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Abstract

Silkworm cocoons are a natural biological and composite structure that has evolved over time and responds well to
the environmental conditions for silkworms. Understanding the relationships of cocoon structure inspires the
creation of materials such as low-weight, high-strength nonwoven bio composites. In this study, the descriptive-
analytical method and logical reasoning, using sericin cocoon and natural fibers, which for various reasons such as
lightness, non-pollution, and low-cost, can be a suitable alternative to artificial fibers, offer materials as a non-
woven bio composite. These materials are suitable in terms of stability and energy consumption, can be used as
thermal insulation. This performance is simulated for the hot and dry climate of Kashan city in the outer shell of
the building and using the Honeybee energy analysis plugin in the Grasshopper environment. The results show that
the proposed non-woven bio composite can help improve the thermal performance of the building by up to 12.7%.
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1. Introduction
The use of architectural composites in

comparison with its widespread use in the marine
and aerospace industries is in the early stages. This
is largely due to the lack of general engineering
standards for buildings or materials made of compo-
site materials and the lack of attention of some
architects to the use of new materials in design. In
terms of stability, structures created with composite
materials, to make proper performance, need fewer
materials compared to similar structures, which
leads to a simultaneous reduction in energy
consumption and car-bon emissions during the
production process. Advances in composite
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materials science offer new insights into their
properties and applications in buildings. The biggest
drawback of synthetic fibre-reinforced composites is
the lack of solutions for their recycling except by
burying or burning. [1] Research on environmentally
friendly composites made from natural fibers is
important due to the interest in environmentally
friendly materials and concerns about re-source
depletion, and non-woven composites are also part
of these bio composites. Non-woven composites
formed from fibres that were stacked without special
order and texture and bonded together using
adhesive (matrix) by chemical, mechanical or
thermal methods. An example of this type of
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composite in nature is the silkworm cocoon. Silk
cocoon is a polymer composite of a single string of
silk fibres with a length of about 1000-1500 meters,
bonded by sericin and has porous microstructures
with a specific hierarchy and in a multi-layered way.
The fibre-forming protein called fibroin has a semi-
crystalline structure and about 75% by weight of
cocoon and sericin is an amorphous, water-soluble
protein polymer that makes up 25% by weight. [2-3]
each layer of silkworm cocoons has a different
mechanical behavior and ultimately leads to the
structure of irregular cocoons that have a good
function against moisture, air flow, UV rays and
impact and have a certain degree of heat retardant
and are able to save heat. In view of the above, in
this study, inspired by the unique two-component
structure of the silkworm cocoon, it is suggested that
the nonwoven bio composite production process
consist of natural jute fibbers due to the abundance
and low thermal conductivity and sericin (natural
material and silk fibre binder in the cocoon). The
pro-posed materials can have suitable functions in
the building. These applications include structural
reinforcement, waterproofing, light wall
construction, floor and ceiling covering systems,
partitioning and thermal insulation in the building
shell and its use can help reduce energy
consumption in the building. Its function as thermal
insulation in the outer shell of the building in hot
and dry climates is then analyzed by the Honeybee
plug-in Grasshopper and the results of this
simulation are evaluated.

Research questions:

1. How does the study of the structure and materials
of silk cocoons and natural fibres lead to a non-
woven composite model?

2. How does the proposed natural fibre nonwoven
composite model help to improve performance in
buildings?

2. Literature review

In the late 19th and early 20th centuries, materials
scientists used advanced techniques such as SEM,
DMTA, etc. to use silkworm cocoons as models for
bio composites. In 2010, Chen studied the
engineering aspects of cocoons as a bio-hybrid
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system by studying a wide range of types of cocoons
and proposed a quantitative model that directly
linked cocoon structure to its mechanical properties
and could be applied to other composite. [4] In his
2010 study, Myer introduced the silkworm cocoon
as a heterogeneous fibrous structure in diameter and
density, and believed that the cocoon, despite its
complex structure, maintained its moisture level and
oxygen exchange with the outside environment. [5]
In a study in 2019, the natural fiber non-woven
composite model according to the structure of
silkworm cocoons was made using jute and sericin
natural fibres of silkworm cocoons and then, the
effect of sericin binder content on the physical
properties of nonwoven composite was tested. [6]
Korjenic et al. Studied natural fibre bio composites
as thermal insulation in combination with plant
facades in construction, and considered the use of
these materials to be environmentally friendly and
effective in reducing energy and heat. [7] In their
research, Khedari et al. Also propose a composite
building using a wall-ceiling, consisting of natural
fibres, cement and sand, which is very light and has
a low conductivity. [8] Understanding bio
composites and their properties can be a new path in
architectural design, because building materials as a
constructive  element affect the shape and
performance of buildings, especially in terms of
stability and energy, and one of the most important
issues studied in the sources that can provide the use
of these materials in building, its structure is as a
biological composite that is thermal and moisture
insulating.

3. SILK COCOON

The silk cocoon has a layered structure, without
texture and is made of two components of protein,
sericin and silk fibres (fibroin). Sericin makes up
one-fourth of the total weight of the cocoon, and its
amount decreases from the outer layers to the inner
layers, eventually leading to the formation of a
highly interconnected network of fibres. The porous
structure of the cocoon and its aerodynamic
properties affect the air flow rate. The air velocity is
much slower in the smaller cracks in the cocoon
wall, and near the surface of the silk fibres, due to
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the adhesion of sericin. In addition, a number of
airflow lines in the cocoon wall are terminated due
to the loss of kinetic energy due to friction between
the silk fibres and the air and air turbulence through
the cocoon. Silkworm cocoons are resistant to
temperature changes in the environment and
temperature fluctuations inside the cocoon are low if
the temperature in the environment changes. The
silk cocoon provides a UV protective layer for the
worm pupa, which sericin is responsible for
absorbing. [9- 12]

Figure 1. Schematic images of sericin samples
(magnification x 5000x), from left to right: a) Standard
sample, b) spray-dried sample, c) ice-dried simple. [3]

Sericin also has important biological properties such
as corrosion resistance, antimicrobial activity, easy
absorption of moisture, etc., and is known as a
compatible and biodegradable substance .In the

textile industry, sericin is a by-product of silk fiber
production and is always looking for new
applications of this protein in many research
projects. Due to its amorphous nature, it dissolves
easily in water at 60 ° C and returns to a gel state
upon cooling, providing significant commercial,
economic, and environmental benefits if recycled.
[13- 15, 3]

4. NON-WOVEN NATURAL FIBER
COMPOSITE MODEL

In this research, a model of a non-woven
composite with natural fibres and a sericin cocoon
binder is proposed, the structure of which will be
described based on a leading process. The use of
natural fibres is due to its good thermal properties
and optimum strength, lightness, recyclability and
easy access to it in many regions and countries. The
use of these fibres has been used in the construction
of building materials in the past and today, with
increasing environ-mental concerns, it has been used
in many studies in the preparation of bio composites.
To identify and select natural fibres, it is necessary
to first examine them based on their design needs
and compare their strengths and weaknesses.

Table 1. Comparison of properties of natural fibers with each other as fibers used in non-woven fiber composite. [Authors]
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Jute 1.3-1.4 26.5 400-800 93 1.5-1.8 0.0580 94.2
[7,16,17]
Flax 1.5 27.6-46.9 300-1000 NA 2.7-3.2 0.0650 111.1
[17,7]
Hemp 1.4 NA 550-900 13 NA™ 0.0620 155.2
[18,7]
Sisal 1.5 9.4-22 300-600 110 2-25 NA NA
[16,17]
Coir [16] 1.1 3-6 95-100 8 47 NA NA

* NA: not available

According to the table 1 and a comparison of the
natural fibres mentioned in it, it can be seen that jute
fibres usually resist rot and heat well and have a
high tensile strength after flax and hemp fibres. Coir

fibres have the lowest density and moisture
absorption of all fibres and can float on water for a
long time. All of these fibres are now used as fillers
or reinforcements in composite materials and can be
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a suitable alternative to synthetic fibres. In this
model, jute was considered as a natural fibre due to
its lower thermal conductivity than hemp and flax
and the abundance of these fibres and the ability to
be cultivated in all regions, in the preparation of
fibrous bio composite. After selecting the fibres, the
material should be considered as a binder between
the fibres, because in a natural fibrous composite
with a porous structure without texture, the binder is
between the fibres, which will lead to the formation
of strength and strengthening of mechanical
properties.

According to research, synthetic binders based on
formaldehyde have important disadvantages such as
water absorption, which can greatly reduce the life
of the composite material, consume more energy due
to the temperature of the process required for the
polymerization of the synthetic binder. [19-21] In
addition, formaldehyde-based chemical binders as
toxic substances can cause side effects. [22] Based
on this issue and the effect of sericin on silkworm
cocoons as a natural binder, it can be used as a
suitable alternative to synthetic binders in the
production of natural fibre composites. In this study,
sericin was considered as a binder between selected
jute fibres for the production of non-woven bio
composite materials. The amount of sericin,
depending on the amount in the silkworm cocoon,
can be used in the production of natural fibrous bio
composites up to 30% by volume, and the rest
should be made of natural fibres. The process of
producing the proposed materials, which must be
done in the workshop and is possible by
prefabrication, begins with cutting the fibres into
small lengths. The natural fibres are poured into a
container and then sericin solution is added. The
solution should then be stirred gently to achieve a
homogeneous dispersion of the fibres in the solution.
The prepared material is then poured into a metal
mold according to the desired standard sizes. To
remove moisture, create compaction between the
fibres and produce the final product, the mixture
must be placed inside a hot press machine and a
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composite panel must be produced under high
pressure and temperature.

Pour the material
containing sericin fibers
into the mold

Extraction of sericin from the
£0Co0n —
—=

1

Hot Press
silkworm cocoon
Mixture of sericin and

T
&
= 2, L7
Processad natural fibers,| /
\.___.’ T

Cut the fibers into smaller pieces

Figure 2. Production method of non-woven composite of
natural fibres and sericin [Authors]

The production process of the proposed materials,
which should be done in the manufactory and is
possible by prefabrication, should be started by
cutting jute fibers to a length of 1 cm. Pour the
natural fibers into a container and then add the
sericin solution. The solution should be stirred
gently to achieve a homogeneous dispersion of
fibers in the solution. Then the prepared material
should be poured into a metal mold according to the
desired standard sizes. To remove moisture,
compress the fibers and produce the final product,
the mixture must be placed inside a hot press
machine and the composite panel must be produced
under high pressure and temperature.

5. PROPOSED APPLICATIONS FOR NON-
WOVEN COMPOSITE MATERIAL IN
ARCHITECTURE

Low water absorption, maintaining resistance in
humid environments, strength and load-bearing
capacity, light weight, environment-friendly and
non-environmental pollution, are among the
advantages that can be mentioned for the non-woven
composite of natural fibers. For this reason, it is
considered that these new bionic materials will be
suitable for use in building exterior shells, floor or
ceiling systems, green roofs, partition wall, dropped
ceiling, light and insulated walls in humid spaces,
lightweight construction, ventilation systems and
cooling systems.
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Table 2. Investigating the advantages of using fiber non-woven composites and their proposed applications in architecture

[Authors]

Advantages of modern bionic materials (hon-woven composite of natural fibers)

. Solve part of the
function according to
the type of
application.
. No damage to the
environment

. Economic (achieving a minimum
materials and energy).

. Flexibility and the possibility
prefabrication.

in Optimal physical | . Creating high performance
strength . Possibility of recycling

of Structural | . Linking materials and structures
stylization

. Stability in humid
environments

Proposed applications of modern bionic material in architecture

1. Two-skin facade
(As moisture and heat

Fibercomposite  Structure

2.

Moisture Structure

Pl enhancing coating of Fibre composite
insulation) Facade | the structure
cover
Metal holder
3. Production _ of Fibre composite with 4, New wood Fiber composite
layered fiber 20% sericin replacement
composite _ Fibre Fibre materials . Cover
compaosite with . .
10% sericin “_;’;"WS”E partitioning
WI
30% sericin
5. Non-load-bearin — 6. Composite as a
" inf % Epoxy resin - Nonstructural ruct P £ liaht and
wal reinforcemen Fiber composie wal structure of light an Fiber composite
cover with 30% sericin insulated walls Mesh network

Finishing
cover

In the “table 2”, according to the proposed features
for non-woven composite fiber materials, six
proposed designs for their use in construction are
given. One of the applications in these designs is the
use of non-woven composite materials as thermal
and moisture insulation in creating a double-skinned
facade in the building. In the continuation of this
research, by simulating this design, in the energy
software, the thermal behavior of the proposed non-
woven natural fiber composite is investigated.
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6. Simulation of thermal behavior of nonwoven
natural fibrous composite

To simulate the thermal behavior of jute-sericin
nonwoven composite as a moisture and heat
insulator, a shell view of the building was first
presented in accordance with “table 2” and “figure
3”. This layer is located as thermal insulation on the
outside of the building wall and the outer wall of the
building is assumed on the south side of the
building. Architectural details of the building shell
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were selected to calculate the structure without
bearing the load and reinforcing elements. To assign
materials to the designed shell components of the
building, 22 cm solid brick was considered for the
exterior wall of the building and 3 cm plate brick
was considered for covering the facade. The
coefficient of thermal conductivity of brick materials
is 0.9 and the coefficient of thermal conductivity of
the air layer between bio composite thermal
insulation and facade coating is 0.026, in accordance
with the numbers given in Article 19 of the National
Building Regulations. The thermal conductivity of
jute non-woven bio composite as the proposed
insulation materials was calculated approximately
based on Maxwell's theoretical model (1) below and
the proposed thickness was considered to be 5 cm.

K (K 42K —2V; (K —K7))
£ K; 42Ky, +V; (K —K;)

)

In this regard, Ve is the volume fraction of fiber. K¢,
Ks and Km are the thermal conductivity of the
composite, the fibers and the matrix, respectively.
Based on the researches, it was observed that in
measuring the thermal conductivity of fiber
composite, the experimental results and the results
of Maxwell's theoretical model in high fiber content
with error rate of 4.8 are close to each other and the
calculated and measured thermal conductivity of jute
fiber composites Fiber is provided. [23]

Non-woven composte of natural fibres

n?

Facade cover ),

o

Y

Aluminium handes

Figure 3. . Left) Cross section, 1. Internal wall of 22 cm
solid brick, 2. Non-woven composite of natural fibers, 3.
Aluminium handles, connecting the facade covering to the
inner wall, 4. Air layer, 5. Facade covering.

Structure - external wall
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The following table shows the specifications of the
materials used in the design of the two-shell facade
in the order of placement of the inner wall to the
outer.

Table 3. Materials used in double-skinned facade design
[Authors]

Layer from Materials Thickness  Thermal

inner wall (cm) conductivity”

to outer (W/m-k)

wall

1 Brick 22 0.9

2 Bio composite 5 0.07
jute-sericin

3 Aluminum - 33.0
(holder handle)

4 Air 5 0.026

5 Brick 3 0.9

* At a temperature of 23 ° C and a relative humidity of 50%

In this simulation, the hot and dry climatic
conditions of Kashan city were considered.The
climate of Kashan is hot for nine months of the year
and cold only for three months of the year. For this
reason, simulating and reviewing performance for
the summer and warm months of the year is a
priority. According to the statistics of Kashan
meteorological station, August and July with an
average temperature of 37 to 40 ° C are the warmest
months of the year and January is the coldest month
of the year with an average temperature of about -2 °
C .The average maximum temperature is 24.5 ° C
and the average minimum temperature is 11 ° C .For
this reason, the external temperature conditions of
the building were considered in accordance with
meteorological statistics and for its average
temperature in the warm seasons of the year (+40) °
C. By determining the boundary conditions of
indoor and outdoor environments, the hypothetical
temperature inside 24 (equal to thermal comfort
conditions) was determined.

Thermal simulation of the outer crust in Rhino and
in the Grasshopper environment and its energy
analysis was performed by the Honeybee plugin.
Two modes were considered for the building shell.
At first, the building shell was designed as a thermal
insulator in the software environment without
considering jute-sericin  non-woven composite
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materials. In the second case, the proposed materials
are placed in accordance with the architectural
details of “figure 3” as insulation in the building
shell and between the coverings materials of the
facade and the building wall .Based on the output
data of this simulation process, the amount of
temperature difference in materials on the outside
and inside of the building as well as the amount of

insulation layer
of non-woven
bio composite

Jute - Sericin

Visualize THERM Results

heat transfer through surfaces in watts per square
meter in Kelvin can be obtained. By comparing the
two shell states of the building by considering the
non-woven bio composite insulation of jute as
thermal insulation between the inner and outer wall
and without considering it, the performance of the
proposed materials in reducing heat transfer in the
building can be obtained.

U Factor

=

Outer space

Figure 4. A) Simulation of the thermal behavior of the shell of the building without considering the thermal insulation layer of
non-woven composite on the outside of the main wall of the building, left of the thermal analysis algorithm in Honeybee plugin
in the hopper environment and right of the thermal analysis display, B) Simulation Thermal behavior of building shell facade
by considering the layer of non-woven composite thermal insulation on the outside of the main wall of the building, the left
side of the thermal analysis algorithm in the Honeybee plugin in the Grasshopper environment and the right side of the thermal

analysis display. [Authors]
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The amount of temperature difference inside and outside
the building and heat transfer of the wall surface, in two
modes of thermal simulation of the building shell, which
was done in software, was obtained from the numerical
outputs of the thermal analysis algorithm and can be seen
in the table below.

Table 4. Investigation of numerical outputs from thermal
simulation of building shell [Authors]

of heat into the building. Another point studied for
the use of this bio composite material in the position
of thermal insulation in the building, its comparison
in terms of functionality with widely used mineral
insulations such as fiberglass and mineral wool and
expanded polystyrene thermal insulation.

Table 5. Comparison of thermal insulation materials in
terms of thermal conductivity [Authors]

% f';: % % % % e o & Material Thermal Source
g_:i,\gg,\ gg%wngEQ conducEivity*
2250 5582 538EE2 8k wim. 9
Expanded 0.043 According to Article
A" 29.2 38.6 2.72 9.4 polystyrene 19 of the National
Building Regulations
B™ 282 38.8 2.28 10.6 of Iran
Percentage change of temperature difference | 12.7% Mineral 0.045 According to Article
between inside and outside layers (° C) wool 19 of the National
* First case: Building shell - inner wall and exterior Building  Regulations
**Second case: Building shell - inner wall and exterior and bio composite of Iran
layer of jute-sericin as thermal insulation between them Fiberglass 0.040 According to Avticle
As shown in “figure 4” and in the table above, the 19 of the National
temperature difference between the outside and Building  Regulations
inside of the building will be greater when the non- of Iran
woven composite insulation layer of natural jute- Bio 0.067 Approximate
sericin fibers is placed between the facade shell and composite calculation based on
the building wall. This means that the proposed non- jute-sericin Maxwell relation (1)

woven bio composite materials can be effective in
improving the thermal performance up to 1.2 ° C
and also by considering the numerical rate of heat
transfer in watts from the wall surface per m?, the
value is 2.72 for the case of non-woven composite
insulation with natural fibers. Jute and 2.28 w/ m?.
°K for the case where the shell has non-woven
composite thermal insulation. Therefore, the
presence of a thermal insulation layer of jute bio
composite will help to increase the thermal
efficiency up to 12.7% compared to when the
building shell is considered without thermal
insulation. According to the obtained thermal
analysis and the study of numerical values in this
analysis, the presence of non-woven composite with
natural fibers as a thermal insulator in the outer shell
has a good performance and reduces the penetration
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*At a temperature of 23 ° C and a relative humidity of 50%

As shown in “table 5”, mineral wool and fiberglass
have, on average, thermal conductivity of 0.045 and
0.040 (W / m. °Kelvin). These two materials are
among the mineral materials that are used as thermal
insulation in buildings due to their low conductivity.
These materials have abnormal fibers and raw
materials and will not be recyclable and reusable.
The fibers used in fiberglass are harmful to human
health and cause skin and lung diseases, and it is
better to use less in the building. The average value
of thermal conductivity in expanded polystyrene is
0.043 (W / m- °Kelvin) and with the application of
thermal insulation in the building, it will have a
good performance in reducing heat transfer.
Disadvantages of expanded polystyrene insulation



Journal of Solar Energy Research Volume 7 Number 2 Spring (2022) 1037-1046

include flammability and the presence of unnatural
and environmentally friendly raw materials. The
coefficient of thermal conductivity of jute-sericin
bio composite materials with  approximate
calculation based on Maxwell relation is equal to
0.067 .This value of thermal conductivity for fibrous
bio composite material is slightly higher than the
values of thermal conductivity coefficient of the
three common thermal insulators mentioned above,
and this indicates that jute sericin bio composite
material as insulation has slightly weaker
performance than other insulators. It will have the
heat mentioned above. Instead, it is composed of
completely natural and environmentally friendly
materials, jute is a natural plant fiber and polymer
that can be planted and harvested annually in hot and
humid climates, including in Iran, and even in areas
with low fertility that are no longer suitable for other
crops. Cereals are not suitable, they can grow. In
addition, jute can be easily grown without pesticides
and chemical fertilizers. Jute fibers are completely
biodegradable and are also known as golden fibers
because of the aforementioned benefits. Since jute
has universal consumption, high production
potential and various uses, it has the second rank
among plant fibers after flax. The binder of this bio
composite, namely silicon sericin, is also completely
natural, and the recycling and exploitation of sericin
from the silkworm cocoon and fabric industry will
bring economic and environmental benefits, because
in the silk production process, a significant amount
of sericin is separated from the silkworm cocoon.
Discarded without use. Jute-Sericin nonwoven fiber
bio composite is a lightweight material, resistant to
moisture and heat, and has good strength against
incoming loads. It is a component of green materials
and is economically suitable for production and use.
Non-woven bio composites due to their suitable
mechanical and thermal behavior, can be used in
various applications in construction. Further studies
on these non-woven bio composites, due to their
importance in  materials science, conducting
experiments related to them and their production,
will be an important step in achieving environmental
sustainability and reducing energy consumption.
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7. Conclusion

By introducing suitable materials from renewable
natural raw materials as natural fibers and using
sericin silkworm cocoon, the production of non-
woven bio composite was achieved, which is
energy-friendly, environmentally friendly and
economical, and has a good performance against
heat and moisture loads. Shows itself. Considering
the use of durable and light materials with suitable
physical and mechanical properties in construction
and architecture, it is more and more necessary
today, to present a proposed model for the
production of fiber non-woven composite panels that
are governed by patterns and concepts in silkworm
cocoon materials. It can be prefabricated, it will be
very effective in building. One of the uses for these
composites is thermal insulation, because the proper
thermal performance of these materials, like today's
mineral insulation, but with more desirable
biological and economic benefits, and for this
purpose, the thermal behavior of these new materials
as thermal insulation of the building in the shell It
was examined by energy analysis software and the
results show that if we use this insulation between
the exterior and the inner wall of the building, we
will have up to 12.7% better performance than not
using insulation in the facade shell, and this
indicates appropriate behavior. Bio composite is a
natural fiber introduced against moisture and heat
transfer, and with this possibility, it can be used as
one of the new building materials to meet the style
and sustainability needs.
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