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ABSTRACT 

 
This research aims to develop a 3D woven honeycomb preform using hemp and Kevlar yarn. Hemp 
and Kevlar honeycomb preforms with four different cell sizes were developed on a customized 
weaving machine with multiple beam arrangements. The cell size was varied by changing the 
number of picks in the free/bonded wall of the honeycomb. The honeycomb composites were 
developed using the vacuum bagging technique. The quasi-static flatwise compressive strength of 
the sandwich honeycomb composites was investigated. It was observed that the specific 
compressive strength of the hemp and Kevlar composite increases with a decrease in cell size. 
Similarly, the strain energy per unit volume increases with a decrease in cell size. The compressive 
strength and strain energy per unit volume decrease with an increase in core height. 
 
Keywords: 3-D woven honeycomb fabrics; Composites; Vacuum bagging; energy absorbing 
structures 
 

1. Introduction  
 
Lightweight engineering seeks novel ways to 
make products lighter without weakening 
them, and in some cases, even strengthening 
them. One option is to use cellular structures 
and materials, such as honeycombs, as a 
solution for lighter items. However, 
honeycomb structures are frequently 
employed as sandwich panels in various 
applications due to their outstanding 
mechanical qualities (high stiffness) and 
energy absorbing capacity [1–3]. 
Honeycomb cores with hexagonal structures 
provide stronger shear rigidity, higher 
crushing stress, extended stroke, low weight, 
and continuous crushing force in sandwich 
panels [4,5]. The hollow gaps save weight 

while simultaneously ensuring essential 
strength. Due to their unique qualities 
resulting from their cellular architectures, 
cellular solids like sandwich panels have 
been employed as sophisticated materials in 
the aerospace, automobile, and marine 
sectors for decades [6,7]. Due to its hollow 
core structure, woven textile reinforced 
honeycomb composite can be considered a 
cellular solid and a new product in the family 
of lightweight energy absorbent materials. In 
recent years, there has been a lot of interest in 
figuring out how to weave this intricate 
structure and how it performs mechanically 
under various loads [8,9].  

Most of the literature reported that the 
honeycomb sandwich panels are related to 
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polymeric and metal honeycombs and only a 
few studies have demonstrated 3D woven 
honeycomb preforms and their composites. 
3D woven honeycomb fabrics are structures 
with multiple fabric layers integrated by 
weaving together warp or weft yarns of 
adjacent fabric layers at a particular position 
[10]. It has been reported that the 
compression strength of polymeric 
honeycomb sandwich panel changes with cell 
size [11,12], and the compressive strength 
and energy increases with a decrease in cell 
size [13–15]. Further, filling the empty cells 
of the honeycomb with foam-like material 
enhances compression strength and energy 
absorbed. Oblique/inclined loads in 
compression and energy absorption 
characteristics in Plascore Nomex 
honeycomb core under dynamic and static 
loading are also investigated. To change the 
direction of the cell wall for load inclination, 
core specimens were placed off-axis. The 
goal of the research was to see how core 
thickness, loading angle, and test speed 
affected energy absorption. At velocities of 
10 mm/min, 30, 60, 100, and 120 m/s, 
honeycomb specimens with the cubical 
structure were evaluated with and without a 
face sheet. For two types of honeycombs, the 
mean crushing force was calculated using 
varied impact velocities [16]. A study was 
conducted on the augmentation of strength 
due to the built-in air pressure in the 
honeycomb cell wall. During dynamic 
crushing, it was discovered that entrapped air 
in honeycomb induces strain hardening [17].  

The peak and mean collapse loads, as well as 
the energy absorbed during paper honeycomb 
crushing, are influenced by the loading rate. 
The rate dependency of the core materials 
affects the mean crushing stress, peak 
crushing stress, and energy absorbed per unit 
volume of the core. The amount of energy 
absorbed by compressed cores grows in 
lockstep with the specimen's volume. When 
the number of layers is doubled (double or 
triple layer) rather than employing a single 
layer, the total energy absorbed increases two 
to three times [18]. When the honeycomb is 
loaded in-plane, the cell walls bend first, 

followed by linear elastic deformation. 
Gibson and Ashby [19] developed a link 
between Young's modulus and cell 
geometrical parameters such as cell wall 
length, cell wall thickness, and cell opening 
angle of honeycomb under linear elastic 
deformation. The mechanical performance of 
the honeycomb changes with cell shape. The 
strength of square honeycombs is 27% more 
than that of triangular honeycombs and other 
core shapes [20].   

Researchers have developed a variety of 
recyclable materials based on natural fibers 
such as flax, hemp, kenaf, jute, oil palm, 
coconut, and many more in response to 
growing environmental concerns. Natural 
fibers are low-cost materials with low 
density, high specific qualities, 
biodegradable, and can be recycled [21–23]. 
Many studies have demonstrated that 
composites made of natural fibers can have 
qualities comparable to those made of 
conventional fibers if properly developed. 
The natural fiber reinforced composites are 
environmentally friendly and economical. 
Therefore, 3D woven honeycomb fabrics 
were developed using hemp and Kevlar yarns 
in this study. 3D woven honeycomb fabrics 
with four different cell sizes were developed. 
Their composites were characterized for 
flatwise compression strength. The effect of 
core height was also investigated.  

2. Materials and methods 

2.1 Materials 

The spun hemp yarn having linear density 
105 tex and Kevlar yarn having 66.6 tex was 
used to produce the 3D woven honeycomb 
preforms. The hemp yarn was procured from 
the local market in New Delhi, India, and the 
Kevlar yarn was kindly donated by Arvind 
advanced materials, India. Epoxy resin (ARL 
125) and its curing agent (AH 360), supplied 
by Atul Ltd., were used as a matrix material 
to manufacture the composites. 
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2.2 Methods 

2.2.1 Weaving of 3D Honeycomb preform  

The 3D honeycomb preforms were woven 
using the principle of double cloth weaving 
on a sample weaving machine having creel to 
accommodate four beams. The 3D woven 
honeycomb preforms were developed with 3, 
5, 7, and 9 picks in their free (lf) and bonded 
wall (lb) (Figure 1a). Generally, the 
honeycomb fabric is coded as (x,y)PzLθ. 
Where x and y are a number of picks (P) in 
the free and bonded wall (when x and y are 
the same, then it is represented by a single 
number), z denotes the number of fabric 

layers (L), and θ is the cell opening angle 
[24]. The cross-sectional representation of 
developed honeycomb preforms is shown in 
Figure 1 (b-e). Geometric details of the 
woven honeycomb structures are depicted in 
Table 1. Here, all four different preforms 
have the same weaving specifications except 
the number of picks in the free and bonded 
wall. Therefore the areal density of all the 
hemp preforms was maintained at 820 ± 11 
grams per square meter and that of Kevlar at 
520 ± 6 grams per square meter. The plain 
weave hemp and Kevlar fabrics with twenty 
ends and picks per meter were developed to 
produce composite skin for the honeycomb 
sandwich panel.  

 
Table 1. Details of 3D woven honeycomb composite structures (warp and weft linear density 
= 105 tex; Number of fabric layers = 7; Number of sections = 4; Ends and picks per meter = 
788; Opening angle = 600). 
 

2.2.2 Theoretical analysis of areal density of 
3D woven honeycomb fabric 
The determination of the theoretical areal 
density of the 3D woven honeycomb fabric 
before actual preform weaving is essential to 
design the composite component of desired 
mass density. To the best of our knowledge, 
there is no reported attempt to estimate the 
theoretical areal density of 3D woven 

honeycomb preform. The modified approach 
to determine fiber volume fraction of 3D 
woven honeycomb is reported by Tripathi et 
al [24]. By extending the geometric model 
reported by Tripathi et al, the model for areal 
density is derived. Different steps to arrive at 
an areal density (equation 1) of 3D woven 
honeycomb preform are shown below. 
 

Total number of sections per meter = 100
2( )fl w+

                                               (1) 

From Figure 1(a), cosfw l θ=                                                                           (2) 

Length of warp yarn in qth section of pth layer = 1(1 )pq
pq

pq

Q
H

V
+                         (3) 

Specimen 

ID 

Length of 

free/bonded 

wall (mm) 

Cell height 

(mm) 

Face sheet 

thickness (mm) 

3P4L60 3.8 6.6 

1 ± 0.05 
5P4L60 6.4 10.9 

7P4L60 8.9 15.4 

9P4L60 11.4 19.8 
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Total length of warp yarn in one meter= 1
100 (1 )

2( )
pq

pq
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   (4) 

Weight of warp per meter = 1
100 (1 )

2( )
pq

pq p
f pq

Q
H EPM P

l w V
λ+ × × ×

+
             (5) 

Total length of weft per meter = 2
100100*(1 )

2( )pq pq
f

H Q P
l w

+ × × ×
+

             (6) 

Weight of weft per meter = 2
100100*(1 )

2( )pq pq pq
f

H Q P
l w

µ+ × × × ×
+

            (7) 

Areal density (Grams per sq meter) of 3D woven honeycomb =  

( )1
2

(1 )
(1 )

2( )
pq pq p

pq pq
f pq

Q P H EPM
H

l w V
λ

µ
  + ⋅ ⋅

+ + ⋅   +    
                        (8) 

 
Where, 𝑄𝑄𝑝𝑝𝑝𝑝 is the number of picks in q th section of p th layer of honeycomb fabric, EPM ends per 
meter, and P is the number of layers, 𝐻𝐻1𝑝𝑝𝑝𝑝 and 𝐻𝐻2𝑝𝑝𝑝𝑝 is Crimp in warp and weft yarn in q th section 
of p th layer of honeycomb fabric, respectively, 𝜆𝜆𝑝𝑝 is warp yarn linear density, 𝑉𝑉𝑝𝑝𝑝𝑝 is pick per unit 
length of q th section in p th layer of honeycomb fabric, 𝜇𝜇𝑝𝑝𝑝𝑝 is weft yarn linear density.  
 
2.2.3 Development of 3D woven honeycomb 
composites and their sandwich panels 
The stainless steel molds of appropriate size 
and shape were fabricated. The molds were 
coated with wax to facilitate easy removal. 
The molds were inserted into the hollow 
channels within the preform. The resin was 
then applied to the fabric. The preform 
impregnated with resin was then placed into 
the vacuum bag to force out the excess resin. 
The composite was then allowed to cure 
inside the vacuum bag at room temperature 
for twenty-four hours. The composite 
development process is shown in Figure 2. 
The plain weave hemp fabric was converted 
to composite using a vacuum-assisted resin 
infusion technique. This plain-woven hemp 
composite was used as the skin of the 
honeycomb sandwich. 

2.2.4 Characterization of the composite 
specimens 
The developed composites were 
characterized for flatwise compressional 
properties using ASTM C365/C365M 
standards. The honeycomb specimens with 
nine cells for each type of composites were 
used. The core height was maintained at 20 
mm. The specimen size used are shown in 
Table 2. To investigate the effect of core 
height, four different core heights, namely: 
10, 20, 25, and 30 mm, were chosen. The 
plain-woven hemp fabric composite was used 
as face sheet material. The face sheet was 
pasted to a honeycomb using Araldite rapid 
curing epoxy resin.

Table 2. Specimen size used for flatwise compression test 

Specimen ID 3P4L60 5P4L60 7P4L60  9P4L60 
Size (mm × mm) 16.5 × 15.5 26 × 26 40 × 40  48 × 48 
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Figure 1. Geometry of a cross-section of the unit cell of the honeycomb fabric (a), Cross-
sectional representation of 3D woven honeycomb preforms with 3 (b), 5 (c), 7 (d), and 9 (e) 
picks in their free and bonded walls. 
 

Figure 2. 3D woven honeycomb composite development process. 
 
3. Results and discussion 
 
3.1 Comparative analysis of predicted and 
experimental areal density of 3D woven 
honeycomb 
The areal density of the 3D woven hemp 
honeycomb fabrics was estimated using the 
developed geometric model, and the obtained 
values were compared with experimental 

values. Five fabric samples having the size 10 
× 10 cm2 were taken and weighed. The 
estimated and experimental data error was 
calculated and shown in Figure 3. Good 
agreement was observed between the 
experimental and predicted areal density of 
both the hemp and Kevlar honeycomb 
fabrics.  
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Figure 3. Comparison of theoretical and experimental areal density 

 
3.2 Influence of cell size on compressive 
properties of honeycomb composites 
Figure 5a shows the maximum compressive 
loads of hemp honeycomb composites with 
varying cell sizes. The compressive strength 
of hemp honeycomb composite specimen 
having 5-, 7-, and 9-mm cell size is ~72, 
~177, and 264% higher than composite with 
3 mm cell size. The higher compressive 
strength for honeycomb composite 9P4L60 is 
due to the longer wall length, which takes part 
in load-bearing [25]. It can be explained 
further as the free or bonded wall-length 
increases, the cells and foil edge area per unit 
honeycomb surface area decreases (Equation 
2 and 3). The equation 2 and 3 were 
calculated from grometric relationships 
within the honeycomb unit cell shown in 
Figure 4 [26]. However, each honeycomb 
composite sample having nine cells was 
tested for compression. Therefore, the value 

of C is the same for all four specimens. 
Although the foil edge area decreases with an 
increase in free wall length, however, nine 
cells were tested for compression for each 
specimen, the 𝐹𝐹𝑎𝑎 is relatively higher for 
specimen having longer free/bonded wall 
length. The foil edge area of different 
honeycomb composite specimens tested in 
this study is shown in Table 3. The same 
trend was observed for 3D woven Kevlar 
composites. The compressive strength of the 
Kevlar honeycomb composite specimen 
having 5-, 7-, and 9-mm cell sizes is ~125, 
298, and 532% higher than composite with 3 
mm cell size. The compressive strength of 
Kevlar composites with varying number 
picks in free and bonded wall area is shown 
in Figure 5a. 
 
 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑝𝑝𝑝𝑝𝑝𝑝 ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝐶𝐶) = 1

(𝑙𝑙𝑏𝑏+𝑙𝑙𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)(2𝑙𝑙𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)
= 1

2.6𝑙𝑙𝑏𝑏
2             (9) 
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𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑝𝑝𝑝𝑝𝑝𝑝 ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝐹𝐹𝑎𝑎) =
�𝑙𝑙𝑏𝑏𝑡𝑡𝑏𝑏 + 𝑙𝑙𝑓𝑓𝑡𝑡𝑓𝑓�

(𝑙𝑙𝑏𝑏 + 𝑙𝑙𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)(2𝑙𝑙𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)

=
1.54
𝑙𝑙𝑏𝑏

                                                                                                                    (10) 

 
 

Table 3. Foil edge area of different honeycomb composite specimens 

Specimen Foil edge area of nine 
honeycomb cells (𝑚𝑚𝑚𝑚2) 

3P4L60 60.8 
5P4L60 96.9 
7P4L60 138.7 
9P4L60 174.8 

 
 
 

 
Figure 4. Various geometric parameters of a honeycomb unit cell 

 
 
The specimens tested for compressive 
strength have nine cells each. However, the 
sizes of different honeycomb composites 
were different. Therefore, the specific 
compressive strength of different composite 
specimens was determined by normalizing 
with specimen mass, which was calculated 
using the equation below. 
 

 P𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
𝑚𝑚

 
Where Pspec indicates mass-specific 
compressive strength, Pmax is maximum 
compressive strength, and m is specimen 
mass. It has been observed that the specific 
compressive strength of the hemp 
honeycomb composites was in the order of 
3P4L60 > 5P4L60 > 7P4L60 > 9P4L60. The 

higher specific compressive strength of 
3P4L60 is due to lower specimen size and 
thereby lower weight. The results are shown 
in Figure 5c. The compressive strength of 
Kevlar composites is lower than hemp 
composites. However, the specific 
compressive strength (compressive strength 
per unit weight) is higher than equivalent 
hemp honeycomb composites. This is 
attributed to the lower density of Kevlar 
compared to hemp fiber.  
 
Although the effect of the composite 
specimen's mass is taken into account in the 
specific compressive strength, due to their 
vastly differing volumes, it may not be a 
realistic representation of their performance 
under compressive load. From the load-
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deformation curves, the strain energy up to 
maximum compressive load (first peak load) 
was determined, and the data were 
normalized with the volume of the 
corresponding specimen. The results are 
shown in Figure 6a. The specific strain 
energy of different hemp and Kevlar 
honeycomb composites was found in the 
same order as specific compressive strength 
(Figure 6b). However, the specific strain 
energy of Kevlar honeycomb composites was 
lower than equivalent hemp honeycomb 
composites. This is again attributed to the 
lower density of Kevlar fiber compared to 
hemp.  The Specific strain energy of Kevlar 
honeycomb composites with 3, 5, 7, and 9 
picks in their free and bonded wall was ~11, 
~27, ~24, and ~28% higher than equivalent 
hemp honeycomb composites.  
 

3.3 Influence of core height on compressive 
properties of honeycomb composites 
Figure 5b shows the compressive load 
experience by a hemp honeycomb composite 
with varying core height. It has been 
observed that with an increase in core height 
from 10 mm to 20 mm, the compressive 
strength of the honeycomb composite 
increases by ~116%. However, for core 
heights of 25 and 30 mm, a decrease in the 
increment of the compressive strength was 
observed. This may be due to the early 
buckling of the honeycomb cell wall. The 
specific compressive strength of the 
composites decreases with an increase in core 
height (Figure 5d). Similarly, the specific 
strain energy also decreases with an increase 
in core height. Further, the increased 
free/bonded wall-length decreases the 
exposed foil area per unit honeycomb volume 
decreases the specific strain energy. The 
exposed foil area is be calculated from 
equation 4 [26]

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑝𝑝𝑝𝑝𝑝𝑝 ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 =
2�𝑙𝑙𝑏𝑏 + 2𝑙𝑙𝑓𝑓�

(𝑙𝑙𝑏𝑏 + 𝑙𝑙𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)(2𝑙𝑙𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)
=

15.6
𝑙𝑙𝑏𝑏

         (11) 
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Figure 5. Flat wise compressive strength of different honeycomb composites (a), Flat wise 
compressive strength of hemp honeycomb composites with different core heights (b),  Specific 
compressive strength of different honeycomb composites (c), Specific compressive strength 
of hemp honeycomb composites with different core heights (d). 
 

 
Figure 6. Strain energy per unit volume for different honeycomb composites (a) and 
honeycomb composites with different core heights (b). 
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Figure 7. Stages of failure for honeycomb composites (a, b), Load-deformation curves for 
different hemp honeycomb composites (c), and hemp honeycomb composites with different 
core heights (d). 
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Figure 8. Load-deformation curves for different Kevlar honeycomb composites. 
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3.4 Failure modes of honeycomb composites 
in compression 
The load-deformation curves of hemp 
honeycomb composites are shown in Figure 
7 (a and c). It must be understood that the 
peak stress experienced by the composites 
was calculated by considering the total area 
of the structure, including the area between 
the hollow spaces. The load-deformation 
curves can be divided into four stages. The 
first stage is an elastic stage, in which the 
honeycomb composite deforms elastically 
until it reaches the peak load. The peak load 
increase with an increase in cell size. The 
yield stage corresponds to elastic buckling of 
the walls, which causes a gradual reduction in 
the load experienced by the composite. This 
follows the long deformation plateau region 
within which the composite experience 
nearly the same load. The length of this 
region exhibits the energy absorption 
capability of that composite material. 
Interestingly, the length of this region in all 
the composite was found nearly the same for 
composite with different cell sizes. 
Eventually, the densification of the 
composite causes compaction of the structure 
and complete failure. The plateau region for 
different composites was found nearly the 
same. This indicates that the plateau region is 
independent of cell size. The Kevlar 
composites also show a trend similar to hemp 
honeycomb composites (Figure 8). However, 
the stacking region is slightly higher in 
Kevlar honeycomb composites than hemp 
composites. Figure 7d shows the load-
deformation curves of hemp honeycomb 
composites with varying core heights. It can 
be seen that the plateau region increases with 
an increase in core height. The honeycomb 
composite with less core height reaches the 
stacking stage earlier.  
 
3.5 Comparative analysis of developed 
honeycomb composites with reported studies 
Bang and Cho [27] reported compression 
properties of aluminium 3104 honeycomb 
having wall thickness 0.05 mm and cell size 
6.35 mm and core height 18 mm. The 
compressive strength of aluminium 
honeycomb was ~4500 N. They did not 

reported the tested specimen dimensions. Li 
and Ma [28] reported the compressive 
strength of Nomex honeycomb (3.2 mm cell 
size) with basalt fabric face sheet and core 
height of 15 mm as ~4500 N and the specific 
compressive strength of 0.1 N/mm3. The 
compressive strength of the 3D woven Kevlar 
honeycomb with cell size 5 mm and core 
height 18 mm developed in this study is 3192 
N, and the specific compressive strength is 
0.47 N/mm3. The specific strength of 5 mm 
cell size Kevlar honeycomb is ~370% higher 
than Nomex honeycomb of 3.2 mm cell size.  
 
4. Conclusions 
 
This study reported the compressive 
performance of 3D woven hemp and Kevlar 
honeycomb composites. The results indicate 
that the compressive strength of hemp and 
Kevlar honeycomb composites increases 
with a decrease in cell size. Similarly, the 
specific strain energy per unit volume of 
hemp and Kevlar honeycomb composites 
increases with a decrease in cell size. The 
compressive strength notably changes with 
honeycomb core height. The results of this 
study can be used to design and develop 
natural fiber-based honeycomb composite 
sandwich panels for a range of applications. 
The future scope of this research could be 
investigating the role of filler such as auxetic 
foam and hybrid structures such as 
honeycomb-corrugated hybrid sandwich 
structures on the compressive strength of the 
materials.      
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