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Abstract

Clothing in treatment subjects, including di�erent orthoses and pressure garments, has been used for many years because of
various issues. �e importance of their performance resulted in other research and progressive achievements in producing
di�erent kinds of them. Electrospun polyurethane (PU) nonwoven has shown good potential for medical applications due
to �exibility,  porosity,  and mechanical  properties.  In this study, 3D polyurethane nano�brous layers (cylindrical  seamless
tubes)  were  fabricated  by  the  electrospinning  process.  A�er  that,  di�erent  properties,  including  air  and  water  vapor
permeability,  indentation,  compression,  and  tensile  behavior,  were  examined.  Laplace  law  was  used  for  calculating  the
generated pressure on the circular and oval cross-sectional body limbs. Fabricated layers showed high �exibility. �e results
showed that with increasing the electrospinning duration, the weight and thickness and consequently the amount of force
required for indentation and compression were increased, but the amount of air and water vapor permeability didn’t have a
pronounced change. �e amount of pressure generated by the fabricated layer can be controlled by changing the cylindrical
seamless  layer's  circumference and consequently changing the amount of  needed strain.  �is study indicated that  the 3D
electrospun PU layers have good applicability potential for consideration as treatment clothing or part of that in the �eld of
pressure garments and orthoses.

Keywords: Treatment Clothing; Polyurethane; Electrospinning; Nano�brous Layer; 3D Shape Memory; Comfort; Laplace
Law.
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Introduction

�e  applicability  of  clothing  as  orthoses  and
pressure  garments  has  been  investigated  for  many  years
because  of  their  enormous  usage  in  di�erent  medical
treatments  or  sports  and  the  importance  of  their
performance.  Research  has  resulted  in  progressive
achievements in producing and examining di�erent kinds of
orthoses  and  pressure  garments  used  for  di�erent  parts  of
body limbs. As a result, several types of orthoses and pressure
garments  with  other  methods  and  materials  are  produced
depending  on  the  body  parts  and  requirements  [1-12].

�ere have been di�erent researches in the �eld of
orthoses  production,  including  comfort,  limitation  of
movement,  the  amount  of  acting  forces,  and  interface
pressures  [1-3]  [5,13].  On  the  other  hand,  di�erent
parameters  have  been  investigated  about  pressure  garments,
such  as  the  pressure  generated  on  the  body  and  comfort
properties,  including  air  and  water  vapor  permeability.
Several types of research predicted and measured the amount
of  exerted  pressure  on  the  body  by  pressure  garments.  As
investigations  showed,  several  parameters  can  in�uence  the
exerted pressure. However, not only the characteristics of the
garment,  such  as  circumference,  reduction  factor,  tensile
behavior,  tension,  and  elasticity  can  a�ect  the  amount  of
generated  pressure  on  the  body;  but  also,  properties  of  the
body  part  including  shape  and  size,  position,  limb
circumference,  and curvature  are  important.  Various  ranges
of  pressure  can  be  generated  by  changing  these  parameters
[7-12,14].

Electrospun  �bers  have  been  considered  valuable
materials  for  numerous  sports  clothing,  medical,  and
biomedical  applications  due  to  their  special  characteristics
such  as  high  surface  area,  porosity,  and  mechanical
properties  [15-22].  Electrospinning  is  one  of  the  most
valuable  and  straightforward  methods  that  has  been  under
focus  in  the  past  decades  because  of  its  potential  for
producing  �bers  with  nano  and  micro  diameters  from  a
polymer solution or melt by applying electrostatic forces. To
date,  various  materials  including  synthetic  and  natural
polymers  or  a  blend  of  them,  have  been  successfully
electrospun  into  nano-micro�bers.  �e  other  attractive
advantage  of  electrospinning  relies  on  the  fact  that  the

structure and characteristics  of  electrospun polymeric nano-
micro�bers  can  be  controlled  by  the  processing  parameters
[16-18, 23-26].

Polyurethane  (PU)  is  one  of  the  polymers  that  has
been successfully electrospun in solution form. Polyurethane
solution  electrospinning  is  mainly  carried  out  by  di�erent
amounts  of  DMF  (Dimethylformamide)  and  THF
(Tetrahydrofuran)  or  a  mixture  of  DMF/THF  as  solvents
with  di�erent  PU  content  [20,  25,  27-31].

Some  research  works  reported  that  10,  12,  and  13
wt%  concentrations  of  polyurethane  with  the  presence  of
both DMF and THF as solvents were successfully electrospun
[21, 27, 29, 32]. Lakshman et al. [20] reported that 12 wt% of
PU in THF was optimized for producing nano�bers.

�e  electrospun  PU  nonwoven  characteristics  like
�exibility,  porosity,  and  mechanical  properties  make  it  a
good  candidate  for  di�erent  applications;  also,  electrospun
PU  and  PU  blends  have  shown  good  potential  such  as
sca�olds  for  bone tissue  engineering,  arti�cial  blood vessels,
protective clothing applications, and wound dressing, [21, 22,
27,  28].  Shape  memory  is  the  other  important  polyurethane
property  that  makes  it  more  useful  and  applicable  and
reported  works  had  introduced  PU  and  PU  composites  as
suitable  shape  memory  materials  [29,  33,  34].  PU  has  also
been studied as orthotic material and for producing orthosis
even in the �eld of 3D printing technologies [5,35].

In this study, the electrospinning method fabricated
3D  nano�brous  polyurethane  layers  (cylindrical  seamless
tubes).  �eir  comfort  and  mechanical  properties  were
examined. �e amount of generated pressure on the circular
oval cross-sections was calculated by the Laplace law to study
the  potential  application  as  treatment  clothing.  Hence,  this
work aims at assessing the breathability (air and water vapor
permeability)  and  mechanical  properties  such  as
compression,  indentation,  and  tensile  behavior  of  the
fabricated  layer.  �e  electrospun  polyurethane  layer  has  the
advantages of lightweight, breathability, and �exibility, which
are  of  prime  importance  for  comfort.  �e  continuum
structure  of  the  electrospun  layer  can  help  the  uniform
distribution  of  pressure  generated  on  the  body.

Moreover,  shape  retention  and  force  resistance  of
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the  electrospun  polyurethane  layer  can  be  an  excellent
advantage  for  protecting  the  body  and  increasing  the
durability  of  the  clothing.  As  a  result,  the  3D  electrospun
polyurethane  layer  can  be  a  good  candidate  as  treatment
clothing or part of that in the �eld of pressure garments and
orthoses.  �is  subject  has  not  been  on  focus  in  previously
reported works.

Experimental

Materials

�ermoplastic  polyurethane  (PU)  (Mw:  65000,
Bayer,  Germany)  was  dissolved  in  a  mixture  of
Tetrahydrofuran  (THF)  and  Dimethylformamide  (DMF)

(60/40)  with  a  concentration  of  13  wt%.  by  using  magnetic
stirring for 24 hours.

Electrospinning process

PU  solution  was  supplied  through  a  1  ml  syringe
which was  �xed on the  syringe  pump and then the  solution
was electrospun by the �ow rate of 1.15 ml/h, using 20 kV of
voltage.  �e distance between the nozzle  and the aluminum
collector was �xed to be 15 cm, and the rotating speed of the
collector was set at 70 rpm.

�e  aluminum  surface  covered  the  drum  with  a  5
cm  diameter  and  can  be  entirely  uncovered  for  picking  up
the  3D  shape  samples  as  a  seamless  cylindrical  tube.  �e
schematic  setup  of  electrospinning  is  shown  in  Figure  1.

Figure 1: Schematic setup of electrospinning.

�ickness measurement

�e  thickness  of  layers  was  measured  by  using  a
thickness  measurement  device  (model:  Dial  �ickness  7323;
Mitutoyo, Japan). Ten points of each sample were measured
for this purpose.

Surface Morphology Characterization

�e  morphology  of  PU  electrospun  layers  was
studied  by  scanning  electron  microscopy  (SEM),  (model:
XL30;  Philips,  USA)  to  determine  the  mean  diameter  and
layer  porosity.  For  this  purpose,  50  �bers  out  of  5  SEM
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images were examined. �e diameter of �bers was measured
by ImageJ so�ware, and the layer porosity was determined by
MATLAB image processing for the thickest layer.

Air permeability

�e  air  permeability  of  each  sample  was
determined  by  the  SDL  air  permeability  tester  (Shirley
Developments Limited, UK) for �ve circular areas (5cm2) of
each sample type and the air pressure di�erence between the
under and top of  the layer  was  set  at  100 Pa.  the  amount of
air  permeability  (ml/s.cm2)  is  measured  according  to  the
amount  of  air  that  passes  through  the  layer.

Water vapor permeability

�e  water  vapor  permeability  of  each  sample  was
determined  by  measuring  the  amount  of  vaporized  water
according to the cup method. For this purpose, 10 cc distilled
water was put into the cup (with a diameter of  1.5 cm),  and

the  sample  was  �xed  on  the  top  of  the  cup;  3  cups  were
prepared for each sample.  �ese samples  were kept  at  room
temperature  for  72  h,  and  this  time  duration  was  for
comparing  the  results  of  di�erent  samples  at  stable
conditions. Each cup with the mounted sample was weighed
before and a�er this time duration, and the amount of weight
loss was measured, indicating the amount of vaporized water.

Compression behavior

�e  amount  of  required  load  for  compressive
deformation  of  each  prepared  sample  was  measured  by
loading  a  disk  with  80  g  weight  and  10  cm  diameter.
Compression of samples was carried out by the so-called disk
and using the tensile tester (Instron, model: 5566; USA). �e
pressure  loading  speed  was  1  cm/min,  and  the  pressure
compressing height was set to 3 cm. �e disk compressed the
sample at 3 cm height and then returned to its primary state.
For measuring this property, 5 various zones of each sample
were tested at room temperature (Figure 2).
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Figure 2: Schematic set up for compression by Instron tensile tester.

Indentation depth

Resistance to the indentation force of each prepared
sample was measured with the tensile tester (Instron, model:
5566; USA) at room temperature. For this purpose, a circular

area  of  the  layer  with  a  1.5  cm  diameter  was  mounted  and
�xed on a  frame that  was designed for  this  test.  A�er �xing
the  sample,  a  3  mm  diameter  spherical  indenter  exerted
pressure  on  the  specimen  through  a  12  mm  indentation
depth  and  then  returned  to  its  primary  position.  �e
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crosshead  speed  was  5  mm/min,  and  10  points  of  each sample  were  tested  (Figure  3).

Figure 3: Schematic setup for indentation by Instron tensile tester.

Tensile behavior
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�e tensile  tester  (Instron,  model:  5566;  USA) was
used  to  measure  elastic  recovery.  For  this  purpose,  the
fabricated layer was stretched to 100% of its  primary length,
and then the tensile tester clamp was returned to its primary
level.  �is  cycle  was  repeated  5  times  at  room  temperature.

�e  gauge  length  of  the  sample  was  7.5  cm,  and  the
crosshead  speed  was  200  mm/min  throughout  the
experiments.

�e  amount  of  recovery  was  calculated  according
to equation (1) [22]:

Calculating  the  generated  pressure  by  the  Laplace
law

In this study, the Laplace law is used for calculating
the  amount  of  generated  pressure.  For  this  purpose,  the
tensile  stretch,  as  told  above,  is  exerted  on  the  layer  for  6
cycles.  So,  the  average  tension  of  the  6  cycles  at

25%,50%,75%,  and  100%  of  strain  was  calculated.  �en  the
modi�ed  Laplace  law  is  used  for  calculating  the  generated
pressure on the circular and oval (elliptic) cross-sections.

Laplace  law  (equation  (2)),  and  its  modi�ed
equations,  have  been  used  to  predict  the  interface  pressure
between the layer and the body [7, 10, 11, 14]:

Where  P  is  exerted  internal  pressure,  T  is  the
tension  of  the  layer,  r  is  the  radius  of  curvature.

Equations  (3)  and  (4)  show  modi�ed  Laplace  law

for  the  circular  cross-section  and  as  mmHg  is  the  common
unit for the pressure, the equation is modi�ed to calculate the
amount of generated pressure in mmHg:

where C is the circular circumference (cm) [10, 11].

On the other hand, generated pressure at any points
of oval cross-sectional body limbs, which have a cross-section
like  an  ellipse,  is  di�erent  depending  on  the  radius  of

curvature at that point. For calculating the pressure at various
points, the radius of curvature at that point can be replaced in
the  Laplace  law  [14].  As  the  radius  of  the  curvature  at  any
point  of  an  ellipse  is  calculated  by  equation  (5),  the  Laplace
law is modi�ed as equation (6):

θ θ
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θ θ

Where a is the major axis of the ellipse and b is the
short axis of the ellipse.

�e  di�erence  in  cross-sections  is  observable  in
Figure  4.

Figure 4: Di�erent cross-sections; circular and oval (elliptic)

Results and Discussion

3D  polyurethane  nano�brous  layers  (cylindrical
seamless  tubes  with  5  cm  diameter)  were  produced  with
weights  of  0.0085,  0.0118,  0.0171  g/cm2  and  di�erent
thicknesses  according  to  di�erent  electrospinning  duration

(Table  1).  As  table  1  shows,  increasing  the  electrospinning
time  duration  resulted  in  increasing  the  layers'  thickness,
which  is  because  of  the  ensemble  of  �bers  mass  during  the
time.  In  conclusion,  these  layers  were  thin  and  lightweight,
and these speci�cations, as a clothing material, lead to ease of
movement  and  can  be  more  comfortable.  As  a  result,  these
layers can be useful for use as clothing.

Table 1: �ickness of samples

Sample code Duration of electrospinning (hr) �ickness (average of 10 di�erent areas) (µm)

Mean CV%

A 4 269 9.66

B 6 481 9.35

C 8 761 9.59

Scanning  electron  microscope  (SEM)  images
demonstrated that electrospun �bers are successfully formed

without  beads.  Also,  the  PU  electrospun  layers  have  pores
with di�erent diameters, as shown in Figure 5. �ese results
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are similar  to the �ndings of  Han et  al.  [29]  and Gorji  et  al.
[27].

�e average diameter of �bers was measured to be
618.8  nm,  and  the  porosity  was  about  26%  for  the  thickest
layer (samples which were electrospun for 8 hrs.).

Figure 5: SEM image of electrospun polyurethane layer.

SEM micrographs indicated that these samples were
porous  and  expected  to  possess  high  breathability,  which  is
very  important  for  electrospun  layers  in  clothing

applications.  To  assess  the  layers’  breathability,  air
permeability  and  water  vapor  permeability  of  layers  were
examined,  and  the  results  are  brought  in  Table  2.

Table 2: Average air permeability (pressure: 100 Pa) and average water vapor permeability of samples (g/cm2.day)

Sample code Air permeability (ml/s.cm
2

) Water vapor permeability (g/cm
2

.day)

Mean CV% Mean CV%

A 1.5 4.66 0.128 6.58

B 1.44 3.47 0.122 3.42

C 1.42 2.81 0.119 1.82

As  the  results  show,  increasing  the  thickness  of
layers  has  a  small  decreasing  e�ect  on  air  and  water  vapor
permeability.  Analyzing  the  results  by  SPSS  (ANOVA -  one
way  with  95%  con�dence  level)  for  air  and  water  vapor
permeability showed no signi�cant di�erence between the air
permeability  of  samples.  Also,  there  was  no  signi�cant
di�erence  between  the  water  vapor  permeability  of  the
samples.  SEM  images  show  that  the  electrospun  layers
contain pores with di�erent diameters and distributions that
can facilitate the transfer of air and vapor �ow through them;
hence,  the  thickness  of  layers  does  not  have  a  signi�cant
in�uence.  Breathability  plays  an  essential  role  in  clothing
comfort,  and  air  and  vapor  permeability  are  crucial  tests  in

assessing  of  layers  �ese  PU  electrospun  layers  showed
breathability,  which  was  independent  of  their  thickness.

Also,  in  the  work  reported  by  Gorji  et  al.  [27],
increasing  the  thickness  of  electrospun  layers  led  to  a
decrease  in  the  amount  of  air  permeability  until  a  speci�c
time  duration  of  electrospinning.  A�er  that,  the  e�ect  of
electrospinning time duration and subsequently the e�ect of
layer  thickness  on  the  air  permeability  was  reduced.  In
addition,  water  vapor  permeability  was  unchanged  in  their
work,  and  the  thickness  of  the  webs  didn’t  in�uence  the
amount  of  water  vapor  permeability  [27].

�e amount of required force for compression and
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indentation of these layers was examined, and the results are brought in Table 3.

Table 3: Average maximum pressure force for compressing samples (a�er 3 cm compressing displacement) and the maximum pressure force
for indentation.

Sample code Maximum pressure force for compression (a�er 3
cm compression) (mN)

Maximum pressure force through 12 mm
indentation depth (N)

Mean CV% Mean CV%

A 3.55 11.27 5.04690 9.97

B 9.68 9.50 14.0420 9.75

C 35.89 8.35 33.69843 7.32

As  Table  3  demonstrates,  the  required  force  for
compression and indentation of these layers was increased by
increasing  the  thickness;  these  were  more  pronounced  in
sample C with the highest electrospinning duration. Tearing
happened a�er  inducing  pressure  in  some types  of  A  and B
samples  due  to  lower  thickness.  �ese  results  were  further
assessed by SPSS (ANOVA - one way with a 95% con�dence
level).  �e results con�rmed that increasing thickness led to
an  increase  in  the  required  force  for  compression  and
indentation.  Figure  6  and  Figure  7  show  the  e�ect  of
electrospinning  duration  (layer  thickness)  on  the  required
force  for  indentation  and  compression  respectively.

SEM images showed that �bers in these layers were
connected  by  bonding  and  crossing  sites.  In  other  words,
cohesion  and  adhesion  are  initiated  between  the  �bers,  so
increasing  the  thickness  leads  to  increased  connection  sites
between  �bers  which  in  turn  causes  higher  resistant  force
build-up  against  the  load.  It  can  be  deduced  that  increasing
the mass  of  �bers  in  the  layer  leads  to  increased connection
sites  between  �bers.  It  means  thicker  layers  showed  more

resistance  against  the  force  and  compressive  deformation,
and it can be seen especially in sample C. In this sample, the
mass  of  �bers  ensemble  with  interconnected  sites  is  more
than the other samples, and these sites could build up a high
resistance  against  compressive  forces.  Force  resisting  and
shape  retention  of  thicker  layers  were  several  times  more
than that of thin layers, and in conclusion, the thickest layer
showed better results for saving its shape.

Han  et  al.  also  reported  in  their  research  that
increasing the thickness of electrospun PU nano�brous layers
led to an increase in shape retention [29].

Overall,  shape  retention  and  force  resisting  can
positively  in�uence  the  applicability  of  the  electrospun  PU
layers as clothing, especially in treatment subjects. Because of
the properties  of  the body limb,  such as  shape and position,
shape retention and protecting the body part against di�erent
forces  are  essential.  Building  up  resisting  pressure  in  the
clothing  against  indentation  and  compression  forces  and
keeping  its  shape  memory  can  be  considered  crucial
parameters  in  high-performance  treatment  clothing.
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Figure 6: E�ect of electrospinning duration (thickness) on the indentation force.

Figure 7: E�ect of electrospinning duration (thickness) on compression force.
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Figure 8: shows the relationship between load and strain in the cyclic loading for the electrospun PU layer.

Figure  8  Cyclic  Load  (N)-Strain  (%)  curves  of
polyurethane  electrospun  layer  under  the  �xed  strain  of
100%.

According  to  Figure  8,  cyclic  curves  show  almost
nonlinear behavior during both loading and unloading. A�er
the �rst  cycle,  the successive  cycles  show lower hysteresis  in
comparison  to  the  �rst  cycle.  �is  can  be  attributed  to  the
permanent  deformation  that  is  occurred  a�er  external
loading.  Stretching  and  unloading  may  be  associated  with  a
slight  deformation  because  of  changing  the  shape  and
position  of  the  �bers  inside  the  layer  and  breaking  some  of
the  �bers  or  connection  between  them  under  loading.  �e
average  amount  of  recovery  during  the  cyclic  test  was
calculated to be about 99.63% for the thickest layer according
to equation (1). �e electrospun layer showed good �exibility
and recovery, which can also be a good point for its durability
as  a  clothing  application.  Other  researchers  have  also
reported high levels of recovery for electrospun PU [22, 29].

Results  showed that  the  thickness  of  the  fabricated
layers  has  no  signi�cant  in�uence  on  air  permeability  and
water  vapor  permeability.  �e  sample  C  (the  thickest  layer
with  8  hr  electrospinning  duration)  showed  the  highest
resistance  against  compression and indentation,  the  amount
of  recovery,  and  also  the  amount  of  interface  pressure
generated  by  the  sample  C  were  calculated  (by  using  the
Laplace  law  for  circular  and  oval  (elliptic)  cross-sectional
body  limbs).

Figure 9 shows the average tension and the average
extension at 25%, 50%, 75%, and 100% of strain for sample C.
�e  circumference  of  clothing  at  any  point  is  the  length  of
that point; as the �rst length is 7.5 cm, the circumference is to
be (7.5 cm + extension). Figure 10 demonstrates the average
of calculated pressure by the Laplace law for a circular cross-
section at di�erent amounts of extension (di�erent amounts
of reduction factor), according to equation (4) and Figure 9.
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Figure 9: �e average of tension and the amount of average extension at 25%, 50%, 75%, and 100% of strain

Figure 10: Average of calculated pressure for circular cross-sectional body limb at di�erent amounts of extension (di�erent amounts of
reduction factor)

According to equation (6), the average of generated
pressure on the oval cross-section at 100% strain is calculated
for di�erent radiuses of the ellipse depending on the angle, as

Figure  11  shows.  As  the  circumference  of  the  fabricated
electrospun  PU  at  100%  strain  is  almost  about  15  cm,  the
major  axis  (a)  and  the  minor  axis  (b)  is  calculated  to  be
around  2,83  cm  and  1.9  cm,  respectively.
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Figure 11: Average of calculated pressure for oval (Elliptic) cross-sectional body limb at di�erent radiuses depending on the angles at 100%
of strain

Figure 10 and Figure 11 showed that increasing the
strain and stretch of the layer leads to increasing the amount
of generated pressure and increasing the radius of  curvature
at  the  same  strain,  resulting  in  decreasing  the  amount  of
generated  pressure.

As  Figure  9  shows,  stretching  the  layer  leads  to  an
increase  in  the  tension,  and  as  a  consequence,  tension  has
more in�uence on the generated pressure than the amount of
increased  circumference  at  that  strain.  It  means  increasing
the  reduction  factor,  and  following  that,  increasing  the
tension leads to increasing the amount of generated pressure.
�e amount of reduction factor is a�ected by the diameter of
the fabricated layer.

As  Figure  11  shows  for  the  oval  (Elliptic)  cross-
section,  the  maximum  pressure  was  generated  at  (θ  =  0,  π,
2π)  and  the  minimum  pressure  was  generated  at  (θ  =  π/2,
3π/2). �e results showed that increasing the curvature of the
limb leads to increasing the generated pressure on that point.
As most curves are at both extreme sides of the ellipse cross-
section,  the  highest  pressure  –  at  the  same  strain  (the  same
reduction factor) - is generated on these sides.

Other  researchers  have  reported  the  same  results;
the  amount  of  exerted  pressure  was  increased  by  increasing
the reduction factor and tension; also, the circumference and
curvature of the body part can a�ect the amount of generated

pressure.  On  the  other  hand,  researchers  demonstrated  that
increasing the body curvature leads to increasing the pressure
generated  on  the  body,  but  at  the  same  reduction  factor,
higher  pressure  was  exerted  on  the  limbs  with  smaller
circumferences  [7,  8,  10,  11,  14].

Conclusions

In  this  study,  some  properties  of  the  electrospun
nano�brous PU layers were examined for investigating their
potential  application  as  treatment  clothing.  Results  showed
that  the  thickness  and  weight  of  the  layers  increased  by
increasing  the  electrospinning  duration.  Examination  of  the
breathability  of  the  electrospun  layers,  including  air
permeability and water vapor permeability, showed that these
layers had nearly the same properties, which were attributed
to their porous structure. It was concluded that the thickness
of  these  layers  doesn’t  have  a  pronounced  in�uence  on  the
amount of breathability. �is study revealed that the amount
of force exerted for compression and indentation of samples
increased by increasing the thickness. Layer thickness played
a vital role in load-bearing and shape retention. On the other
hand,  the  electrospun  layers  showed  high  �exibility  and
elastic recovery. �ey can generate di�erent levels of pressure
that  can be controlled by changing the circumference of  the
3D  electrospun  layer  and  following  the  amount  of  stretch.
�ese 3D nano�brous electrospun PU layers are of desirable
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properties. �ey are of great potential to be used as treatment
clothing or part of that in the �eld of pressure garments and
orthoses.
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