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Abstract. Conductive polyurethane foam (PUF) was fabricated for use as biomedical pads. A poly(3,4-ethylenedioxythiophene):polystyrene sulphonate (PEDOT:PSS) mixture was added to increase the conductivity and density, and
green mussel shell particles were used to improve the strain energy absorption. Graphene and nanotube particles were
added to determine the impact of each on the conductivity and stiffness of the PUF. The electrical resistance was
measured with a multimetre, and the PUF-containing graphene and mussel particles showed a better conductivity than the
PUF-containing nanotubes and mussel particles. Finite element analysis was performed for a nonlinear analysis of the
stress–strain behaviour due to tensile forces. A conductive PUF was tested using the biomedical pads of a heart rate metre.
The results of the test show that the biomedical pads were effective.
Keywords.

1.

Polyurethane foam (PUF); PEDOT:PSS; graphene and nanotube particles; finite element analysis.

Introduction

Polyurethane foam (PUF) is a composite material that is
frequently adopted in the biomedical field due to its
advantages, such as easy processing, low density, low
thermal conductivity, specific stiffness and strength and
biocompatibility. In particular, PUF maintains its stability,
regardless of its size and compression. Compared to those
of other materials, there is no change in volume and size
even with temperature and humidity changes. The literature
on PUF manufacturing is as follows.
Stanzione et al [1] reported that bio-based polyhydroxyls
are synthesized by using succinic acid, and the bio-based
polyhydroxyls used as substitutes for conventional polyol in
the formulations of polyurethane and random urethaneamide copolymer are bio-based foams. Salzano de Luna
et al [2] suggested that the preparation of segregated 3D
graphene-based architectures facilitates the proper tailoring
of the overall performance of the resulting polymer
nanocomposites, providing significant improvements in
terms of structural and functional features. Tianliang et al
[3] developed anisotropic aerogel-foam composites by
embedding a reduced graphene oxide (rGO)/chitosan aerogel directly into an open-cell PUF through an in-situ
bidirectional freeze-drying process. The aerogel–foam
composites possessed both excellent compression-resilience

performance and stable piezoresistive properties. Zhang
et al [4,5] investigated the mechanical properties of three
types of polymeric foams (polypropylene, polystyrene and
PUFs). The focus has been placed on the strain rate and the
temperature effects on these foams under large deformations. Jeong et al [6,7] investigated the strain rate-dependent
behaviour of PUFs and formulated a new constitutive model
to improve the fit of the experimental data at various strain
rates [8,9]. Luong et al [10] reported a set of closed-cell
polyvinyl chloride foams with different densities, which
was studied to determine the compressive response over a
wide range of quasi-static and high strain rates. The results
show that the mechanical properties depend on the foam
density and rate of deformation.
Wang et al [11,12] reviewed the latest advances in
deformable conductors and their applications to enable soft
electronic devices for human-machine interfaces. They first
focused on the important characteristics of the deformable
conductors in terms of the stretchability, conductivity, and
transparency of the materials. Kirigami cuts from rigid
films, such as carbon nanotube composites and graphene
sheets, have proven to be a possible way to reduce tensile
strain [13,14]. The large difference between the inherent
stiffness of these conductors and a biological system also
limits the possibility of forming a direct interface. Another
method is to combine the elastic matrix with conductive
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fillers, such as metallic or carbon-based nanostructures, to
create composites [15–18].
However, the electrical properties of composites depend
on their filtration. The deformation causes a change in the
filtration path, thereby resulting in an irregular change in
conductivity. Fundamentally, flexible conductors have been
demonstrated through molecular engineering of conjugated
polymers or by combining multifunctional additives. The
material is capable of solution processing, significantly
lower rigidity and higher maximum tensile strain than
inorganic materials [19–21].
In this study, flexible and conductive PUF electrode
pads were fabricated, and mechanical analysis was performed to confirm their structural safety. For this purpose,
the elastic behaviour of the PUFs was calculated under a
wide range of strains from a static load and room temperature to a dynamic load. The construction model was
formulated in an implicit form based on the computational geometry algorithms library (CGAL) 3D surface
mesh generation [22]. Then, the tetrahedral volume mesh
was generated for the volume inside the surface using
Iso2Mesh software [23].
In this study, we used green mussel particles for the
solidity of foam frames to manufacture conductive PUFs,
and mixed them with graphene particles and nanotube
particles,
respectively.
Poly(3,4-ethylenedioxythiophene):polystyrene sulphonate (PEDOT:PSS) and Cucl2
were used for the conductivity of this mixture. FlexFoam
material was used to make the form of foam easy, and each
electrode pad for graphene particles and nanotube particles
was made to analyse the performance.
The stress–strain behaviour, which is an advantageous
mechanical property of PUFs, was analysed. The stress–
strain relationships were tested by a universal testing
machine (UTM) on the specimens. Field emission scanning
electron microscopy (FESEM) was used for morphological
and pore distribution analyses. Energy dispersive spectroscopy (EDS) was used to determine the element distribution. The PUF electrode pads were attached to a heart rate
sensor, and the results were analysed.

2.
2.1
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2.2 Preparation of the functionalized graphene
and nanotube mussel particles
The green mussel shells were completely dried in an oven
for 2 h at 150°C, and the powder was prepared for 5 h by
planetary ball milling of the dried green mussel shells.
The carbon nanotube and mussel particle mixture was
prepared by ball milling the carbon nanotube powder in a
planetary ball mill in the presence of the mussel shell
powder. In a typical experiment, 10 g carbon nanotube
powder and 40 g mussel shell powder were placed into a
stainless-steel capsule containing stainless steel balls (350
g) with a diameter of 5 mm. The capsule was then sealed,
fixed in the planetary ball mill, and agitated at 400 rpm for
12 h.
The carbon graphene and mussel particle mixture was
prepared by ball milling the graphene nanoplatelets in a
planetary ball mill in the presence of the mussel shell
powder. In a typical experiment, 10 g graphene nanoplatelet
powder and 40 g mussel shell powder were placed into a
stainless steel capsule containing stainless steel balls (350
g) with a diameter of 5 mm. The capsule was then sealed,
fixed in the planetary ball mill, and agitated at 400 rpm for
12 h.

2.3

Fabrication of the conducting porous PUF samples

Sample 1 was prepared by filling 1/3 of a 190 ml paper cup
with FlexFoam Part A and mixing this with 0.5 g of the
graphene mussel particle mixture as prepared above. The
polydimethylsiloxane solution was mixed with 5 ml
PEDOT:PSS and 2 g copper (II) chloride dehydrate, and
then Flexfoam Part B was added in the same amount as Part
A. Sample 1 was processed in an oven for 1.5 h at 130°C.
After cooling to room temperature (25°C) and holding for 2
h, it was frozen and dried in a freeze dryer for 18 h.
Then, sample 1 (figure 1a) was cut to a thickness of 30
mm and diameter of 45 mm. To further improve the conductivity of the sample, the sample was treated in the following process. After mixing each sample with 5 g copper
(II)
chloride
dehydrate
(CuCl2)
and
5
ml

Experimental
Materials

The carbon nanotube powder was purchased from
Kumho Petrochemical Co., Ltd. (Korea). The graphene
nanoplatelets and polydimethylsiloxane were purchased
from Alfa Aesar. The copper (II) chloride dehydrate
(CuCl2) (97.5%) was purchased from Samchun Chemical Co., Ltd. The PEDOT:PSS was purchased from
Sigma-Aldrich Chemical Company, USA. The FlexFoam Parts A and B were purchased from Smooth-On
Inc., USA. The green mussels were purchased at regular markets.

Figure 1. Images of the conductive PUF samples: surface
morphology of samples (a) 1 and (b) 2.
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polydimethylsiloxane solution in 150 ml of water, each wet
sample was held for 1 h at 120°C in an oven. The final
product was freeze-dried at -40°C under reduced pressure
for 24 h. Sample 2 (figure 1b) was prepared using the same
method mentioned above, but the nanotube and mussel
particle mixture was used instead of the graphene and
mussel particle mixture.

2.4

Morphological and chemical characterization

FESEM images were collected on a ZEISS GeminiSEM
500 scanning electron microscope with an accelerating
voltage of 15 kV. The pore sizes of the different polymer
foams were estimated from optical microscopy and FESEM
images by counting the pores. EDS and an elemental distribution map results are shown in figures 2 and 3 for
samples 1 and 2, respectively.
In figure 2a and b, it can be seen that the shapes of the
PUF, graphene particles and nanotube particles differed.
Figure 2c shows the distribution of each element by colour.
Figure 2d shows the detailed elemental distribution.
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According to FESEM images, graphene particles and
nanotube particles in PUFs have significantly different
distributions of their respective elements. This seems to be
due to the weight and density of graphene particles and
nanotube particles. In addition, changes in temperature in
the process of coagulation also affect. The chemical action
of various particles and liquid components in the coagulation process also affects.
Figure 2a and b shows FESEM images, and the mixed
shapes of the materials resemble the appearance of tadpole eggs. In the EDS image in figure 2c, the carbon
distribution is shown in red, and it appears to be scattered
irregularly and not mixed uniformly. Figure 2d shows the
composition ratio of C, O, Ca, Cr. Figure 3a and b shows
compressed shapes of the foam samples in figure 1. The
appearance of the foams can be attributed to the bonding
properties between the materials in the chemical process
that solidifies after mixing. Figure 3c shows the copper
distribution in green, which was partly agglomerated and
looked irregular. The mixing and solidification drying
processes are important because the materials must be
homogeneously mixed to improve the conductivity.

Figure 2. FESEM images and EDS analysis results obtained for sample 1: surface morphology at magnifications of
(a) 509 and (b) 1009, (c) distribution of the elements by colour and (d) distribution spectrum of different elements.
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Figure 3. FESEM images and EDS analysis results obtained for sample 2: (a) surface morphology at magnifications
of 509 and (b) 1009, (c) distribution of the elements by colour and (d) distribution spectrum of different elements.
Table 1. Resistance (MX) of the porous polymer foams at
random positions.
Position
Sample
1
2

1

2

3

4

5

0.62
114.2

0.79
90.2

0.68
105.8

0.57
112.3

0.37
86.2

the 60 MX range, depending on the location. It can be seen
that sample 1 had better conductivity than sample 2. The
graphene and mussel particles were more efficient than the
nanotube and mussel particles. The resistance varied
depending on the composition ratio of the materials during
the manufacturing process. Therefore, the measured resistance should be understood as a relative value, and not an
absolute value.

4.
3.

Stress–strain testing on UTM

Electrical property measurements

The resistance of the porous PUFs was tested by sandwiching a foam between two copper plates using silver
paste as the adhesive. The resulting open-circuit resistance
was measured using a multimetre. Table 1 shows the
resistance (MX) of the porous polymer foams (samples 1
and 2) at random positions. The resistance measured for
sample 2 was approximately 100 times larger than sample 1.
The measurement could occur at any position and was
therefore random. Sample 1 showed a difference in the
range of approximately 0.8 MX. Sample 2 was measured in

At least five specimens should be made according to the
ASTM D638 standard, but only three specimens from one
foam sample could be prepared for sample consistency and
material homogeneity. The samples were cut to a width of
10 mm, thickness of 5 mm, and length of 50 mm for tensile
testing experiments on the UTM. The stress–strain diagrams
of the samples is shown in figure 4. Three specimens were
created and tested for each sample type. For sample 1, the
stress at a strain from 1.5 to 1.7 mm was approximately
200–300 kPa before fracture. For sample 2, the stress at a
strain from 1 to 1.2 mm ranged from approximately
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Stress–strain diagrams of samples obtained on the UTM: (a) samples 1 and (b) 2.

250–325 kPa before fracture. These results were used in the
finite element analysis.
In the experiments conducted on the UTM, sample 1 had
an approximately 250 kPa stress for a strain of 1 mm, and
sample 2 had an approximately 280 kPa stress for a strain of
1 mm. However, sample 1 reached a yield stress of
approximately 350 kPa at a strain of 1.5 mm, and sample 2
reached a yield stress of approximately 320 kPa at a strain
of 1.3 mm. However, the strength is also related to the
density, which was proportional to the content of the green
mussel powder.

5.
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Implementation of the finite element model

Finite element modelling was carried out with a 3D tetrahedral mesh for samples 1 and 2, as shown in figure 5.
Cutting the sample to a thickness of 5 mm is irregular, and
large and small pores can be seen. The digital camera created the shape of figure 1 as a picture file, and it was edited
into a black and white file that separated the pores and solid
parts using the ImageJ program. This picture file was created from Iso2Mesh, which was developed with MATLAB
and based on the CGAL library, and a 3D tetrahedral mesh

Figure 5. 3D tetrahedral mesh by a finite element of polyurethane
foam: (a) samples 1 and (b) 2.

was created, which is a finite element mesh. For mechanical
analysis, the ICEM CFD of ANSYS was modified to 20303
nodes and 84174 elements for sample 1, while 21194 nodes
and 108255 elements for sample 2. The actual size of
sample 1 consisted of a width x = 27.5 mm, a length y =
44.2 mm, and a height z = 5.0 mm, while sample 2 consisted
a width x = 28.7 mm, a length y = 44.5 mm, and a height z =
5.0 mm. These dimensions were modelled as a modified 3D
tetrahedral element, as shown in figure 5.
For the boundary condition, all nodes at the bottom 15%
of the sample were fixed in the x, y and z directions. All the
remaining nodes moved freely in the x, y and z directions.
The node at the top 15% of the sample was pulled in the
positive y-direction with a tensile force of 19.8 kg and
stretched along the y-axis. This was done so that the conditions matched that of the testing on the UTM. The maximum stress and strain of the elements are plotted in
figures 6 and 7. In the figures, SMX is the maximum value
for each item, and the maximum value is shown by MX in
the figures. SI units are used, where the stress unit is kPa
and the strain unit is mm mm–1. Nonlinear analysis of the
load at the node and the element was conducted by creating
an ANSYS Mechanical APDL product batch input file.
The Ogden compressible foam option (TB, HYPER,,,,
FOAM) simulates highly compressible foam material in
ANSYS. The TB, HYPER,,,,FOAM option uses the Ogden
foam of strain energy potential for a highly compressible
elastomeric foam material. The strain energy potential is
based on the principal stretches of the left Cauchy-Green
tensor and is given by equation (1) [24].
N


X
li  ai =3  ai
ai
ai
W¼
J
k1 þ k2 þ k3  3
a
i¼1 i
N
X l 

i
þ
J ai bi  1 ;
ð1Þ
ab
i¼1 i i
where W is the strain energy potential, J the determinant of
the elastic deformation gradient, and components k, N,
shear modulus li, ai and bi are material constants (Ogden
model elastic parameters).
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Figure 6. The results of finite element analysis on elements for sample 1: (a) von Mises stress, (b) von Mises elastic
strain, (c) Y component of stress and (d) Y component of elastic strain.

For this material option, the volumetric and deviatoric
terms are tightly coupled. Hence, this model is meant to
simulate highly compressible elastomers. The initial shear
modulus l is defined by equation (2).
!
N
X
l¼
li ai =2
ð2Þ
i¼1

and the initial bulk modulus K is defined by equation (3).


N
X
1
þ bi
li ai
ð3Þ
K¼
3
i¼1
where for N = 1, a1 = –2, l1 = –l and b1 = 0.5, the Ogden
foam option is equivalent to the Blatz-Ko option. The
constants li, ai and bi are defined using the command in the
following order: for N = 1: l1, a1, and b1; for N = 2: l1, a1,
l2, a2, b1, and b2; for N = 3: l1, a1, l2, a2, l3, a3, b1, b2, and

b3; and for N = k: l1, a1, l2, a2..., lk, ak, b1, and b2..., bk.
The data for the material options are referenced in Ju et al
[25]. Videos showing the displacement of samples can be
viewed with supplementary video files.

6. PUF electrode pads as a heartbeat ECG recording
device
PUF electrode pads were used as electrode pad connectors
and attached to the corpus to measure electrocardiogram
(ECG) signals from pacemakers as a flexible, conductive
and electrode pad interface. In conventional commercial
pads, the ion conductive gel irritates the skin and generates
an ionic liquid over time. PUF can overcome this problem
because it is completely lyophilized. For testing purposes,
the head of a commercial pad was removed, and a flexible
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Figure 7. The results of finite element analysis on elements for sample 2: (a) von Mises stress, (b) von Mises elastic
strain, (c) Y component of stress and (d) Y component of elastic strain. Videos showing the displacement of samples
can be viewed with supplementary video files (VIDEO (sample 1) Y-component of elastic strain, VIDEO (sample 2)
Y-component of elastic strain).

Figure 8. Photograph of the heartbeat ECG recording process by (a) Raspberry Pi 3 (OS: Raspbian
GNU/Linux 10) and (b) PC (OS: Window 10) with PUF electrode pads.
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conductive PUF pad was attached to the rest of the wire and
used as a pad connector. No additional filters were used. To
compare the ECG records, the system was implemented in
two ways, (a) and (b), as shown in figure 8:
(a) HW: Raspberry Pi 3(OS: Raspbian GNU/Linux 10),
ADS1115 ADC module, DFROBOT(SEN0213) or
SparkFun(MAX30105) heart rate monitor sensor. SW:
Processing 3.
(b) HW: PC (OS: Window 10), DFROBOT(SEN0213) or
SparkFun(MAX30105) heart rate monitor sensor. SW:
Arduino IDE.
The ECG was first monitored with a commercially available sensor, and then the pad was replaced with a polyurethane
electrode pad. In figure 8, (a) is an example of working on a
Raspberry Pi 3 minicomputer, and (b) is an example of
working on a personal computer with Windows 10. The
results were consistent with each ECG signal. In both cases,
there was no problem at the interface between the polyurethane electrode pads and the skin.
The numerical values and signals matched in a comparative measurement of bits per minute (BPM) using a commercial device, namely, a Vital Sign Monitor (VP-700S,
votem.kr).

7.
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PUF containing the nanotube particles. The resistance differed by approximately 100 times.
The difference in the mechanical strength of Samples 1-1,
1-2 and 1-3 may have been influenced by homogeneous
mixing among the materials and by the size and number of
pores located in the samples. There were also differences in
the FEM analysis. For the FEM analysis of the PUF, a 5 mm
thickness was cut, and the shape was modelled and analysed
by a 3D tetrahedral mesh. In the FEM analysis, the stress in
the y-direction where the strain was large ranged from 11
kPa in sample 2 up to 317 kPa in sample 1, and the strain
ranged from 2.9 mm mm–1 in sample 2 up to 3.3 mm mm–1
in sample 1. It was determined that the data from the
experiments on the UTM and the stress range coincided,
and the size of the strain was three times larger. This difference is numerically sensitive to the size of the model,
boundary conditions, load location on the element, and pore
location and number in the model. The Ogden foam option
[24] was used to optimize this after dozens of different
methods. The dynamic deformation of the sample is consistent with the deformation observed for the experiments
on the UTM.
PUF electrode pads were attached to a heart rate
sensor and tested. The pads were compared with
commercially available pads and showed good performance and safety.

Results and discussion

Conductive PUF electrode pads were prepared. To enhance
the stiffness of the PUF, the density must be increased. For
this purpose, the powdered shell of green mussels was used,
and the difference in the conductivity was analysed by
adding graphene and nanotube particles. PEDOT:PSS was
used to impart conductivity to the PUF, and CuCl2 was used
to further increase the connectivity and conductivity
between the materials. CuCl2 seemed to play a significant
role in increasing the conductivity of the PUF as well as that
of the PEDOT:PSS.
The produced PUF possessed various pore sizes in crosssection depending on the mixing between the materials.
This may be due to the physical and chemical properties
between the materials and the solidification rate of the PUF.
Although not applied in this experiment, to improve the
quality of the PUF, bio-based polyester polyhydroxyls [1]
can be used, or a reduced graphene oxide (rGO)/chitosan
aerogel foam can be used in the foam, and the manufacturing process can be used in segregated 3D graphene-based
architectures [2].
FESEM images and EDS maps show the distribution of
various elements in the foam and that the graphene particles and nanotube particles differed. The carbon ratio
was quite high, followed by that for oxygen, and the
distribution of the elements of various other types can be
seen.
The multimetre measurements indicated that the PUF
with the graphene particles was more conductive than the

8.

Conclusion

Conductive PUFPUF is one of the most widely used composite materials in engineering and biomedical fields, and
conductive PUFs were produced and characterized in this
study. To increase the elasticity and strength of the PUFs,
green mussel powder was used to increase the density. To
prepare nanocomposites, graphite and nanotube particles
containing graphene and nanotubes were prepared.
A PEDOT:PSS material was used to increase the conductivity, and CuCl2 was used as a cross-linker for each
material. The use of CuCl2 as a cross-linker also helped to
improve the conductivity. After manufacturing, flexible and
conductive PUFs were made, and the material contained
large pores that were irregular, but there was no problem
with the conductivity. The experimental analysis confirmed
that the PUF was extremely lightweight, had excellent
mechanical and electrical properties, and was extremely
robust in aqueous environments. The ANSYS program was
used for the nonlinear analysis to simulate the tensile force
behaviour of the PUF.
The nonlinear behaviour of the PUF under various loads
was evaluated and predicted through constitutive models
and calculation methods. Therefore, the results herein can
be a very useful guide for PUF material and structural
analysis studies.
By using the prepared PUF directly as a heart rate pad,
the efficacy as a biomedical pad was confirmed. The
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behaviour of the PUF on various systems was demonstrated,
which confirmed that it could be used immediately on any
existing system.
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