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A B S T R A C T   

The COVID-19 pandemic has highlighted the need for diversity in the market and alternative materials for 
personal protective equipment (PPE). Paper has high coatability for tunable barrier performance, and an agile 
production process, making it a potential substitute for polyolefin-derived PPE materials. Bleached and news
print papers were laminated with polyethylene (PE) coatings of different thicknesses, and characterised for their 
potential use as medical gowns for healthcare workers and COVID-19 patients. Thicker PE lamination improved 
coating homogeneity and water vapour resistance. 49 GSM bleached paper with 16 GSM PE coating showed high 
tensile and seam strength, and low water vapour transmission rate (WVTR). Phi-X174 bacteriophage testing 
revealed that paper laminated with 15 GSM coating hinders virus penetration. This research demonstrates that 
PE laminated paper is a promising material for low cost viral protective gowns.   

1. Introduction 

In March 2020, the World Health Organisation declared the outbreak 
of COVID-19 to be a global pandemic. The highly infectious nature of the 
virus SARS-CoV-2, which causes COVID-19, has made the prevention of 
person-to-person transmission a critical mechanism to halt the spread of 
the disease. The use of personal protective equipment (PPE) is therefore 
vitally important [1]. Without appropriate protection from exposure to 
the SARS-CoV-2 virus, front-line health care workers are at great per
sonal risk, and represent a critical transmission link to other patients and 
their families [2]. The rapid spread of COVID-19 and the consequential 
increase in demand for PPE has resulted in significant worldwide PPE 
shortages, including medical gowns. 

Medical gowns are designed to prevent the transmission of patho
gens to the wearer from an infected patient’s body fluids [3,4]. These 
have been shown to be superior to apron-style coverings in the reduction 
of contamination from splashes [5,6]. According to the American Food, 
Drug and Cosmetic act [7], PPE used in healthcare facilities is consid
ered to be a medical device. PPE is categorised as either a Class I (low to 
moderate risk) or Class II (moderate to high risk) device by the USFDA 
[8]. Medical gowns are classified as Class II medical devices, for which 
regulatory standards must be met for commercialisation [9]. According 

to the AAMI PB70 standard, the four tests required for the barrier per
formance of medical gowns are water, hydrostatic pressure, blood 
penetration and virus penetration resistance [10]. Based on their per
formance in these tests, medical gowns are categorised from level 1 (low 
protection) to level 4 (high protection) [11]. 

In the absence of genuine and appropriate PPE, many workers have 
been forced to adopt makeshift solutions, such as wearing plastic 
garbage bags as gowns, which do not meet any of the above standards 
[12]. Public Health England sought to mitigate the shortage of appro
priate PPE by allowing the use of reusable laboratory coats and patient 
gowns made of washable, woven fabrics as alternatives to disposable, 
non-woven gowns [13]. Many PPE manufacturers have increased or 
introduced the production of reusable gowns to meet the increasing 
demand [14–16]. However, some products only meet level 2 [17] or 
level 3 [18] regulatory requirements. Granzow [19] demonstrated that 
reusable woven fabric gowns have a lower resistance to microorganism 
and liquid penetration than disposable non-woven polypropylene 
gowns, which achieve the best liquid penetration resistance. 

The global pandemic, spike in demand, and shortage of traditional 
PPE materials suitable for viral transmission protection has driven 
biopolymer researchers, virologists, and biomedical experts to collabo
rate and explore low cost alternative materials for medical gowns and 
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other PPE [20]. Laminated paper is a non-woven material with signifi
cant potential for use as medical gowns. The inherent properties, ubiq
uitous availability, low cost, and agile paper production and lamination 
processes make this material widely available, suitable to address the 
health-care criteria, and able to adapt to rapid changes in demand 
during a pandemic event or other emergency that results in critical PPE 
shortage situations. Laminated paper materials are attracting attention 
for their physical properties, as well as their renewability and biode
gradability in many industries including packaging [21–23], superab
sorbents [24–27], membranes [28,29] and biomedical [30–32]. 
However, the use of paper-based protective apparel has not yet been 
reported. 

This study presents engineered and optimised laminated paper 
composite materials for medical gowns. Paper as the base material 
provides the mechanical strength, and a thin laminated coating of 
polyethylene acts as a barrier to increase the level of viral protection of 
the gowns. The effects of basis weight, laminate thickness, and combi
nations thereof on the composite performance were determined. The 
mechanical and barrier properties, viral protection, and liquid resistance 
of the composites were quantified. The ease of gown manufacture and 
performance with respect to the regulatory requirements for Level 4 
medical gowns were critically evaluated. Finally, bespoke prototypes 
were designed and manufactured from the optimised laminated paper 
material, and feedback from health-care workers was sought to 
demonstrate the application. 

2. Methodology 

2.1. Materials 

Polyethylene was provided by Qenos Pty Ltd. Machine glazed 
bleached eucalyptus paper and newsprint paper were provided by Opal, 
Maryvale, VIC, Australia (formerly known as Australian Paper) and 
Norske Skog Boyer, Australia, respectively. Anhydrous calcium chloride 
was purchased from Sigma Aldrich. The surfactant polysorbate 80 was 
purchased from Sigma-Aldrich, Australia. Whatman filter paper 602H 
was obtained from Bio-Strategy Pty limited Australia. 

2.2. Preparation of laminated paper 

The base sheets were coated on one or two sides with a blend of low 
density polyethylene (LDPE) and linear low-density polyethylene 
(LLDPE), referred to simply as polyethylene (PE) in this paper. Paper 
samples were coated at Opal Specialty Paper, VIC, Australia (formerly 
known as Orora) by extrusion coating. In this process, polyethylene is 
melted at high temperature (300 ◦C to 320 ◦C) and pressure, extruded 
through a slit die and laminated onto a paper substrate at high tem
perature through a nip roll assembly. The nip roll assembly consists of a 
rubber-covered pressure roll and water-cooled chill roll. The paper is fed 
from the rubber-covered pressure roll into the nip where lamination is 
achieved by pressing the polyethylene and paper layer together. The 
formed laminate is rapidly cooled down by water-cooled chill roll (15 ◦C 
to 30 ◦C) and collected by a wind-up mechanism. The sample description 
and composition is given in Table 1. 

2.3. Sample thickness 

The thickness of the material was measured using the L&W Micro
meter (model no. 222). The sample thickness was calculated as the 
average of 5 random points for 5 replicates. 

2.4. Coating defect analysis 

2.4.1. Fluorescence and optical imaging 
Fluorescence staining was employed to detect defects in the PE 

coating, followed by optical microscopy in transmission and reflectance 

mode to visualise the overall coating morphology. In theory, the fluo
rescence dye should stain defects on PE coating if the nature of the defect 
is a hole in the coating that exposes the underlying paper. Diluted pro
pidium iodide (PI) solution was prepared by mixing 20 μL of stock so
lution (10 mM) with 80 μL of deionised water, then passing through a 
0.2 μm syringe filter before spraying the solution onto the coated side(s) 
of the sample. PI droplets on the coated surface were dried by wicking 
with a delicate task wipe (Kimwipe), and the surface was rinsed with 
deionised water to remove any residue on the coated surface before a 
final drying with Kimwipe. Fluorescence images of the pinhole struc
tures were taken with the PE coated side up using a Nikon upright mi
croscope (model DS-Ri2) employing a TRITC filter (Ex 540/24, DM 565, 
BA 605/55) with 10x objective lens. The entire surface was scanned 
before capturing images of the location(s) with the largest observed 
pinholes. Pinhole defects appeared as red spots on the sample during 
fluorescence imaging. Pinholes were not always visible in the optical 
images. Transmission (brightfield) and reflectance images were 
captured sequentially at the same location using the same microscope. 
Reflectance images were captured with a coloured filter to enhance 
contrast. A fine tipped marker was used to circle the pinhole location on 
the PE coating to direct the subsequent acquisition of topography and 
chemical composition information with AFM-IR. 

2.4.2. Atomic force microscopy – infrared spectroscopy (AFM-IR) 
The AFM-IR data were collected with a Bruker NanoIR3 system. AFM 

images of pinholes identified during fluorescence and optical imaging 
were captured areas of 3 × 3 μm to 30 × 30 μm at 0.7Hz line scan rate 
with 100–200 pixel density on each edge using contact mode probes 
(Model: PR-EX-nIR2-10). Two to four height images were stitched 
together depending on the defect size in order to visualise the defect 
topography. Four IR spectra within the range 790–1850 cm− 1 were 
taken at locations of interest with 18.74% laser power, 2.9% duty cycle, 
and 2429 pt IR focus spot. The resonant frequency of the tip was tuned to 
around 265 kHz. IR imaging was performed with IR peaks unique to PE 
and cellulose – 1464 cm− 1 and 1062 cm− 1, attributed to CH2 wag and 
C–O stretch, respectively – to acquire IR maps of the PE-to-cellulose ratio 
on the coated surface. 

2.5. Mechanical properties 

2.5.1. Tensile strength 
Bare and laminated paper samples were tested for tensile strength in 

accordance with the TAPPI T402 standard using an Instron tensile tester 

Table 1 
Description and composition of laminated paper materials examined in this 
study.  

Sample 
code 

Sample Details 

Base sheet Laminate 

N42/10 Newsprint 42 
GSM 

Polyethylene 10 GSM 

N51/10 Newsprint 51 
GSM 

Polyethylene 10 GSM 

B44/0 Bleached 44 
GSM 

– 

B44/6 Bleached 44 
GSM 

Polyethylene 6 GSM 

B44/10 Bleached 44 
GSM 

Polyethylene 10 GSM 

B44/15 Bleached 44 
GSM 

Polyethylene 15 GSM 

B49/0 Bleached 49 
GSM 

– 

B49/16 Bleached 49 
GSM 

Polyethylene 16 GSM 

15/B49/16 Bleached 49 
GSM 

Double side coated with Polyethylene 15 GSM 
and 16 GSM  
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(model 5965). The samples were cut into 50 mm wide strips by laser 
cutter and tested at a constant strain rate of 10 mm/min. Five replicates 
were measured in each direction (machine direction: MD and cross di
rection: CD). Geometric mean tensile (GMT) was calculated by the 
square root of the product of the MD tensile load and CD tensile load at 
break. 

GMT=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(Tensile ​ load ​ at ​ MD × Tensile ​ load ​ at ​ CD)

√

2.5.2. Tear strength 
Tear strength was measured following ASTM D5587-15. Rectangular 

samples of dimension 150 mm by 75 mm were cut by laser cutter (Epilog 
Laser). Following the standard, an isosceles trapezoid template of 25 mm 
by 102 mm was drawn for each sample. A preliminary cut 15 mm long 
was made at the centre of the 25 mm edge. Samples were tested using an 
Instron tensile tester (model 5965) at a constant strain rate of 300 mm/ 
min. Five replicates were measured for each direction (machine direc
tion: MD and cross direction: CD) and the arithmetic mean value is 
reported. 

2.5.3. Seam strength 
Seam strength was measured following ASTM D751-19. Rectangular 

samples with a dimension of 50 mm by 203 mm were cut by laser cutter 
(Epilog Laser). The sample was folded in half with the fold parallel to the 
short direction of the sample. The fold was sewn in a seam (stitch type: 
301) approximately 100 mm from one end using a Janome N190 sewing 
machine with polyester thread (Gutermann 274 yds/vgs) and a denim 
needle (denim needle 16; 15 × 1DE). The fold was cut after seaming, and 
the samples unfolded at the seam or strength testing using an Instron 
tensile tester (model 5965) at a constant strain rate of 300 mm/min. Five 
replicates were measured for each direction (machine direction: MD and 
cross direction: CD) and the arithmetic mean value is reported. For 
thermofused samples, the samples were folded similarly as described for 
sewn samples. Then the samples were cut through the fold and ther
mofused by a heat sealer (Sunbeam VAC 780). 

2.5.4. Statistical analysis 
The tensile and the seam strengths were analysed to determine the 

variance in the results from each type of sample, and to determine 
whether there were statistically significant differences between them. 
This was done using GraphPad Prism 8.0.2 by one-way analysis of 
variance (ANOVA) for the whole set of data, followed by Tukey’s post 
hoc test to compare individual samples. 

2.6. Barrier properties 

2.6.1. Water penetration 
Impact penetration tests were evaluated in triplicate following the 

standard AATCC TM42-2017e [33]. Samples and blotting papers were 
conditioned at 21 ◦C and 50% relative humidity for at least 4 h before 
testing. Once conditioned, each sample was clamped under a spring 
clamp located at the top of a stand with an inclination of 45◦. Another 
spring clamp with a weigh of 0.5 kg was clamped at the free end of the 
sample. A previously weighed blotting paper was placed beneath the 
sample. 

A funnel with a spray nozzle at the bottom was placed 0.6 m above 
the top of the inclined stand (measured from the middle). The nozzle had 
25 holes of 1 mm diameter. 500 mL of deionised water was poured into 
the funnel and allowed to spray under gravity onto the sample. The 
weight of the blotter paper was measured immediately after the water 
spraying finished. 

2.6.2. Hydrostatic pressure 
Hydrostatic pressure tests were performed in triplicate using a set up 

adapted from the standard AATCC TM127-2018 [34]. Samples were 
conditioned at 21 ◦C and 50% relative humidity for at least 4 h before 

testing. A pre-fabricated polypropylene tube of 15 cm diameter and 100 
cm height with two clear plaques at the bottom was used to conduct the 
tests. Each sample was inserted in between these plaques and tighten 
with screws. Deionised water was poured inside the tube with the 
sample at the bottom until leaks were observed. The height of the water 
in the tube was recorded. 

2.6.3. Water vapour transmission rate 
The water vapour transmission rate (WVTR) of the samples was 

measured using the desiccant method according to the standard ASTM 
E96. The samples were dried in an oven at 105 ◦C for at least 4 h prior to 
the test. Permeability cups containing pre-dried calcium chloride were 
sealed with the laminated side (outside surface) of the samples facing 
the desiccant, and the paper side (inside surface) facing the environ
ment. The WVTR testing was conducted at 23 ◦C and 50% relative hu
midity. The change in mass of the cups with time was recorded and 
plotted. The slope of the rate of change of mass was used to calculate the 
water vapour transmission rate. 

2.7. Virus protection 

2.7.1. Preparation of phage suspension 
Bacteriophage Phi-X174 was used in this assay as a model virus as it 

is non-pathogenic to humans. Phi-X174 was propagated using host 
Escherichia coli C ATCC 13706. The lysate was purified following the 
Phage-on-Tap protocol [35]. Chloroform extraction was not performed 
during phage purification of the lysate due to incompatibility with the 
test materials. The phage titre was determined by the soft agar overlay 
method, in which phage lysate was diluted 10 fold in bacteriophage 
nutrient broth [Bacto-tryptone (8.0 ± 0.1) g + Potassium chloride (5.0 
± 0.06) g + Calcium chloride (0.2 ± 0.003) g + Purified water (pH 5.3) 
(1 000 ± 12.5) ml] with surfactant [poly-sorbate 80 (0.1 ± 0.001 25) 
ml] to simulate the surface tension range for blood and body fluids. 

2.7.2. Penetration test 
The resistance of the material to Bacteriophage Phi-X174 was studied 

using the standard method ISO 16604:2004 (E). Herein, Phi-X174 in 
liquid was used in contact with the outside surface (laminated side) of 
the material. 90 mm diameter sample were tested in a penetration cell of 
diameter 70 mm. The penetration test cell and the samples were steam 
sterilised at 121 ◦C and 214 kPa for 15 min before each test. The sample 
was placed within the penetration cell, and the cell was closed by tor
queing the bolts to 2.8 Nm each. The cell was covered with the trans
parent cover and mounted vertically in the apparatus for the penetration 
test. The cell was filled with 75 ± 2 mL of approximately 107 plaque 
forming units (pfu)/mL of Phi-X174 (challenge suspension) using a sy
ringe and needle. The liquid was subjected to 0 kPa for 5 min followed 
by 20 kPa for 5 min. The cell was visually inspected for any sign of 
visible liquid penetration to the inside surface from the outside surface. 
At the end of the test, the challenge suspension was collected by opening 
the drain valve. The inside surface of the material (paper side) was 
washed with 5 mL of sterile nutrient broth, referred to as assay fluid. The 
entire surface area was brought into contact with the assay fluid by 
swirling the cell manually. If penetration was observed visually at any 
point earlier than the completion of the test, the cell was drained 
immediately and the assay fluid was collected and examined by viral 
titration using the soft agar overlay method with the media specified in 
the ISO 16604:2004 (E) protocol. The total number of plaques was 
counted. The sample passed the test if the count was less than 1 pfu/mL 
and vice versa. Positive and negative controls were performed using 
Whatman filter paper 602H and a heavy gauge polypropylene auto
clavable bag material, respectively. All experiments were performed in 
triplicate. 

Settle plates were performed to ensure there was no airborne 
contamination during any stage of the experiment. The agar plates 
containing E. coli C were exposed for 15–20 min at the locations of phage 
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titration and the penetration testing area. Material compatibility testing 
was performed to ensure there was no phage inactivation by the sample 
or the material of the penetration cell. This was done by pouring 10 mL 
of the phage suspension of 2200 pfu/ml onto the surface of the test 
material while it was in the cell. The lysate was then collected after 10 
min of exposure to the sample and the cell. Phage titration was per
formed on this lysate as described above. 

2.8. Ash content 

The ash in the paper laminate composites were tested using the 
standard method TAPPI T211. Samples of known mass were combusted 
in an electrical muffle furnace (Model no. BT7670 Tetlow kilns & fur
naces) at 525 ◦C for 3 h and the mass of the resulting ash was recorded. 
The moisture content was measured by keeping the samples of known 
mass in 105 ◦C for 4 h and recording the dried mass. The ash content was 
calculated as follows: 

Ash content (%)=
Weight ​ of ​ ash ​ (g)

Weight ​ of ​ paper ​ sample ​ (moisture ​ free)(g)
× 100  

3. Results 

This study aimed to characterise laminated paper composite mate
rials for their potential use as medical gown. The paper laminate com
posites were analysed by combining optical microscope and AFM-IR to 
detect surface composition and topographical heterogeneity of the base 
sheet-laminate interface, thus relating permeability to composite 
structure. The mechanical properties of the laminate materials, 
including tensile strength, seam strength and tear strength, were also 
analysed to quantify the effect of each layer. The materials were further 
tested against AAMI PB 70 for level 4 medical gowns, for which the 
required properties are >30 N for tensile and seam strength and >10 N 

for tear strength. The barrier properties of the composites were tested 
against both water and a bacteriophage virus to determine the role and 
importance of each layer. 

3.1. Coating morphology 

Laminate integrity is key in achieving the required level of viral 
protection. However, the PE coating must also be as thin as possible for 
economic purposes, and to optimise wearer comfort. Further, analysis of 
the level of adhesion and the morphology of the interface can reveal a 
new understanding of the diffusion and barrier properties of laminated 
papers. Here, we combine advanced optical microscopy with AFM-IR 
analysis to probe and quantify the surface and interface between the 
layers of laminated paper. 

3.1.1. PE coating morphology visualised with optical microscopy and AFM- 
IR 

The surface and interface between the layers of the laminated papers 
were measured through advanced optical microscopy combined with 
AFM-IR analysis (Fig. 1). The optical microscopy transmission (bright
field) image shows the underlying cellulose fibres while the reflectance 
image reveals coating morphology. Pinholes were not readily detectable 
in the brightfield images, but a faint hue of the dye was occasionally 
observed. The reflectance images show heterogeneous coating 
morphology across the samples. The images of the two thinnest laminate 
layers and base sheet thicknesses (B44/6 and B44/10) show light and 
dark domains, revealing higher amorphous arrangement of PE chains 
(dark) than the semi-crystalline domains (light), which is consistent 
with the AFM-IR observations (Fig. 2) [36]. Samples B44/15, B49/16 
and 15/B49/16 show no distinct light and dark domains; however, an 
overall dense bubble morphology indicates air trapped in the melt. 

Fig. 1. Optical microscopy of laminate paper composites (scalebar: 200 μm) with PI staining. Fluorescence (top row), transmission (brightfield) (middle row) and 
reflectance with coloured filter (bottom row) images of propidium-iodide (PI) stained samples with various base sheet and laminate layer thicknesses. Fluorescence 
images reveal pinholes (in red), brightfield shows cellulose fibres and reflectance images highlight coating morphology. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
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3.1.2. Pinholes visualised with fluorescence microscopy and AFM-IR 
The fluorescence and optical images of selected samples after pro

pidium iodide staining are displayed in Fig. 1. Fluorescence images show 
that the thinner laminate layer has the most pinholes while the thickest 
base sheet shows the least. The AFM topography images reveal two types 
of defect morphologies for pinholes. The first morphology is a protrusion 
of cellulose fibres through the coating from the base sheet due to 
insufficient amount of coating material (Fig. 3A); the other is a crater- 
like defect due to uneven coating (Fig. 3b). The AFM-IR shows an in
crease in the cellulose signal (1064 cm− 1) peak closer to the bottom of 
the crater-like defect than at shallower regions, indicating a thinner 
layer of the polyethylene coating at the base of the crater. The pro
truding fibre features give an even stronger cellulose signal at 1064 
cm− 1 in addition to a deformation of the polyethylene peak (1464 cm− 1) 
with lowered intensity and widened base. For protrusion defects, the IR 
composition map of polyethylene-to-cellulose ratio revealed poor 
polyethylene coating (Fig. 3c). A simultaneous measurement of the 
relative stiffness of the material was collected by tracking the resonant 
frequency of the AFM tip. The protruded defect generated higher fre
quencies than the surrounding area, indicating that a PE poor region can 
introduce mechanical heterogeneity, such as domains with high relative 
stiffness contrast compared to that of surrounding areas due to exposed 
cellulose material from base sheet (Fig. 3d). 

3.2. Mechanical properties 

Achieving the required mechanical properties with paper laminate 
materials, particularly high tensile strength, is expected to be chal
lenging. Here, the effect of the type and thickness of paper base-sheet 
and the thickness of the PE coating are analysed. The material 
strength must also be preserved upon gown assembly, therefore two 
seam options, sewn and fused, are presented and analysed here. 

3.2.1. Tensile strength 
The mechanical properties of the laminated paper samples were 

expressed as the geometric mean tensile (GMT) at break point. Results 
are presented in Fig. 4. The dotted line represents the strength required 
(30N) for level 4 medical gown materials according to AAMI PB 70. All 
samples except the two newsprint composites meet the requirement. The 
newsprint composites (N42/10 and N51/10) have a lower GMT 
compared to those of bleached paper. These results indicate that pulp 
type plays an important role in governing the composite strength. 

Increasing the thickness of the laminate for the same bleached base- 
sheet (B44/6, B44/10, B44/16) does not change the GMT significantly, 
nor does increasing the base sheet grammage from 44 to 49 GSM (B49/ 
0 and B49/16). The effect of laminate thickness is also negligible when 
paper is coated on a single side. However, coating on both sides (15/ 
B49/16) improves GMT significantly compared to single side coating. 

Fig. 2. Characterisation of the heterogeneous coating morphology of sample B44/10: a) NanoIR3 Optical microscopy view (375 × 282 μm) of the coating surface 
showing light and dark domains. b) AFM-IR spectrum showing the prominent CH2 bending peaks of semicrystalline PE (solid circles, 1472 cm− 1, 1464 cm− 1) and 
amorphous PE (open circle, 1458 cm− 1). Dark domains have higher intensity due to semi-crystalline bands compared to the light regions, which show diminished 
semi-crystalline band signal intensity and similar intensity from the amorphous band. c) AFM topography map of a dark domain showing uneven surface 
morphology. D) PE (1464 cm− 1) -to-Cellulose (1062 cm− 1) IR ratio map of region (c) showing distinct PE rich (red) and PE poor (green) areas at the edges of the 
uneven surface topography. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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3.2.2. Seam strength 
Seam strength was measured for both sewn and thermofused sample 

assemblies (Fig. 5). Slippage occurred for sewn seams at a low force for 
the unlaminated bleached paper with a 44 GSM base sheet (B44/0). 

Increasing the laminate thickness on this base sheet (B44/6, B44/10, 
B44/16) or increasing the base sheet grammage (B49/0) does not affect 
seam strength significantly. However, when higher GSM base sheets 
were laminated on one side (B49/16), the seam strength improved 
considerably. Coating the sample on both sides (15/B49/16) improves 
the seam strength compared to its single-sided laminated counterpart 
(B49/16). This material (15/B49/16) has significantly higher seam 
strength than the unlaminated base sheets (B44/0 and B49/0) and the 
laminated base sheet with a lower GSM (B44/6,10,15). Therefore, it 
appears that both base sheet and laminate layers contribute to seam 
strength. 

Thermofused composites did not show any difference in seam 
strength, irrespective of base sheet grammage, laminate thickness, or 
double-sided coating. Moreover, none of the thermofused composites 
samples meet the seam strength required (30 N) for by AAMI PB 70 for 
level 4 medical gowns (Fig. 5b). However, the thermofuser used here 
was a kitchen heat seal and thus might not have provided sufficient heat. 

3.3. Barrier properties 

Paper laminate barrier properties are important to ensure protection 
from the surrounding environment. Here, the effect of the thickness of 
paper base sheet and the thickness of the coating are evaluated. 

3.3.1. Water resistant 
The water resistance of the composites was measured through 

Fig. 3. Evidence of pinhole defect morphologies detected by AFM-IR characterization. a) An AFM topography map of a protruding defect (type 1) and b) An AFM 
topography map of a concave crater-like defect (type 2). c) PE (1464 cm− 1) -to-Cellulose(1062 cm− 1) IR ratio map of a protruding defect in A showing reduced IR 
absorption of 1464 cm− 1 indicating poor PE coating on cellulose base sheet. d) PLL frequency map showing that protruding defects introduce domains with high 
relative stiffness contrast. 

Fig. 4. Geometric mean tensile strength at break point for the different lami
nate composites. The dotted line shows the AAMI PB 70 requirement. The as
terisks brackets show statistically significant differences between the indicated 
data points and groups. The asterisks below each data point show the level of 
significance when compared with 15/B49/16. Here, n.s. represents “not sta
tistically significant”, * represents p ≤ 0.05, ** is for p ≤ 0.01, *** for p ≤ 0.001 
and **** corresponds to p ≤ 0.0001. 
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hydrostatic pressure and impact penetration tests with results displayed 
in Table SI and Fig. 6. The hydrostatic pressure increased with 
increasing base sheet thickness. However, a more substantial increase 
was observed when the effect of the laminate was considered simulta
neously. For A44/0 and A49/0, hydrostatic pressure was 24 and 37 cm, 
respectively. These values increased above 98 cm when a coating layer 
was added. 

Water penetration values decreased with increasing base sheet 
thickness. Similar to the hydrostatic pressure tests, the greatest impact 
was noted when a laminate layer was included. For A44/0 and A49/0, 
water penetration was 0.11 and 0.06 g, respectively, decreasing to 
below 0.3 g when a coating layer was added. 

3.3.2. Water vapour transmission rate 
Materials without a PE layer showed the highest water vapour 

transmission rate (WVTR) (Fig. 7). WVTR values were similar for 
different base sheet thickness (A44/0 and A49/0). However, introducing 
a PE layer to the base sheet decreased the WVTR by 94% for A44/6 
(31.3 g/m2.day) compared to the base sheet A44/0 (530.4 g/m2.day). 
Increasing the laminate layer thickness further reduced the WVTR. The 
lowest WTVR (2.4 g/m2.day) occurred when a laminate layer was 
applied to both sides of a base sheet (15/B49/16). 

3.4. Virus protection 

The ability of the laminate materials to resist the penetration of vi
ruses was tested using a surrogate virion Phi-X174 bacteriophage. The 
penetration of a virus suspension containing 107 pfu/mL from one side 
of the material to the other side was tested. Table S2 shows the resis
tance of the bleached paper samples coated with laminates of different 
thickness to virus penetration. The samples with a higher PE lamination 
passed the penetration tests irrespective of the paper type and base sheet 
grammage. The samples with low PE lamination (A44/6 and A44/10) 
failed the penetration test, whereas those with higher lamination (A44/ 
15 and A49/16) could withstand a pressure of 20 kPa without allowing 
the virus particles to penetrate, thereby passing the test. The double 
coated sample (15/A49/16) also passed the test. The experimental 
method was validated with positive and negative controls. The positive 
control, which was a filter paper having a pore size of 2 μm, provided no 
barrier to the virus particles. The impermeable polyethylene material, 
with very low wettability and a small pore size, showed in no penetra
tion of the virus suspension even under pressure. 

Virus sizes usually range between 24 and 200 nm. The Phi-X174 
bacteriophage tested here was reported to have an icosahedral shape 
with external spikes on each vertex, with a diameter of 25 nm excluding 
the spikes [37]. This virus particle is reported to be 34 ± 2 nm in size, 
including the spikes [38]. The viral species causing the COVID-19 
outbreak is SARS-CoV-2. SARS-CoV-2 virions are spherical in shape, 
also containing glycoprotein spikes, and their diameter ranges from 60 

Fig. 5. Seam strength after (a) sewing and (b) thermofusing for the different laminate composites. The dotted line shows the AAMI PB 70 requirement. The asterisks 
brackets show statistically significant differences between data points and groups. The asterisks below each data point show the level of significance compared to 15/ 
B49/16. Here, n.s. represents not statistically significant, * is p ≤ 0.05, ** shows p ≤ 0.01, *** for p ≤ 0.001 and **** corresponds to p ≤ 0.0001. 

Fig. 6. Water penetration of the different samples.  

Fig. 7. Water vapour transmission rate for the different laminate composites.  
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nm to 140 nm [39,40]. SARS-CoV-2 viruses are larger than the microbe 
tested. It is therefore concluded that materials that provides barrier to 
the Phi-X174 bacteriophage would also resist penetration by the 
SARS-CoV-2 virus. 

3.5. Ash content 

The ash content signifies the presence of inorganic residues from 
wood pulp, the paper making process, and paper fillers. The ash content 
of the newsprint (N42/10) and bleached paper (B44/10) having the 
same laminate coating were 1.35 ± 0.36% and 0.50 ± 0.07%. The ash 
content of the newsprint sample was significantly higher than the 
bleached sample. The ash content of the uncoated bleached paper (B44/ 
0) is 0.21 ± 0.12%, which shows that the 10 GSM coating also has some 
contribution to the ash. 

4. Discussion 

Paper based materials have never been reported for use as medical 
gowns. Thus, their prospect in this area remains poorly understood. At 
first, this material may seem to be an injudicious choice because of its 
perceived weakness, high porosity and high wicking ability. However, 
two events have challenged this perception. The first is the COVID crisis 
that has drastically limited access to typical polyolefin non-woven gown 
materials, which are predominantly manufactured in Asia [41,42]. In 
contrast, paper is manufactured on all the inhabited continents, and 
indeed, in most countries. The second is the advance of paper as an 
engineered material. Substantial progress in strength and barrier per
formance has been achieved in the last decade. However, commodity 
paper has yet to be reported as an accessible medical gown material, 
without the use of advanced technologies such as nanocellulose and 
assembling systems. This section has two objectives. The first is to 
investigate the property-structure relationship of laminated papers in 
the context of COVID-19 medical gown materials; the second is to 
determine if and how the current gown standard (AAMI PB 70) can be 
met with paper technology. 

The AAMI PB 70 standard states the mechanical and barrier property 
requirements for medical gowns. Hence, these were studied to under
stand the suitability of the base sheet-laminate combination for Level 4 
medical gowns, the highest level of protection. Special attention was 
dedicated to coating homogeneity, which was identified as a critical 
factor to ensure both reliability and safety of the material in COVID-19 
medical gowns. 

4.1. Material morphology 

Defects in the laminate layer may compromise the barrier and me
chanical function of laminated paper during use as COVID-19 surgical 
and isolation gowns. Due to the sub-micron size of the SARS-CoV-2 
virus, a high resolution technique, namely AFM-IR, was utilised to ac
quire nanoscale structural and composition information regarding ma
terial defects by revealing these features with fluorescence staining. The 
concept is to stain the paper underneath the laminated surface with a 
fluorescent dye, which gives highly sensitive detection of any defects 
present. 

Fluorescence stained regions, or pinholes, are defects which are more 
prevalent in composites with lower grammage base sheets, which in
troduces more pores in the sheet, or thinner laminate layers providing 
inadequate coverage over the rough paper surface. AFM-IR character
ization reveals protruding (type 1) or crater like (type 2) defect mor
phologies with circular to ellipsoidal shapes that are 1–30 μm on the 
longest axis. Samples of the lowest base sheet grammage and thinner 
laminate layers (B44/6) have the largest type 1 and type 2 defects. The 
number of defects reduces with increasing laminate layer thickness 
(B44/15); in addition, an increase in base sheet grammage also aids in 
reducing the number and size of defects. The IR absorption of type 1 

defects displays stronger absorptions around 1060 cm− 1 and a reduced 
absorption around 1466 cm− 1. Type 2 defects exhibit an increase in 
absorption around 1060 cm− 1 nearer the bottom of the crater. In addi
tion, the relative stiffness of a type 1 defect is significantly higher than 
that of the surrounding material. This suggests protruding defects result 
from the base sheet having little to no coating while crater defects 
consists of regions with a thinner laminate layer with nano-holes at the 
bottom of the crater. Both types of defects must be mitigated as defects 
initiate tears and reduces barrier function, especially type 1 defects. 
However, mechanical and barrier test results must also be considered 
when determining the base sheet and laminate layer thicknesses (which 
determine the minimum number of defects) required for a functional yet 
economical medical gown. 

AFM-IR analysis of light and dark domains visualised with optical 
microscopy reveals a heterogeneous coating morphology with distinct 
domains of semi-crystalline (light) and amorphous (dark) arrangement 
of polyethylene in materials with the lowest base sheet grammage (B44/ 
6 and B44/10). While the nature of these domains does not indicate 
defects of the laminate layer, it does indicate reduced uniformity and 
molecular orientation, which may imply poor material function and 
impact laminate adhesion. Sollogoub et al. used optical microscopy to 
demonstrate that a substrate surface of higher roughness and lower 
polymer thickness had poor adhesion because the polymer had not 
reached the bottom of all the substrate surface irregularities due to the 
polymer flow being halted by crystallization or solidification [43]. Op
tical microscopy is thus a simple way to gauge the potential quality of 
laminate adhesion and to identify macroscopic coating defects. 

4.2. Material performance 

4.1.1. Effect of base sheet type 
Two different types of base sheets were evaluated: Newsprint paper 

and Bleached Kraft paper. Newsprint paper is made from softwood pulp 
(yellow pine) by thermomechanical pulping, which involves refining 
(grinding) under saturated vapour to separate the fibres from wood [44] 
at temperatures above the glass temperature (Tg) of lignin. Newsprint 
paper retains most of its lignin and some of the hemicelluloses. In 
contrast, bleached Kraft paper is produced from hardwood (Eucalyptus) 
by chemical (Kraft) pulping, followed by bleaching. In Kraft pulping, 
wood chips are pre-steamed and mixed with a hot mixture of sodium 
hydroxide, sodium sulphide and water, which reacts with lignin to 
separate the cellulose fibres [45]. Around 90% of the lignin and most of 
the hemicelluloses are removed in this process. The chemical composi
tion and wood polymer distribution of the two types of paper are thus 
significantly different. The most critically different properties are the 
length and therefore bonding abilities of the fibres with Pine fibres (L =
2 mm and D = 20 μm) being significantly coarser than Eucalyptus fibres 
(L = 0.8 mm, D = 8 μm). 

The base sheet type directly affects strength, measured here as the 
maximum tensile force at rupture [46]. Composites made from 
Kraft-based paper are twice as strong (GMT) as bleached newsprint 
(N42/10 and N51/10). This is attributed to the high lignin content in the 
newsprint paper, which decreases fibre-fibre bonding by the limiting 
hydrogen bonding ability and reducing fibre conformability, resulting in 
a lower GMT. Wet end chemistry is not expected to play any significant 
role as only retention aids and sizing agents (internal and surface for 
Bleached Kraft paper) are used; there are no wet/dry strengths agents. 
Further, the Kraft paper contains no filler while the Newsprint likely 
contains some CaCO3 from the recycling process. This supposition is 
supported by the ash content analysis, which shows that the newsprint 
composites (N42/10) has a higher ash content compared to the bleached 
Kraft paper (B44/10). 

4.1.2. Effect of base sheet and laminate thickness 
Virus penetration of these composites is entirely dependent on the 

laminate thickness; base sheet type and thickness has no effect. Samples 
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with thin laminate show penetration of the virus suspension from the 
outside (laminated) surface to the inside. A lower grammage base sheet 
(44 GSM) can provide full protection to virus particles only when the PE 
layer is above 15 GSM. Granzow et al. showed that gowns made of 
polypropylene resist fluid strikethrough and microorganism penetration 
better than those made of polyester or cotton [19]. Thus, it is the 
polymer coating on the laminated gowns that dictate the level of virus 
protection. Image analysis confirms that thinner laminates have a het
erogeneous coating morphology, and defects may allow virus penetra
tion. Coating thicknesses above 15 GSM show lower coating 
heterogeneity and less pinhole defects. Therefore, a thicker laminate 
coating should provide improved virus protection. 

Increasing the laminate layer or base sheet thickness does not result 
in a statistically significant difference in the tensile strength. This is 
confirmed by the similar GMT results observed for the 44 GSM base 
sheet composite tested at three laminate layer thickness. The laminate 
layer mainly contributes to the flexibility or ‘drapability’ of the com
posite, and provides a hydrophobic barrier and viral barrier. 

For seam strength, sewing outperforms thermofusing. Sewn seam 
slippage (displacement of thread) occurs at a low force for the unlami
nated bleached paper and for laminated bleached papers with lower 
base sheet grammage. For the 44 GSM base sheets, increasing the 
laminate thickness does not affect the seam strength significantly. 
However, the seam strength improves significantly with laminated (one 
side) 49 GSM base sheets. Coating the sample on both sides further in
creases seam strength compared to unlaminated base sheets with the 
same grammage (B49/0). This indicates that both the base sheet and 
laminate layer contribute to seam strength. For the thermofused com
posites, increasing the base sheet thickness or the laminate thickness 
does not affect the seam strength, which is universally poor. 

The presence of the laminate has a conspicuous effect on the barrier 
properties of the composites. The hydrostatic pressure of the paper 
composites significantly increases when a laminate layer is added, in
dependent of the laminate thickness. Similar results are observed for 
water resistance and the water vapour transmission rate of laminated 
samples, which confirms that the polymer coating is responsible for the 
permeability and hydrophobicity of these composites [47]. 

4.1.3. Meeting standard requirements 

16 GSM polyethylene lamination on a 49 GSM Kraft pulp base sheet 
is a suitable material for the production of Level 4 isolation gowns, as per 
the requirements of AAMI PB 70, providing the highest level of pro
tection [10]. According to ASTM F3352-19, the laminated composite 
developed in this study meets the standard requirements for tensile and 
seam strength (matching or exceeding 30 N) [48]. The analysis indicates 
that the best combination is a 49 GSM base sheet with 16 GSM PE layer. 
Although the tear strength of all the laminated composites is lower than 
the standard requirement, this can potentially be improved by including 
a thin polypropylene (PP) layer between the composite base sheet and 
laminate layer, or with a tape or mesh at the ends, preventing crack 
propagation. 

5. Conclusion 

This study investigates polyethylene (PE) laminated paper as a novel 
material for the manufacture of disposable medical gowns meeting the 
stringent requirements for SARS-CoV-2 protection. Medical gowns have 
standards to meet in tensile strength, tear strength, seam strength, water 
penetration, hydrostatic pressure and viral protection. 

Bleached and newsprint papers of varying basis weights were lami
nated with a polyethylene coating (on one or both sides). The laminated 
composites were characterised for coating morphology (optical micro
scopy and IR-AFM), mechanical properties, water resistance, water- 
vapour permeability and viral penetration. The performance achieved 
were compared to the medical gown material standards. 

The water resistance of the laminated papers meets the standard 
requirements regardless of the laminate thickness or the base sheet 
grammage. The mechanical strength of the composite results from the 
type of paper base sheet, with bleached paper being the strongest. The 
virus protection is dependent on the laminate thickness; a minimum PE 
coating of 15 GSM is required for viral resistance, regardless of the paper 
base sheet. Image analysis of the laminated paper surface reveals coating 
heterogeneity in thinly coated laminates. A thicker coating is required 
for achieving a coating morphology free of defects, which is imperative 
for providing good viral protection. The laminated materials met all 
tensile and seam strength requirements; however, they failed the tear 
strength standard. A simple solution might be the addition of a tape or 
mesh at the ends, thus preventing crack propagation in paper. This 
research presented and validated PE laminated paper as a new material 
for medical gown and COVID-19 PPE equipment production. 
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