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In recent years, researchers have investigated plant fiber foam buffer package materials for their environmental advantages, which
include their ability to completely biodegrade and their rich raw materials. )e porosity of buffer materials is an important factor
that affects a plant’s static compression property. In this study, foam buffer package materials of plant fiber were developed using
bleached bagasse pulp as the main raw material. A digital microscope was used to observe the porosity structures of the foam
buffer materials, and the porosity was calculated via binary image processing using Matlab software. )e effects of porosity on the
static compression properties of cushion materials were discussed, and a numerical model was established. )e results indicated
that the threshold value chosen affected the calculation of the porosities of buffer materials, which in turn have significant effects
on their specific static compression properties. )e variation trend of the stress-strain curve fits the hyperbolic tangent function,
according to which a numerical model was established. )e results of this experiment were in accordance with the theoretical
values, which will support the theoretical design of foam buffer package materials of plant fiber.

1. Introduction

Plastics have caused increasingly serious pollution problems,
thereby making it necessary to develop a degradable natural
buffer material to replace the current widely used, nonde-
gradable, plastic foaming material used in packaging and
other applications [1, 2]. Currently, commonly used envi-
ronmentally friendly degradable buffer materials include
molded pulp and honeycomb paperboard products. Since
these products involve the papermaking process in their
production, the cushioning cavity structure can improve its
cushioning properties. However, these buffer materials have
the disadvantages of poor elasticity, elastic modulus, cushion
coefficients, greater friability, and specific weights. In ad-
dition, their production costs are much higher than those of
plastic foam products, which also restricts their distribution
and use.

However, foam cushioning package materials made
from plant fibers (e.g., agricultural waste, wastepaper,
cardboard, and other plant fiber materials) and starch

additives are a new type of green packaging material [3]. Its
advantages include simple manufacturing technology, low
cost, wide material sources, and better shock isolation
performance than molded pulp products [4]. It can not only
be made into lined shockproof packaging material but can
also replace expanded polystyrene (EPS) filling particles, as
its performance is similar to that of EPS products. )e new
buffer material is a more sustainable and environmentally
friendly product, which effectively addresses issues arising
from the scarcity of resources and the contradiction between
environmental pollution and improvements in quality of life
because it undergoes natural degradation completely. In
recent years, besides increasing concerns about environ-
mental pollution, natural buffer materials found in plant
fibers have been the focus of greater research and devel-
opment efforts, especially in the field of preparation tech-
nologies [5–7].

Generally, buffer package materials should demonstrate
impact energy absorbability, vibration absorbability, good
resilience, compression creep resistance, mildew resistance,
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oil resistance, antistatic properties, wear resistance, flexi-
bility, and acid and alkali resistance [8–14]. Foam buffer
materials made from plant fibers contain a large number of
porous structures, which easily adsorbmoisture from the air,
thus potentially changing the mass and volume of the
structure under natural environmental conditions [15].
)erefore, the results under different humidity conditions
might have a larger error, so the apparent density cannot
reflect the real properties of the foam buffermaterials [16]. In
porous materials, the porosity is an important structural
parameter that reflects the pore density of the buffer ma-
terials without the influence of environmental factors.
Several methods can be used to measure the porosity of
buffer materials: the microscope scanning grid method,
mercury intrusion method [17], nitrogen adsorption, liquid
infiltration methods, and image analysis methods.

)e static compression properties of foam buffer ma-
terials have a great impact on the strength of bonding be-
tween the fibers of the materials as well as its porosity [18].
Generally, buffer materials with a larger rate of porosity have
the static compression characteristic curve closer to the X-
axis. In this study, foam buffer packaging materials were
developed from plant fiber using bleached bagasse pulp as
the main raw material. A digital microscope was used to
observe the porosity structure of the cushion materials, and
the porosity was calculated via binary image processing
using Matlab software. )e effects of the porosities of the
cushion materials were discussed and the model parameters
were identified using experimental data to establish the static
compression characteristic equations.

2. Experimental Methods

2.1.Materials. )ematerials included bleached bagasse pulp
from Guangxi Nanning Sugar Industry Co., Ltd.; cationic
starch (99%, CS-8) from Guangxi Mingyang Biochemical
Technology Co., Ltd.; sodium bicarbonate, AR, from the
Chengdu Kelong Chemical Reagent Factory; polyvinyl al-
cohol, 1788, from the Chengdu Kelong Chemical Reagent
Factory; and industrial grade magnesium stearate (AR) from
Sinopharm Chemical Reagent Co., Ltd.

2.2. Equipment. )e equipment included the INSTRON
8801 material testing system from Instron (Shanghai) Test
Equipment Trading Co., Ltd. and the DMLS2 microscopy
and image analysis system from German Leica Instruments,
Inc.

2.3. Preparation of Foam Buffer Materials. Bleached bagasse
pulp with a beating degree of 73°SR was used as the main raw
material. ()e length and content of the number-average
fine fiber, 0.40mm, 37.98%. )e length and content of the
weight-average fine fiber, 1.46mm, 10.79%.) )e cationic
starch and polyvinyl alcohol aqueous solution were stirred at
90°C for 30min separately and then mixed to form a paste.
)en, a certain amount of the dispersed fiber pulp and
magnesium stearate (1.50% of the dry weight of material)
was added to the paste and stirred until consistency. After

the mixed solution was cooled to room temperature, sodium
bicarbonate was added as a foaming agent. After stirring and
mixing to achieve a uniform consistency, the mixture was
moved into the mold [19]. Additionally, the mass ratio of
fiber, cationic starch, and polyvinyl alcohol was approxi-
mately 7 : 2 :1. )e mixture was then foamed into buffer
materials with different porosities in the microwave oven,
based on the different foaming agents used and various
microwave foaming times.

After being molded, the buffer materials were removed
from the mold and placed in an oven to dry fully. )e
preparation process is shown in Figure 1.

2.4. Microscopic Image Acquisition and Analysis. )e ma-
terial was cross-sectionally cut with a sharp knife edge to
obtain a sheet-like observation sample whosemicrostructure
was observed using a digital microscope to obtain the mi-
crostructure image of the corresponding sample. )e ac-
quired images were processed using Matlab software. )e
microstructure image is gray-scaled, and an appropriate
threshold is selected to binarize the image. )e Matlab
software was used to calculate the number of white pixels in
the image, which in turn helped calculate the percentage of
white pixels compared to the total pixels to obtain the
corresponding image porosity.

Multiple points were randomly selected for each sample
and their cross-sectional porosity was calculated. Finally, the
average value of the multiple points was calculated to obtain
the porosity of the sample.

2.5. Measurement of Static Compression Property. )e static
compression property was measured according to the
Chinese national standards GB 8168–2008, Method A, the
static compression test method used for buffer package
materials. In the experiment, the load applied to the samples
was gradually increased at a velocity of (12± 3)mm/min
along the direction of thickness; the compression force and
the corresponding deformation during the sample com-
pression process were recorded. )us, the stress-deforma-
tion curve can be obtained. To eliminate the influence of the
material size, the stress-deformation curve was converted
into the stress-strain curve according to the following
equations:

σ � G(ρ)f(ε), (1)

where σ is the compression force (Pa), P is the compression
load (N), and A is the loading area (mm2).

σ � a1th a2ε(  + a3 tan a4ε( , (2)

where ε is the compressive strain (%), T is the thickness of
the samples before compression (mm), and Ti is the
thickness of the samples after compression (mm).

3. Results and Discussion

3.1. Measurements of Porosity. While calculating the po-
rosities of the structures of the buffer materials, when a given
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binarization threshold was chosen, it could be observed in
the range of the black pixels that the porosities of the
binarization image could be zoomed in or out from the
original images [20], leading to larger errors in the final
porosity measurements. In practical calculations, multiple
values should be chosen to ensure that the selected image is
closest to the original image after binarization, and the most
appropriate threshold to calculate the porosity of the buffer
materials should be selected.

)e image results are shown in Figure 2. )e image with
a threshold of 0.4 (Figure 2(c)) and the ash processing image
in Figure 2(a) have the same pore distribution, but the image
with a threshold of 0.3 (Figure 2(b)) incorrectly identifies
some fiber structures. For the porosity, the image
(Figure 2(d)) with a processing threshold of 0.5 cannot
distinguish some microporous structures in the sample.
)erefore, image c is selected for calculating the porosity,
which is 49.4%.

In addition, there are a significant number of open-pore
structures inside the materials, and a large number of fibers
are entangled between them. )is is mainly due to a large
amount of cationic starch adsorbed on the surface of the
fiber, making it easier for the fibers to come in contact with
each other [21, 22].)e presence of cationic starch causes the
fibers to bind more closely, forming a layered fiber mi-
crostructure and enhancing the stability of the fiber network
structure. Alternatively, it may also be because polyvinyl
alcohol and cationic starch both play the role of binding
fibers.

3.2. Porosities of the Different Samples. Foam buffer samples
with different porosities were prepared using various
foaming agents and microwave foaming times. Appropriate
binarization thresholds were chosen to calculate the po-
rosities using Matlab software. For each sample, 8–10 dif-
ferent cross-sections were measured, and the average value
of the porosities was calculated, with the results shown in
Figure 3.

As shown in Figure 3, the internal pore structure of the
cushioning material varies with the amount of foaming
agent and microwave foaming time. As the amount of
foaming agent and microwave foaming time increases, the
porosity of the cushioning material gradually increases. )is
may be due to the diffusion of gas during the microwave
foaming process and the increase in air pressure in the pores,
which causes the fibers to squeeze together and bond [23].
)erefore, the longer the diffusion time and the greater the
increase in the amount of gas generated during the foaming
process, the larger is the fiber spacing. )is also increases the
porosity. )e amount of foaming agent has a significant
influence on the porosity of the material. However, the
increase in foaming time had a smaller change in porosity
compared to the amount of foaming agent. It can be proved
that the influence of the foaming agent on the porosity of the
material is far greater than the foaming time [15].

3.3. Static Compression Property Analysis of Different
Porosities. With reference to the porosity of the material, the
static compression characteristic curves of samples with
different porosities are compared, and the stress-strain
curves of the samples with the same porosity are selected for
average processing. A total of five groups of buffer materials
with different porosities were obtained. )e results are
shown in Table 1.

According to the test of the compressive performance of
average porosity (Table 1), the average porosity of samples
S1–S5 was 64.8%, 69.7%, 75.4%, 80.1%, and 84.5%,
respectively.

)e static compression properties of the different po-
rosities at 64.8%, 69.7%, 75.4%, 80.1%, and 84.5% from
samples S1 to S5 were tested in this study, and the static
compression characteristic curves were drawn. )e different
stress-strain curves are displayed in Figure 4.

As shown in Figure 4, the static compressive stress-strain
curve of the foam buffer material found in plant fiber can be
divided into three stages: the range between 0 and 10% of the

Bagasse pulp

Magnesium stearate

Cationic starch/PVA

NaHCO3

Cooling

Cooling demoulding

FoamingWater bath heating

90°C

90°C

90°C

Figure 1: Flow chart of the preparation of foam buffer.
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strain is the smallest strain elastic deformation zone; that is,
the stress-strain curve is basically linear; the range between
10 and 50% of the strain is known as the platform area (or
yield) where the stress force change is not large when the
strain changes sharply, and the curves are relatively flat.
After 50%, the curve is tangent; when the strain increases,
the stress forces also increase sharply and tend to infinity,
which is known as the compaction area (or density). )is
may be because the foamed material has a certain degree of

elasticity, and when the deformation is small, it falls within
the deformation range of the foamed material. As the de-
formation increases, the polymer bond of the material itself
generates a huge force [24].

In addition, when the material is under the same strain
conditions, the smaller the porosity, the greater the stress;
that is, the tighter the fiber cross-links, the greater the
corresponding stress in the material [25, 26]. )erefore, the
form buffer materials of plant fiber can absorb more kinetic

(a) (b)

(c) (d)

Figure 2: Real images and binary images with different thresholds. (a) Image of ashing processing. )e image of the sample at the threshold
values of (b) 0.3, (c) 0.4, and (d) 0.5.
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Figure 3: Effects of different foaming agents and microwave foaming time on the porosity of buffer materials.
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energy from the outside. In addition, the flag stage of the
low-porosity buffer materials was narrow and the corre-
sponding stress force was higher because the buffer materials
with lower porosity rates compactedmore easily, resulting in
a shorter yielding phase.

3.4. Establishment of the Static Compression Model of Buffer
Materials. )is study established a static compression
model because, to meet practical need, the application of
plant fiber-shaped cushioning materials has been widely
promoted. Based on the classical mechanics model of the
buffer material of plastics, a static compression model
equation of the buffer materials of plant fiber was assumed
and the parameters of the model were estimated using ex-
perimental data from static compression test data fitting.)e
characteristic equation was then established, which describes
the static compression property of foam buffer materials
found in plant fibers more effectively.

)e existing static compressionmodel of buffer materials
mostly belongs to the semiempirical formula. Sherwood and
Frost [27] put forward the model of an expression formula
that takes environmental temperature and density into
consideration, which is shown in the following equation:

σ � H(T)G(ρ)f(ε). (3)

Here, H(T) and G(ρ) indicate that the environment
temperature T and density ρ have an impact on stress, and

their impact is single, and f(ε) is the shape function, which
simulates the material deformation process. Due to the high
porosity of the material at room temperature, the temper-
ature change generated during the compression process has
very little effect on the stress of the material, so the effect of
temperature is ignored. So formula (3) can be simplified as
follows:

σ � G(ρ)f(ε). (4)

From equation (4), we can see that the static com-
pression test of buffer materials of different pore densities is
a function of strain. Referring to the classical mechanics
model of the buffer materials and considering the changing
trend of the experimental stress-strain curve, static com-
pression can be understood to use a hyperbolic tangent. )e
tangent function can be used to fit the static compression
curve equation of the plant fiber foam buffer materials. A
model of the static compression characteristic equation was
established in the following equation:

σ � a1th a2ε(  + a3 tan a4ε( . (5)

In equation (5), a hyperbolic tangent function was used
to reflect the relatively flat part of the stress-strain curve,
where a1 and a2 are only related to the elastic constant of the
materials. )e tangent function is used to reflect the dra-
matic change in strain in the stress-strain curve; among
them, a3 and a4 are only related to the elastic constants of the
materials.

3.5. Fitting Recognition of the Static Compression Model of
BufferMaterials. A nonlinear least square method was used
for curve fitting, and the lsqcurvefit function in Matlab
software was used in the fitting recognition process.
According to the stress and strain experiment of the samples
with a porosity of 84.5%, the results for the numerical
recognition characteristic equation parameters are
a1 � 0.0159, a2 � 18.7668, a3 � 0.0598, and a4 � 1.9614 and
the residual sum of the squares is 0.00022. In other words,
the static compression model equation of the samples is
σ � 0.0159th(18.7668ε) + 0.0598 tan(1.9614ε). )is equa-
tion is used to calculate the different strain conditions of
stress and draw the stress-strain curve of the buffer mate-
rials, as shown in Figure 5. Here, a smooth curve was formed
according to the model calculation value and the scatter line
was formed according to the experimentally measured
values.

As shown in Figure 5, under the model equations, the
calculated stress values under different strain conditions are
basically the same as those obtained in the experiment,
without much difference. In addition, the sum of the squared
residuals of the equation in the figure is very small.

In other words, the dispersion between the measured
value and the fitted curve is very low, indicating that the
static compression characteristic equation in the figure has a
high accuracy rate. )erefore, the fitting equation has a high
reference value for the compression performance of sample
S1.

Table 1: Data of void fraction of different samples.

Sample Average porosity (%)
S1 64.8
S2 69.7
S3 75.4
S4 80.1
S5 84.5
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Figure 4: Stress-strain curves of cushion materials of different
porosities.
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Figure 5: Comparison of the stress-strain curves of the experimental values and calculated value.

Table 2: Static compression characteristic equation of different porosity samples.

Sample )e average porosity (%) )e characteristic equation Residual sum of squares
S1 64.8 σ � 0.0039th(20.8588ε) + 0.1299 tan(2.0281ε) 0.0034
S2 69.7 σ � 0.002th(17.3505ε) + 0.0896 tan(2.0455ε) 0.0016
S3 75.4 σ � 0.0112th(18.4911ε) + 0.0785 tan(2.0038ε) 0.00051
S4 80.1 σ � 0.0206th(14.4173ε) + 0.0631 tan(1.9868ε) 0.00022
S5 84.5 σ � 0.0159th(18.7668ε) + 0.0598 tan(1.9614ε) 0.00022
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Figure 6: Continued.
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Using the same method, Table 2 demonstrates the
characteristic equation of the static compression charac-
teristic equation of the samples with different porosities.

)e stress-strain curve of the static compression of the
experimental value was calculated using the same method
shown in Figure 6.

For samples with different porosities (S2, S3, S4, S5),
curves were drawn according to the model characteristic
equations obtained by least squares fitting, as shown in
Figure 6. Similar to the fitting equation of S1, the fitting
equations of S2–S5 have a higher degree of coincidence in
the curves, which is of reference value in the study of stress-
strain of materials, even if their maximum pressures are
different. )erefore, the fitting equation has reference sig-
nificance for the compressive stress-strain changes of
foamed materials. )e results show that the characteristic
equation is reasonably accurate and provides a basis for

analyzing the cushioning performance of cushioning
materials.

)e surface fitting of stress-strain curves and porosities
was fitted by interpolationmethod using the cf tool ofMatlab
software. )e results are shown in Figure 7. In practice,
interpolation methods can be used according to these sur-
faces to predict the stress-strain relationships of certain
porosity materials of plant fiber.

4. Conclusions

(1) When image processing technology is used to ana-
lyze the porosity of the foam buffer materials, the
chosen binarization threshold can affect the calcu-
lation of the porosity. In the application of the
aforementioned calculations, multiple sample values
should be chosen to ensure that the image used is
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Figure 6: Comparison of the stress-strain curves of the different samples of the experimental values and calculated value.
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Figure 7: Surface fitting of stress-strain curves and porosities.
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closest to the original image after binarization, and
the most appropriate threshold should be selected to
calculate the porosity of the buffer materials.

(2) )e internal pore structure of the buffer materials
changed with different dosages of foaming agents
and various microwave foaming times. )e greater
the dosage of the foaming agent and the longer the
microwave foaming time, the greater the porosity of
the buffer materials.

(3) )e static compressive stress-strain curve of the foam
buffer materials found in plant fibers can be divided
into three stages, which include the small strain
elastic deformation zone, the platform area, and the
compaction area.

(4) Based on the above experiments, the static com-
pression features of foam buffer materials with dif-
ferent porosities were analyzed and the static
compression characteristic equation was established.
Moreover, the equation parameter was identified
using experimental data, and finally, the rationality
of the mode was proven. )e static compression
model equation is σ � a1th(a2ε) + a3 tan(a4ε).
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