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Abstract: The study evaluates the mechanical properties of a woven bamboo structure
made from bamboo strips using an analytical relation and finite element simulation. The
bamboo studied is a recently discovered species, Bambusa Nghiana, characterized by long
internodes. Bamboo strips have lower strength at the node junctions, a feature that can be
advantageous for this species due to its extended internode length. Plain weave bamboo
structures were handwoven from thin, rectangular bamboo strips cut from the bamboo
culm along the radial direction. The high bending rigidity of the bamboo strips resulted
in an asymmetric woven structure with curved warp strips and straight weft strips. The
stiffness of the woven structure was correlated with the stiffness of the bamboo strips and
the weave geometry. The in-plane shear resistance of the woven structure was significantly
lower than its axial stiffness due to the asymmetric weaving. These in-plane properties
were validated using finite element simulation through a user subroutine incorporating the
woven structure and the Hashin damage criteria. The prediction of the puncture simulation
showed good agreement with the corresponding experiment. These results confirm the
proposed analytical relation between the mechanical properties of individual bamboo strips
and those of the woven structure.

Keywords: woven bamboo; bamboo strips; mechanical properties; frame shear test; finite
element simulation

1. Introduction

Natural fibers used as reinforcements in composite structures offer several advantages
over their synthetic counterparts, including biodegradability, light weight, low cost, and
acceptable mechanical properties [1]. Various natural fibers, such as banana, flax, hemp,
jute, kenaf, ramie, rattan, coconut, coir, cotton, kapok, rice husk, bagasse, barley, and
bamboo, among others, have been explored [2]. Some natural fibers require processing
before use, while others, like bamboo, can be used with minimal treatment.

Bamboo is known for its strength, light weight, low cost, and biodegradability. It
is commonly used in household items such as woven blankets, baskets, and hats. The
species commonly used for weaving is Bambusa Nghiana, characterized by long internodes,
approximately 100 cm in length, and relatively wider spacing between the nodes compared
to other bamboo species. The culms typically have a thickness of 4-9 mm, which facilitates
easy splitting into strips along the radial direction [3,4]. Bamboo is predominantly found
in Asia, and in Thailand, there are approximately 80-100 species belonging to about
15-17 different genera [5]. The structure of the bamboo stem resembles that of tall grass,
consisting of long hollow tubes that are connected at the nodes. The culm is composed of
parenchyma tissue and vascular bundles, which vary in density across the cross-section [6,7].
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The inner part of the culm has a lower density compared to the outer part. Bamboo strips
are obtained by cutting longitudinally through the culm’s skin to ensure a uniform average
density. In the industrial sector, bamboo is increasingly being processed into bamboo
strips to support rapid product manufacturing applications, such as food packaging,
home decor items, textiles, and more. This shift toward bamboo strip use can inform and
enhance manufacturing processes in various ways, including material optimization, process
improvement, product design, and sustainability goals. Bamboo strips offer a renewable
and eco-friendly alternative to traditional materials, aligning with the growing demand
for sustainable production methods. Furthermore, incorporating bamboo strips into these
industries can reduce environmental impact, improve the durability and performance of
products, and open new avenues for innovative designs, ultimately contributing to both
economic and ecological benefits [8,9]. Although bamboo strips have excellent mechanical
properties, they are not useful as engineering materials in their natural state.

Attempts have been made to incorporate bamboo strips into fiber-reinforced poly-
mer composites (FRPC) in both unidirectional laminate and woven structures [10,11].
Jain et al. [12] demonstrated that unidirectional laminates of bamboo strips coated with
resin suffer from reduced resin adhesion between layers and decreased fiber reinforcement
efficiency as the number of laminae increases. The weaving process enhances the strength of
the structure in multiple directions. Its mechanical properties depend on the weave pattern,
density, and the number of fibers used [13]. Fiber-reinforced composites created from wo-
ven natural fibers, such as ramie, coconut, abaca, pineapple, sugarcane, and bamboo [14,15],
have been employed in a wide range of industries, from automotive to pipelines, bridges,
and military body armor. Woven bamboo composites have attracted interest due to their
local availability and favorable mechanical properties. They have been used in household
items such as containers, furniture, and agricultural and horticultural tools. Woven bamboo
can also be combined with other synthetic fibers or stacked in multi-layer composites to
further reinforce structures [16].

Bamboo fabric, a textile made from bamboo cellulose, has been used as a reinforcing
material in composite parts. Uncoated woven fabrics created from bamboo strips are
lightweight, low-cost, and biodegradable [17]. The woven bamboo strips are fabricated
by laying fibers perpendicular to each other, resulting in a planar structure with fibers
along warp (longitudinal) and weft (transverse) directions to create plain, satin, or twill
weaves [18]. Fibers can be overlaid in a geometric pattern such as hexagonal, octagonal,
and bull’s eye patterns for added formability. With a one-to-one intersection of warp
and weft fibers, the plain weave has the highest bending stiffness compared to other
weaving patterns and is commonly used as a load-bearing structure [19]. Even though
the dimensions of the strips are identical along warp and weft directions, plain weave
bamboo fabric is not symmetric because the non-conforming bending stiffness of the strips
obstructs crimping in the weaving process. The influences of the asymmetric weave of
woven bamboo need to be addressed. In particular, the mechanical properties of the weave
must be related to the properties of the strips.

Woven bamboo structures are more resilient to poor-quality strips compared to tra-
ditional weaves made from individual fibers. Each strip in a woven bamboo structure
consists of multiple bamboo strips shaped uniformly, providing reinforcement that reduces
the impact of fiber quality variability [20]. Weak strips may compromise a direct weave,
but when included in strips, the material’s overall strength improves. This ensures more
efficient stress distribution across the strips, decreasing the likelihood of failure from weak
spots. Weaving strips, rather than individual fibers, promote consistent performance by
evenly distributing the load, thus reducing the risk of localized damage or failure. This
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reinforcement enhances both the durability and reliability of the structure in real-world
applications [21].

This research investigates the mechanical response of an asymmetric weave pattern
made from uncoated woven bamboo strips, based on the properties of the individual strips.
Bamboo strips are cut from bamboo culms and subjected to uniaxial loading to determine
their mechanical properties. The strips are then woven into a plain weave structure,
with longitudinal (warp) strips placed side-by-side and transverse (weft) strips tightly
interwoven with the warp strips [18]. The warp strips follow a curved, wave-like trajectory,
while the weft strips are relatively straight. The resulting weave has uniform intersections,
but gaps appear along the weft direction due to the finite bending stiffness of the strips.
This asymmetry introduces variations in stiffness and mechanical behavior between the
warp and weft directions. This study hypothesizes that the mechanical properties of woven
bamboo can be accurately characterized and predicted using analytical methods and finite
element modeling [22]. This approach lays the groundwork for applications in traditional,
industrial, and advanced settings. However, understanding the mechanical behavior and
deformation mechanisms of woven bamboo structures remains limited, especially for newer
species like Bambusa Nghiana. Detailed characterization of these properties is crucial
for further modeling and for understanding the material’s mechanical response under
various loading conditions. The mechanical responses of the woven bamboo structures
are analyzed under uniaxial loading along both warp and weft directions, in-plane shear
through picture-frame shear tests, and out-of-plane penetration using puncture tests. The
in-plane axial responses of the woven structures are compared with those of the individual
strips using both analytical methods and numerical simulations. In-plane shear properties
are integrated into finite element simulations by modifying the subroutine and applying
damage criteria for woven bamboo in both directions [23]. These properties are then
validated against puncture test results.

While the current focus is on Bambusa Nghiana, the findings establish a foundational
methodology applicable to other woven bamboo structures or similar materials. The stan-
dardized analytical framework allows for extrapolation to a broader range of bamboo
species and woven bamboo materials [24]. The finite element modeling framework de-
veloped in this study is versatile and scalable, enabling its application to other woven
structures composed of linearly elastic fibers with significant bending rigidity [22,23]. The
integration of analytical methods and finite element modeling validates the mechanical
responses of both individual bamboo strips and the woven structures they form. This study
presents a method for determining the mechanical properties of a woven structure based
on those of individual strips that can be used in the design of woven bamboo structures.

2. Materials and Methods

Phai Nuan, or Bambusa Nghiana, a recently discovered bamboo species [3], was
selected as the representative material because it has physical characteristics that are
suitable for weaving: long culm, low moisture absorption, and low shrinkage. In traditional
handicrafts, bamboo can be used starting from 1 year of age, as the differences in density
and shrinkage after 1 year are minimal [25]. One-year-old bamboo culms from a bamboo
orchard in Prachinburi, Thailand, are harvested and kept in a humidity-controlled container.
Bamboo strips are cut lengthwise along the radial direction of the bamboo culms, as shown
in Figure 1. Because the density of the inner radius of the culm is lower than that in the
outer radius [10], this cut results in a non-uniform density within a single strip but provides
consistent average density among all of the strips. In contrast, a common cut of strips along
the tangential direction in other studies [26] has a consistent density within a single strip
but varying densities if the strips are cut at a different radius of the culm.
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Figure 1. Cutting position of bamboo culm and characteristics of bamboo strips.

Bamboo strips have an averaged width of 4.5 mm, which corresponds to the thickness
of the culm, and an averaged thickness of 0.4 mm. The strips were oven-dried at a tempera-
ture of 100 °C to remove moisture and enhance mechanical properties. They were stored
in a humidity-controlled cabinet at 25 °C and 30% humidity prior to mechanical testing
or the weaving process. The moisture and humidity levels were consistently controlled
throughout all experiments; however, their effects on mechanical properties have not yet
been considered in this study.

2.1. Uniaxial Tensile Test of Bamboo Strips

Mechanical testing of bamboo strips is performed by uniaxial tensile testing along the
lengthwise direction. A tensile test sample is a coupon of five strips laid side by side so
that the variations in density in each strip are averaged out [27]. They are glued to a pair
of cardboard on both ends, leaving a gauge length of 62 mm, as shown in Figure 2. The
tensile test is performed using a Universal Testing Machine (Instron-5567 series, Norwood,
MA, USA) with a testing speed of 2 mm/min, in accordance with ISO-527 standards [28].
The results are presented in terms of the total stiffness and stress—strain response of the
bamboo strips.

=3 1

Figure 2. Bamboo strips for uniaxial test.
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The effective modulus and stiffness of a single strip are evaluated from the test results.
The effective tensile stress is defined by the tensile force of the five-strip sample divided
by the sum of cross-sectional area of the bamboo strips [29]. The effective strain is defined
by the change in length per initial gauge length. The effective modulus is the ratio of the
effective stress to effective strain. The stiffness of a single strip is calculated by averaging
the total stiffness of the all five-strip samples. The stiffness is used in the calculation of the
properties of a woven bamboo sheet.

2.2. Uniaxial Tensile Test of Woven Bamboo Sheet

Bamboo strips are manually woven into a plain weave structure. The warp strips
are arranged in parallel without any initial gaps, and they are crimped from weaving
process [30]. The weft strips are laid with gaps because the warp strips cannot fully
conform to the weave pattern. This results in an asymmetrically woven region. In this
work, bamboo sheet samples are created by using five strips in the warp and four strips
in the weft directions resulting in a woven region of 25 mm x 25 mm and a thickness of
0.8 mm as shown in Figure 3. The weft strips at its tight position have an average gap
of 2.22 mm. All warp and weft ends of the woven bamboo sheet are glued to cardboard
to prevent slipping of the strips. The nominal gauge length between the cardboards is
62 mm. The uniaxial response of the sheet is tested using the same condition as that of the
bamboo strips. A total of ten tests are performed: five in the warp direction and five in the
weft direction.

Figure 3. Woven bamboo sheet for uniaxial tensile test.

The properties of the woven region are calculated by subtracting the contribution of
strip-only region from the total stiffness of the sheet [31]. Suppose that the axial stiffness of
the woven region is k;, and the axial stiffness of a single strip is k;, the total stiffness of the
sheet k; is represented by a series of springs as shown in Figure 4 and is calculated from
the following equation:

keq:1 1 1 @)
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Figure 4. Stiffness series of woven bamboo.

The cross-sectional images of the woven bamboo illustrate the undulating warp strips
in Figure 5a and the linear weft strips in Figure 5b. These distinct shapes arise from
the weaving process: the warp strips are positioned side by side, and the alternating
strips are bent to accommodate the insertion of the weft strips. The warp strips exhibit a
sinusoidal pattern, whereas the weft strips maintain a straight configuration within the
woven structure. Consequently, the warp strips display a higher number of crimps, despite
having fewer cross-over points compared to the weft strips.

(b)

Figure 5. Cross-section of the weave pattern. (a) Warp strip; (b) Weft strip.
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From the configurations of the weave in Figure 5, the axial stiffness of the woven
region can be derived from the stiffness of the single strip. The total stiffnesses of the woven
bamboo sheets (k;), determined from the test results can be decomposed into the stiffness
of the woven region and the stifness of the strips following Equation (1). The stiffness of
the woven region arises from two main factors: the stiffness of the strips under load and
the locking mechanism of the weave.

The stiffness of a crimped strip is related to the stiffness of a straight strip and a crimp
ratio defined by a ratio of crimp height / and crimp length L, shown in Figure 6, by the

following equation:
h/2
tanf = — 2
an L2 2)
where 6 is an angle from bending of a strip in the woven region. The interlocking structure
results in a transverse force Fr acting at the contact point of the cross strip. The woven strip
can be represented by a symmetric curved beam, and is analyzed using the half-section

beam method, as shown in Figure 7.
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Figure 6. Schematics of woven region stiffness. (a) Warp direction; (b) Weft direction.
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Figure 7. Schematics of the half crimp-to-crimp length. (a) Woven region; (b) Radius of curvature in
the first section (6y_,1), and (c) Stiffness of the woven region.

F, is the axial force, and F; is the internal force in bamboo strips. The half-section of
the woven region (Figure 7a) has an internal bending force (M) and an internal transverse
shear (V). However, the effect of the internal transverse shear is neglected because of the
slender beam assumption. The beam is divided into two sections: the first section (0 — 61)
(Figure 7b) experiences the axial tensile load and the bending moment, and the second
section (6; — 6) includes the effect of the contact force. Using the energy method of a
curved beam [32,33], the strain energy of the half crimp-to-crimp length is the sum of
tensile energy and bending energy, which depend on the angle from the radial of curvature
(R). If the strips have a uniform rectangular cross-section, the energy of the first section is

u _lelFaszg leleRdg_ F2R6; 5
oopt 2) AE +20 El © ZESbShSC’ ®)

where 212
f=1+ TLZT (4)

and



Fibers 2025, 13,18 9 of 25

L
_ 1| LT
01 = sin [ZR] (5)

E; is the modulus of elasticity of a single strip, bs and h; are the width and height of
the cross-section of the bamboo strip. The energy of the second section, including the effect

of the contact force in its bending moment, is given by

1 PR 1 FMER F2R(6, — 67)
—— a - 1 _1a 2"
gijg; =5) ag%*3) E % 2Ebshs ©)
0, 0,
12 (h?L3
=1+ 5 =L +R*— (R 2 7
Ui + hg ( 412 + (Rcosby) ) 7)
and L
— gin— 1| =
6, = sin [ZR] 8
The total energy in the beam is equivalent to the extension of an axial spring,
as follows: 1
uSpring = Urota = Ekg&g )
0—0, 0—0,

where k,; and ¢, are the stiffness and extension of the bamboo strip in the woven region.
The displacement of the bamboo strip was converted from an experiment, which allows for
the calculation of the stiffness of the bamboo strip at the woven region. Thus, the combined
stiffness equation is derived from the total energy, as shown in Equation (10).

1 1
Kuarp = Esbh <§R91 - nR(02 — 91)) (1
where ¢ and 77 are the lengths of the weave of the first and the second sections. The modulus
of a crimped strip, including the effects of crimped dimensions, can be calculated from
Equation (11).
Ewarp _ kwarprarp 11)
As
where Aj is the cross-sectional area.

The stiffness of the weft direction (ky.f;) of bamboo strip is derived from a straight
strip. From Equations (4) and (7), the 6; and & of the straight bamboo strip are zero.
Therefore, the dimensionless ratios ¢ and 7 are one, and the stiffness can be calculated
according to Equation (12).

Esbsh
kweft = ;525 (12)
and
RO, ~ Lweft (13)

Equation (14) is the relationship between the radius of curvature (R) and the angle (6;)
of the woven weave. The modulus of elasticity of the weft direction can be calculated using
Equations (11) and (12).

2.3. Picture Frame Shear Test of Woven Bamboo Sheet

A woven structure undergoes stretching and twisting under in-plane loading. In
particular, the characteristics of in-plane shear behavior govern the formability of three-
dimensional woven composite parts. The in-plane shear properties of woven structures
are measured using a picture frame shear test, where a cross-shaped sample is pulled
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diagonally using a frame-like fixture [34], as per ASTM-D8067 [35]. In addition to the
general shear mechanics of the woven structure, the results are used as inputs in finite
element analysis. A picture frame sample is a plain-woven sheet of bamboo strips with
the same weaving pattern as that for the uniaxial tensile test. A sample sheet has a woven
region of 100 mm by 100 mm and unwoven strips [36] for gripping, as shown in Figure 8.

Figure 8. Woven bamboo-plain for frame shear and puncture test.

The picture frame shear test fixture in this work has dimensions shown in Figure 9a.
The sample is fixed to the fixture by clamping between two solid plates, leaving strips
of 20 mm between the woven region and the clamp on each side. The regions outside
the shear area in Figure 9 are unconstrained and do not offer shear resistance. The test is
performed by pulling diagonally along the pins at a speed of 10 mm/min to a maximum
displacement of 70 mm, which is when the arm of the fixture comes into contact with the
clamp [37]. The results are measured in terms of a relationship between a pulling force Fp,;;
and a cross-head displacement D, which is converted to a relationship between a shear
force Fgp,,r and a shear angle ¢ respectively, using the following equation:

PPull * LErame
180°—2 ’
2COS(T¢) : (LWoven)2

where Lr,q. is the length of the frame, and Ly, is the length of the woven region.

F, shear — (14)

The limit extension of the fixture at 70 mm is equivalent to the maximum shear angle of
36 degrees.
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Figure 9. Schematics of a picture frame shear test. (a) Positions and distances for placing a sample;

(b) Arrangement of the sample on the fixture.

2.4. Puncture Test of Woven Bamboo Sheet

The puncture test provides insight into the out-of-plane deformation mechanism,
and the results are used for validating finite element simulation [38]. The puncture
test uses the same gripping method as the picture frame shear test. The design of the
puncture-head is referenced from the drop-weight head in the ASTM-D7136 standard,
which is a hemisphere with a diameter of 16 mm [39], as shown in Figure 10. The test
is performed using a universal testing machine by lowering the head at a speed of
2 mm/min [28] until perforation. The results are analyzed in terms of absorbed energy
and crosshead displacement.
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Figure 10. Schematic of a puncture test.

2.5. Finite Element Simulation of Woven Bamboo Sheet

Finite element simulations for analyzing the underlying deformation mechanisms of
the plain woven bamboo strips are created in ABAQUS/Explicit. The asymetric weave is
constitutively modeled by a user-defined fabric model [40] in Equation (15), which requires
the moduli of the two weave directions calculated from the analytical relations and an
in-plane shear modulus.

Jo = MTining + Ay Topnany 4 Trp esc(ipra) (ming + npng) — Tip cot(iPrn) (mmg + nanp) — (15)

where | is the volume change produced by the deformation, ;; is the angle between two
fiber directions, and 11, n, are the directions of fiber from the calculated stretch value A1, As.
T11, Typ and T7, are nominal stresses that are converted to the Cauchy stress . The damages
of the constituent fibers following the Hashin damage in two dimensions [40] in Equation
(16) are added to the fabric model to replicate the failure in the experiments.

Tension: ) )
011 T2
i = () +o( ) =1 19
022\ 2 T12 )2
= () () 21 g
Compression:
o 2
F11 = (%) >1 (18)
o 2
F2 = ( % ) >1 (19)
Damage parameters:
dwarp =1 — (1 - thn)(l —dpyq) (20)
duept =1 — (1= dpp) (1 — df) (21)

dsheur =1- (1 - d%ll) (1 - d%ll) (1 - d%ZZ) (1 - dCF22) (22)
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where 011, 712 and 02, are components of the Cauchy stress. This damage model requires
five parameters, which are XT, xC,yT y€,s L, representing tensile strength in the warp
direction, compressive strength in the warp direction, tensile strength in the weft direction,
compressive strength in the weft direction, and longitudinal shear strength, respectively.
The initiation coefficient criteria («) represents the effect of the shear strength on the tensile
strength. The elements are deleted once any of the damage parameters, duyarp, dyerr and
dshear, reaches the value of one.

Two types of simulations are created for the woven sheet: one for the in-plane response
and the other for the out-of-plane response. The in-plane simulations for the tensile
and picture frame shear tests model the test samples as 2D homogeneous shells with
a combination of the woven region at the center and the strip-only region around the
gripping area. The thickness of the woven region is 0.8 mm, whereas that of the strip-only
region is 0.4 mm. The material orientations are defined in Figure 11. The parts are meshed
with 1 mm of two dimensional plane stress continuum elements with reduced integration
(CPS4R). Mechanical properties of the woven and strip-only regions are obtained from
their respective tests: the axial moduli of the woven region from the uniaxial tensile test
and the in-plane shear modulus from the picture frame shear test. The dimensions and the
boundary conditions of the model follow those in their corresponding experiments.

Strip-only
= >
g g
4= Woven &,
= ‘=
2 @
i Strip-only
x

(a) (b)

Figure 11. Part definition for the simulations of the in-plane tests. (a) Regions of the sample: (1) woven;
(2) strip-only; (b) Orientation of the strips: (1) warp; (2) weft.

The out-of-plane simulation for the puncture test uses a geometry that matches the
dimensions of the picture frame shear simulation. The part is a meshed by 1 x 1 mm?
4 node linear shell with reduced integration (54R) elements. The sample is fixed at all
gripping edges. The puncture-head is modeled by a rigid body that moves down at a speed
of 2 mm/min, as shown in Figure 12.

The in-plane properties of the woven sheet are the same as those in the in-plane
simulations. The out-of plane properties defined in terms of transverse shear stiffnesses
along warp and weft directions, K! and K%, are calculated from the shear moduli in the
out-of-plane directions, G135 and Gps, ref. [40] using

5
K3 =K5 = ¢ Gt Ki5 =0 (23)

where t is the thickness of the shell element. The values of G5 and Gz of 100 MPa are
taken from the literature [41], resulting in Kﬁsl and Kéf’z being 66.6 N/mm.
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Figure 12. Schematics of puncture test simulation.

3. Results and Discussions

3.1. Results of Uniaxial Tensile Test of Bamboo Strips

‘Woven bamboo sheet

‘ Fixed-edge

Force—extension and stress—strain curves of the bamboo strips under uniaxial tensile

loading in Figure 13 show linear responses to failure. The steps in the force-displacement

response indicate progressive damage of strips in the five-strip sample. A breakage of one

strip results in a load transfer to the undamaged ones, leading to a reduction in the overall

stiffness. This damage continue until all of the strips fail by means of fraying, as shown

in Figure 14. The stiffness, maximum stress, and maximum strain are calculated from the

combined responses of all strips in a five-strip sample. The low density of bamboo strips

results from the drying process. Table 1 summarizes the mechanical properties of a single
bamboo strip under unaxial tension.
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Figure 13. Tensile test results of bamboo strips. (a) Force-extension curve; (b) Stress—strain curve.
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Figure 14. Progressive damage in a bamboo strip sample under uniaxial tensile loading.
Table 1. Mechanical properties of a single bamboo strip.
Bamboo Strip
Specification Max Min Avg. S.D.
Density (kg/m?) 332.22 301.65 318.9 13.8
Maximum tensile force (N) 984.9 863.98 920.36 55.41
Maximum extension (mm) 1.77 1.63 1.72 0.06
Maximum stress (MPa) 109.07 86.88 97.97 9.11
Maximum strain (mm/mm) 0.018 0.0163 0.0166 0.0008
Modulus of elasticity (Es, GPa) 7.75 5.34 6.6 1.0
Cross-sectional area of sample (mm?) 9.95 9.03 9.42 0.42
Stiffness of bamboo strips (ks, N/mm) 712.10 501.79 595.0 104.15

3.2. Results of Uniaxial Tensile Test of Woven Bamboo Sheet

The force-displacement and stress—strain responses of the woven bamboo sheet are
characterized by a linear response to failure for the weft direction and a linear response
followed by a reduction in stiffness for the warp direction, as shown in Figures 15 and 16.
The response of the weft direction has a higher modulus and a lower maximum strain
compared to that of the warp direction. These behaviors are results of the asymmetric
woven structure after the weaving process.
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Figure 15. Force—extension curve of woven bamboo sheet. (a) Warp direction; (b) Weft direction.
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Figure 16. Stress—strain curve of woven bamboo sheet. (a) Warp direction; (b) Weft direction.

Considering the structural configuration of the weave in Figure 5, the warp strips
undergo unbending and stretching when subjected to a tensile load, resulting in a higher
maximum strain compared to the weft direction. Conversely, the relatively straight weft
strips undergo stretching under tension, leading to a higher modulus.

Damage in woven bamboo sheets initiates in both directions, particularly within the
woven region and especially in the curved sections of the bamboo strips due to displacement
constraints caused by crimping. In Figure 17, the damage is depicted by fraying and
cracking, which propagate along the bamboo strips in the direction of the tensile force.
Notably, bamboo strips in the transverse direction do not exhibit any damage mechanism.
Comparable maximum stresses observed in both the warp and weft directions of the weave,
as well as in the bamboo strip test, suggest a similar damage mechanism. The results of the
uniaxial test are presented in Table 2.

Figure 17. Damage of woven bamboo sheet due to fiber breakage highlighted in the circles (a) Warp
direction; (b) Weft direction.
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Table 2. Uniaxial tensile test data of woven bamboo sheet.

Woven Bamboo Sheet

Warp (5 Strips) Weft (4 Strips)
Specification
Max. Min. Avg. S.D. Max. Min. Avg. S.D.
Density (kg/m?) 303.24 28624 295.01 8.2 302.29 287.14  296.13 7.1

Maximum tension force (N) 1258.27 1049.79 1146.80 96.0 993.64 820.71 846.24  83.7

Maximum extension (mm) 1.8 1.10 1.46 0.31 1.30 0.93 1.11 0.15

Stiffness of woven region (k,,, N/mm)  2862.82 2425.61 260594 170.75 2459.67 2212.52 2335.06 92.98

Maximum stress (MPa) 115.87  90.89 9776 1050 11819  91.36 106.10  10.7
Maximum strain (mm/mm) 0.0277 0.0175 0.0210 0.0046 0.0185 0.0148 0.0167 0.0014

Modulus of elasticity (E;, GPa) 8.29 5.32 6.73 1.1 8.69 5.73 7.10 1.35

The analytical stiffnesses of the woven region in Table 3 are higher than the exper-
imental measurements in Table 1 by 4.77% and 7.43% in the warp and weft directions,
respectively. Additionally, the moduli are also higher than those of the experiment by 2.6%
and 2.73%, respectively. The evaluation using equations shows slight differences from
the experimental results, which is a promising trend that can be used for evaluating the
modulus of the woven region.

Table 3. The stiffness results of strip-only and woven regions.

Section Region Specification Warp Weft
Modulus of bamboo strip (Es, GPa) 6.6
Strip-only Loading area of strip-only region (A, mm?) 9.91 8.53
Analytical stiffness of bamboo strip (N/mm) 64216  642.16
Analytical stiffness of woven region (N/mm) 2736.73  2522.67

Woven region
Analytical modulus of elasticity of woven region (GPa) 6.91 7.3

The stiffnesses of the strip-only and woven regions in the warp direction are higher
than those in the weft direction due to having a higher number of bamboo strips. The
strip-only region has the highest stiffness because it consists of unidirectional bamboo
strips arranged in a parallel and straight configuration. The woven region is more flexible
because the strips are initially bent from weaving.

3.3. Results of Picture Frame Shear Test of Woven Bamboo Sheet

The picture shear frame results in Figure 18 show a nonlinear shear stress-shear angle
behavior described by rotation and slip of the strips along the loading direction and locking
of the cross-over points in the woven region. The test result is no longer an in-plane shear
load when the free strips near the fixture begin to twist at a shear angle of 0.42 rad. The
failure occurs by the fraying of strips particularly in the weft direction due to over-twisting
at the interface between the woven and the nonwoven regions as shown in Figure 19. These
results are used for determining the in-plane shear modulus of the woven sheet.
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Figure 18. Results of the picture frame shear test.

| 20 mm I

Figure 19. Picture frame shear behavior of woven sheet. (a) Before testing; (b) After testing, and (c)
Twisting arm of the woven bamboo strips.

The experiment results depicted in the picture frame shear are presented in Table 4,
which shows that the shear stress was minimal due to the gap between the woven bamboo
in the weft direction, while the warp direction was tightly packed. This results in a decrease
in the value of the in-plane shear modulus. The low shear modulus is attributed to the
weaving pattern of the bamboo in both directions. In the warp direction, the bamboo forms
curves, while in the weft direction, it remains straight. This arrangement introduces gaps
within the weave, leading to a loose structure and reduced shear locking. Additionally, the
thin rectangular shape of the bamboo strips permits slight twisting under shear force. As
the twist angle increases, the strips experience differential effects, with one side subjected
to tension and the other to compression. This imbalance ultimately causes buckling in
the bamboo strips. The stiffness of the weave pattern and the shear strain are then used
to evaluate the in-plane shear modulus, which can be calculated from the experimental
measures including the torsional spring stiffness k1 and loading of the shear area Agj,,,
using Equation (24) [42].

krv/2+2y (24)

Gioeu = —Y =TT
12.cal ZAsheur ’
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Table 4. Picture frame shear test data of woven bamboo.
Specification Max. Min. Avg. S.D.
Maximum shear force (Fyje;r, N) 177.01 99.69 144.43 36.89
Maximum shear stress (t, MPa) 2.00 1.09 1.57 0.38
Maximun shear strain (-, rad) 0.629 - 0.629 -
In-plane shear modulus (G, , MPa) 2.88 1.50 2.26 0.54
Stiffness of the torsional spring (kr, N/rad) 281.41 158.49  229.62 58.64
Loading of shear area ( Agje,,, mm?) 99.35 85.78 91.7 5.34
Analytical in-plane shear modulus (G, ¢, , MPa) 2.60 1.42 212 0.49

3.4. Results of Puncture Test of Woven Bamboo Sheet

Energy (ml)

The out-of-plane responses of the pucture test and their corresponding energy absorp-
tion and puncture displacement in Figure 20 show an increasing resistance as puncture
progresses. The maximum puncture displacement of 9 mm corresponds to an out-of-plane
bending of 10.2 degrees or a tensile strain of 0.016 mm/mm, which is consistent with that
of the tensile tests. These data show that the woven sheet absorbs pucture by means of
in-plane tension. Given the dimensions of the puncture head, the contact area involves
five strips along the warp directions and three strips along the weft directions. Thus, the
warp strips bear the in-plane tensile load. The woven bamboo sheet fails by breakage of
the strips in contact with the puncture head and slipping of the strips around the puncture
area, as shown in Figure 21.
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Figure 20. Energy-displacement curve of the puncture test.

L

Figure 21. Damage from puncture test of woven bamboo sheet. (a) Front; (b) Rear.
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3.5. Results of Finite Element Simulation

The in-plane axial moduli of the woven bamboo sheet are taken from the uniaxial tests
of woven bamboo sheets along both warp and weft directions. The in-plane Poisson’s ratios
are taken from the values in the literature because of the limitations on the measurements.
The in-plane shear modulus follows the measured value from the picture-frame shear test
prior to twisting of the bamboo strips at the fixing edges. Because the strip has a minimal
shear resistance compared to the axial one, its shear modulus is estimated to be the same
as that of the woven region. The parameters for the Hashin damage criteria for woven
bamboo and bamboo strips are obtained through testing, as previously mentioned. These
parameters are essential for accurately modeling the failure modes of the bamboo material.
These properties are then used as inputs in the Hashin damage model, which predicts
the initiation and propagation of damage under different loading conditions. Table 5
summarizes the model parameters for the fabric model with damage.

Table 5. Model parameters of woven bamboo sheet.

Mechanical Properties

Parameter Strip-Only  Woven Region
Density (kg/m?) 3189 295.5
Warp-E11 (MPa) 6600 6730
Weft-E22 (MPa) 100 7100
Poisson’s Ratio (v17) [41] 0.3 0.3
In-plane Shear Modulus (G1,, MPa) 2.2 2.2
Tensile strength in warp direction (X7, MPa) 97 97
Compressive strength in warp direction (XC , MPa) 97 97
Tensile strength in weft direction (YT , MPa) [43] 20 106
Compressive strength in weft direction (YC , MPa) [43] 20 106
Longitudinal shear strength (S L MPa) 1.6 1.6
Initiation coefficient criteria («) 1 1

3.5.1. Validations of the In-Plane Parameters

The in-plane tensile models of uniaxial bamboo strips exhibit matching responses with
the test results up to the maximum tensile strain, as shown in Figure 22. The model also
captures the nonlinear response at large strains and failure stress.
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o
% 400 é
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0 0]

0.0 04 0.8 1.2 1.6 2.0 0.000 0.004 0.008 0.012 0.016 0.020

Extension (mm) Strain {(mm/mm)
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Figure 22. Responses of the simulations compared with the experiments of uniaxial bamboo strips.

(a) Force-Displacement; (b) Stress—Strain.
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The simulation results of the woven bamboo in both directions are in good agreement
with the corresponding experiments, particularly the nonlinear response in the warp
direction, as shown in Figures 23 and 24. Note that the compressive strength of bamboo

does not directly influence the analysis result because the bamboo strips failed by means of
over extension.
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Figure 23. Force—extension responses of the simulations compared with the experiments of woven
bamboo. (a) Warp; (b) Weft.
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Figure 24. Stress—strain responses of the simulations compared with the experiments of woven
bamboo. (a) Warp; (b) Weft.

The simulation of the picture frame shear test also exhibits a matching force—
displacement response with the experiment until 50 mm of crosshead displacement when
the twisting of strip edges dominates the response. However, twisting is not allowed in this
planar simulation. Instead, the meshes around the corners begin to compress each other,
which leads to the results becoming unreliable beyond this point. The valid portion of the
simulation is then converted to shear stress and shear strain and favorably compared with
the experimental data in Figure 25.
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Figure 25. Comparison of the simulations with the experiments of picture frame shear. (a) Shear
force—angle; (b) Shear stress—shear strain.

3.5.2. Model Prediction of Puncture Test

The puncture simulation in Figure 26 showed a nonlinear energy-displacement re-
sponse that reflects the experimental measure. Good agreements between the simulation
prediction and the corresponding experimental measure show that the woven structure
of bamboo strips can be constitutively represented by the fabric model with damage, as
shown in Figure 27. The axial parameters of the woven structure can be converted from
the stiffness of the strip. The in-plane shear properties are converted from the result of the
picture frame shear test. The asymmetry of the woven pattern is captured by an analytical
equation that accounts for the geometry of the woven strips.
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Figure 26. Simulation result of the puncture test compared to the experimental data.

Figure 27. Deformation of a woven bamboo sheet. The red lines indicate the fiber orientation, and
the green lines represents the boundary of the woven bamboo.
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4. Conclusions

Woven bamboo is an alternative material that can be used as a composite or substitute
material, with applications in house walls, sports protective gear, prosthetics, and more.
These uses highlight woven bamboo’s versatility and sustainability, making it a promising
material for a wide range of industries. The plain weave structure of Phai Nuan (Bambusa
Nghiana) bamboo was characterized, and its deformation mechanisms were evaluated
using both analytical approaches and finite element simulations. Bamboo strips were
harvested by cutting lengthwise along the radial direction of the culm. The mechanical
properties of individual strips were measured by averaging the response of a uniaxial
tensile test conducted on five-strip coupon samples. A plain-weave structure was manually
created by laying warp strips side by side and inserting the weft strips as closely as possible.
The high bending rigidity of the bamboo strips caused gaps between the weft strips,
resulting in an asymmetric weave pattern and differences in mechanical properties between
the warp and weft directions. The warp direction exhibited lower values compared to
the weft direction, and loose weave patterns also led to a reduction in in-plane shear
properties. The woven structure underwent in-plane tensile tests, picture frame shear tests,
and puncture tests. The tensile test provided axial properties related to the stiffness of a
single strip, while the picture frame shear test results were used to evaluate the in-plane
shear properties. A finite element model for the woven bamboo structure was developed
using in-plane data and represented by a fabric model with damage. The initial damage
parameter was determined based on the maximum value from the test results. A puncture
model was created and was favorably compared with the corresponding experimental data,
demonstrating the accuracy and reliability of the simulation. Thus, the plain-weave pattern
can also be applied to other bamboo species. Once woven, the weave patterns may vary
depending on the species characteristics. However, mechanical property testing can still
be performed to determine their properties, and the model can capture the behavior of
woven bamboo with an asymmetric weave pattern. The analytical relationship between
the properties of individual strips and the woven structure was validated.
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