results that the BC
could be used as sealed-in patches in clothing (to pre-
vent moisture absorbance and thus potential negative
effects on abrasion performance) rather than the whole
garment (for example, in high-impact wear such as
motorbike leathers and areas of potential high abrasion
(such as knees) in workwear clothing). We would sug-
gest further performance trials of BC in this context.
Furthermore, extending the apparel testing regime to
include properties such as thermal insulation/conduc-
tivity, air permeability and performance to laundering
could allow for a wider range of apparel applications to
be suggested.
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