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ABSTRACT 
 

The aim of this study was to determine basic anatomical features of annual plant fibers 
used as wood substitutes for the production of wood-based panels. For this purpose rye, wheat, 
triticale, rape and corn straw were used. The determination of the morphological features of 
the fibers was conducted on the macerated material. Fiber lengths, fiber diameters and lumens 
were measured, and then the fiber wall thicknesses and slenderness ratios were calculated. 
The result clearly showed significant differences among all fiber characteristics of the tested 
plants. The strength and direction of the relationship between the anatomical properties 
determined in the study and the physicomechanical properties of the boards produced with 
straw from the tested annual plants were identified. 
 
KEYWORDS: Straw of annual plants, anatomical properties, particleboards.  
 

INTRODUCTION 
 

The shortage of wood and its increasing prices lead to continuous work on re-placing 
the traditionally used particles in the production of particleboards (Mirski et al. 2020). Mainly 
trying to replace pine, spruce or birch chips with particles obtained from other lignocellulosic 
materials. One of the possibility is used straw of annual plants e.g. dried stalks of cereal crops, 
maize or rape. Term “straw” is commonly used in the case of cereals, legumes, flax and rape 
plants. In the EU countries, a significant amount of straw is observed as a residue from 
agriculture (Meyer et al. 2018). The straw of cereals, corn and rape is a by-product of 
agricultural production. In the case of rape, the demand to use straw results from the fact that 
rape is still the basic biocomponent in the production of biofuels (Markiewicz and Muślewski 
2020). One of them is the use of straw as a lignocellulosic raw material in the broadly 
understood wood industry (for the production of large-size boards).  
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In Poland, in the years  1999–2018, the average annual surplus of straw harvested over 
agricultural consumption equaled 12.5 million tons (4.2 Mtoe) (Gradziuk et al. 2020). Cereal 
straw and other annual plants are different from wood, e.g. chemical composition. Depending 
on the species cereal straw contains 45-55% cellulose, 26-32% hemicellulose (pentosans) and 
16-21% lignin (Paukszta 2006). Despite some technological difficulties, the incentives to use 
straw for the production of particleboards are its lower price, wide availability, its lower 
hygroscopicity, better thermal insulation and lower weight density (Dziurka and Mirski 2013). 
The concept of using these raw materials in the broadly understood wood industry is not new. 
The first at-tempts in this area were made in the 1960s. However, such boards have not been 
produced on an industrial scale. These limitations are partly due to incomplete knowledge 
about the properties of these raw materials, and thus the properties of the boards that can be 
produced under various technological conditions. The selection of wood substitutes should 
ensure compliance with the requirements, in terms of mechanical properties and water 
resistance, for boards used in the construction industry (Moriarty 2002). 

The properties of oriented strand boards (OSB), in which the wood was partially or 
completely replaced with straw of cereals or rape, were investigated by e.g. Cheng et al. (2013), 
Mirski et al. (2016). Bekhta et al. (2013), Boquillon et al. (2004), Hafezi and Hosseini (2014) 
determined the properties of particle boards in which wheat straw was used as a substitute for 
wood. Dziurka and Mirski (2013), Huang et al. (2016) used rapeseed straw for the production 
of boards. Research also shows that white mustard can be used as a substitute for wood 
(Azizi et al. 2011, Bekhta et al. 2013, Boquillon et al. 2004, Dukarska et al. 2015, Grigoriou 
2000, Mo et al. 2003). Moreover, Kurokochi and Sato (2015), Li et al. (2011) showed that rice 
straw can be use. Wu et al. (2015) conducted a study of the properties of boards produced with 
the use of corn straw, while Papadopoulos and Hague (2003) used flax and hemp. 
Papadopoulos et al. (2004), Xu et al. (2004) also applied bamboo and kenaf as a substitute for 
wood. Dukarska et al. (2012) for manufacture particleboards used evening primrose straw. An 
interesting option is also the replacement of wood particles with tomato and grape stalks, kiwi, 
coffee or tea waste (Bekalo and Reinhardt 2010, Guuntekin et al. 2009, Nemli et al. 2003). 
Medium-density fibreboards (MDF) enriched with corn or cotton stalk fibers were studied by 
Kargarfard and Latibari (2011). The cited studies carried out in various research centers show 
that not all lignocellulosic materials provide the boards produced with the physical and 
mechanical properties required in construction. This is the result of e.g. diversified anatomical 
structure, chemical composition and particle size of alternative raw materials.  

Moreover, various technological conditions for the production of boards, as well as 
the types of adhesives used, make it difficult to compare the properties of the produced boards 
and to select the most appropriate substitutes for wood. In the case of gluing straw particles of 
annual plants, the presence of waxy substances on their surface hinders the gluing of 
the particles, which make worse the strength and water resistance of the boards. This problem 
can be solved by using iso-cyanate-based pMDI resins (Grigoriou 2000, Mo et al. 2003). 
For replace currently using materials, knowledge a specification of straw and their influence on 
particleboards properties is necessary. 
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 Until now, research related to alternative materials instead of wood, especially straw from 
annual plants used in the production of particle boards or fiberboards, has focused mainly on 
determining the physical and mechanical proper-ties of boards made of these materials. One 
of the factors determining the possibilities of using straw from annual plants for the production 
of panels is the varied anatomical structure of these materials. The comparison of the properties 
of boards in which straw is the substitute for wood from different annual plants is possible if 
they were produced under the same technological conditions. Therefore, the aim of these 
studies was to determine the morphological features of straw fibers of annual plants and to 
determine the strength and direction of the relationship between the microstructure features and 
the physicomechanical properties of the boards, determined in previous studies on the same 
experimental material and produced according to the same methodology (Mirski et al. 2018). 

 
MATERIAL AND METHODS 

 
Material 

In this research rape straw (Brassica napus L. var. Napus) (Ra), triticale straw 
(Triticosecale Witt.) (Tr), rye straw (Secale L.) (Ry), corn straw (Zea mays L.) (Co), wheat 
straw (Triticum L.) (Wh) were used. This material was obtained from the harvest in the same 
year, in Wielkopolska province (Poland), in the form of bales. It has been crushed and stripped 
of mineral impurities.  

 
Methods 

 The morphological features of the straw anatomical elements were marked on 
the macerated material. Maceration was carried out with a mixture of acetic acid and hydrogen 
peroxide (30%) in the proportion 1:1, at the temperature of 60°C for 20 h. From the obtained 
macerates, microscopic preparations were made. Length and diameter of the fibers as well as 
the diameter of the lumens were measured. From each tested raw material, 30 fibers were 
measured, and their diameters were determined at the widest points of the tested cells. Based on 
the performed measurements, the thickness of the fiber walls and the slenderness ratio, which is 
the ratio of the length to the diameter of the fibers, were calculated. Measurements were 
performed using a Primo Star light microscope (Carl Zeiss Microscopy, Germany) coupled 
with a computer image analyzer (Motic Images Plus 4.0, Motic In-corporation Ltd, Hong Kong, 
China). The macrostructure of the longitudinal surfaces of the tested lignocellulosic materials 
was observed using a stereoscopic microscope made by Olympus (Olympus Poland) coupled 
with a computer image analyzer using the Motic Images Plus 2.0 program (Motic 
Incorporation, Ltd., Hong Kong, China).  

Statistical analysis was performed using Statistica 13.0 software (Dell, Round Rock, TX, 
USA). The descriptive statistics and one-way analysis of variance (ANOVA) were applied. All 
tests were performed at the significance level of p < 0.05.   

In order to numerically determine the relationship between the anatomical properties 
determined in the study and the physicomechanical properties of the boards (made with the use 
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of straw from the studied annual plants) taken from authors previous research, a correlation 
matrix was used. 

 
RESULTS AND DISCUSSION 

 
The straws of the examined annual plants differ in their macro- and microscopic structure. 

Rye, wheat, triticale and corn belong to the grasses, and rape is a variety of cabbage. The most 
important part of the straw is the tube-shaped stalk, separated by elbows into segments called 
internodes (Liu et al. 2018). Straw from annual plants is characterized by high morphological 
heterogeneity. They consist of fibers and other structural elements such as vessels and 
parenchymal cells. The straw walls consist of three layers. The outer layer is made of a covering 
tissue whose cells are characterized by serrated edges. The middle layer is made of slender, 
pointed bast fibers with thick walls. Apart from them, in this layer there are slightly shorter and 
less slender sclerenchymatic strengthening cells, concentrated mainly in the nodes forming 
the so-called elbows. The inner layer consists mainly of parenchymal cells, vessels and bast 
fibers. During the growth of these plants, their parenchyma quickly disappears and the stalk, 
except for the nodes, be-comes empty inside. The exception is maize, in which the nodes and 
internodes are filled with parenchyma (spongy core). Rapeseed, on the other hand, is a plant of 
the type of cabbage, hence its straw has a structure different from that of other plants and is not 
suitable for fodder or bedding. The parenchyma is undesirable from the point of view of 
adhesion and mechanical properties. From the point of view of suitability for the wood-based 
panels industry, the bast fibers are the most valuable cells in the straw composition. 
In the structure of the stem, the fiber is its most durable structural element. In addition, they 
have a favorable strength to density ratio and have good thermal and acoustic insulation 
properties. 

The macrostructure images of the longitudinal sections are presented in Fig. 1. The tested 
lignocellulosic raw materials differ in the structure of external and internal longitudinal 
surfaces. The outer surfaces of the straw are smoother. On the other hand, the inner surfaces are 
rough due to the presence of parenchymal cells. The surface roughness is desirable as it 
contributes to better adhesion with the binder matrix (glue) for greater strength. It should also 
be noted that the particles of different straws show the presence of contaminants from the 
storage environment. Similar results were observed by Bouasker et al. (2014). 

 
Material Inner layer (magnification 60 x) Inner layer (magnification 180 x)  

Corn straw 

Triticale Outer layer (magnification 130 x) Inner layer (magnification 130 x) 
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Straw  

Rape straw 

Outer layer (magnification 130 x) Inner layer (magnification 130 x) 

 

Rye straw 

Outer layer (magnification 130 x) Inner layer (magnification 130 x) 

Fig. 1: Macrostructure of longitudinal sections of external and internal layers 
of the investigated straws of annual plants. 

 
The results of the determination of the anatomical properties of the fibers of the tested 

lignocellulosic raw materials are presented in Fig. 2. The first stage of the straw morphological 
analysis was started with the comparison of the fiber length. Wheat has the longest fibers, 
the average length of these cells is 1820 µm. Literature data indicate that wheat straw fiber 
length was smaller (970 µm) in comparison with results of presented research (Ferdous et al. 
2020). In turn, the shortest fibers were recorded for rape, as their average length was 800 µm. 
In the case of corn, the fibers from the inner zones of the cross-section were about 40% shorter 
(their average length was approximately 985 µm) compared to the outer zones. Rape had 
the largest diameter fibers (21.9 µm). According to these dimensions, these fibers showed 
the smallest slenderness, which did not exceed the value of 40. The diameters of the fibers of 
the tested plants were more even than their length.  

 The thickness of the fiber walls is also an important dimension influencing the physical 
and mechanical properties of the boards. Triticale and wheat fibers (about 5.6 µm) were 
characterized by very similar and at the same time the thickest walls. According to Ferdous et 
al. (2020) fiber wall thickness of wheat straw was 1.99 µm. The wall thicknesses of rye and 
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rape fibers were about 20% smaller, and that of maize about 36%, compared to the average 
thickness of triticale and wheat. In the case of maize, the thickness of the fiber walls (outer and 
inner part) was practically the same (3.7 µm). Comparing the coefficients of variation of the 
measured values, it can be concluded that the highest values occurred for the fiber length and 
they ranged from 19% for wheat to 42% for rape. For the fiber diameter and wall thickness, the 
coefficients of variation were smaller and amounted to, respectively, from 21% to 30% and 
from 23% to 32%. 
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Fig. 2: Length, diameter of fibers and lumens, thickness and slenderness of fibers of tested 
lignocellulosic materials (Tr – triticale; Ry - rye; Co - corn; Ra - rape; Wh – wheat). 

 
The Anova analysis of variance showed that at the significance level of 0.05, the differences 

in all measured fiber dimensions and the slenderness ratio of the tested plants are statistically 
significant. The values of the calculated Fisher F test statistics are greater than the table 
statistics (Tab. 1). 
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Tab. 1: Analysis of variance (ANOVA) of selected properties anatomical of the examined 
fibrous materials. 
Source of variation Festimated 

F(5;177;0.05) 
Ftabular 

F(5;177;0.05) 
p 

Fiber lengths (µm) 40.339 

2.265 

0.000 
Fiber diameters (µm) 8.215 0.000 
Thickness of wall of fibres (µm) 11.381 0.000 
Slenders ratio 32.455 0.000 

Note: df- degrees of freedom, F- value of test Fisher, p- level of significance. 
 

In previous studies, Mirski et al. 2018 determined the physicomechanical proper-ties of 
three-layer boards, in which the middle layer was made of industrial pine chips and the outer 
layers were straw particles of the annual plants studied in this study. Physical and mechanical 
properties of the boards were different for the individual plants. In order to demonstrate which 
anatomical features of the fibers of the studied plants have an impact on the physicomechanical 
properties and to determine the strength of this correlation, a correlation matrix was prepared 
based on their mean values (Tab. 2). 
 
Tab. 2: Density correlation matrix (ρ), modulus of rigidity (MOR), modulus of elasticity 
(MOE), thickness swelling (TS24) and water absorption (WA24h), fiber lengths (L), fiber 
diameters (Dw), lumen diameters (Dl), slenderness fibers (S) and wall thickness fibers (T) of 
the annual plants tested. 

Correlation coefficients (p < 0.05) 
 ρ 

 

MOR MOE 
 

TS24h WA24h L Dw Dl S 
 

T 
ρ 

 

1.000 0.7015 0.7588 -0.4335 -0.6512 0.5065 -0.0402 -0.5425 0.1686 0.9554 
MOR 

 

 1.0000 0.9476 -0.8109 -0.9374 0.9571 -0.4248 -0.6910 0.6680 0.5224 
MOE 

 

  1.0000 -0.9043 -0.9884 0.9271 -0.5962 -0.8744 0.7559 0.5430 
TS24h 

 

   1.0000 0.9545 -0.9165 0.8725 0.9426 -0.9613 -0.1504
WA24h 

 

    1.0000 -0.9600 0.6903 0.8970 -0.8436 -0.4091
L 

 

     1.0000 -0.6349 -0.7677 0.8437 0.2721 
Dw 

 

      1.0000 0.8603 -0.9453 0.2513 
Dl 

 

       1.0000 -0.8682 -0.2771
S 

 

        1.0000 -0.1279
T 

 

         1.0000 

 
The obtained high values of correlation coefficients indicated that the increase in fiber 

length resulted in an increase in modulus of rigidity (MOR) and modulus of elasticity (MOE) 
and a decrease in both thickness swelling (TS) and water absorption (WA) after 24 h of soaking 
the tested boards in water. These correlations were statistically significant at the level of 0.05 
with respect to the stiffness and water absorption modulus of the boards. The increase in fiber 
lumen diameter facilitates access and increases the possibility of water penetration into their 
interior, which influenced water absorption and swelling after 24 hours of soaking the boards in 
water and reduced the modulus of elasticity. It should be noted, however, that these correlations 
are strong, as these coefficients range from 0.8744 to 0.9426, but are statistically insignificant. 
On the other hand, the increase in the slenderness of the fibers significantly reduces the 
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swelling of the boards after 24 hours of soaking in water. A strong and positive, although 
statistically insignificant, relationship was found between slenderness and modulus of 
elasticity, and a strong and negative correlation was found between slenderness and water 
ab-sorption after 24 h of soaking. On the other hand, the correlation coefficient between the 
thickness of the fiber walls and the density of the boards indicates that this relationship is strong 
and statistically significant, as it reaches the value of 0.9554. 
 

CONCLUSIONS 
 

(1) The tested straws of annual plants show statistically significant differences at the level 
of 0.05 for all analyzed anatomical features of the fibers. (2) The longest fibers were recorded 
for wheat and these values were over two times higher than those of rape, where these cells 
were the shortest. Due to small differences in fiber diameters in the analyzed plants, the 
slenderness ratio was determined by the fiber length. The differentiation of the mean values of 
this coefficient was almost threefold. (3) The thickness of the fiber walls was similar for wheat 
and triticale (approx. 5.5 µm) as well as rye and rape (approx. 4.5 µm) and they were 
respectively approx. 35% and approx. 15% higher than corn fibers. (4) A strong positive 
correlation was demonstrated between fiber length and modulus of rigidity (MOR) and 
modulus of elasticity (MOE) and a strong but negative correlation between fiber length and 
swelling and water absorption after 24 h of soaking the panels. (5) A strong, positive correlation 
was also obtained for the relationship between the diameter of the lumen of the fibers and the 
thickness swelling and water absorption after 24 h of soaking the panels. On the other hand, 
high, but negative correlation coefficients were established between the slenderness of the 
fibers and the analyzed physical properties of the boards. Slightly smaller, positive values of the 
correlation coefficients were obtained between the slenderness of the fibers and the modulus of 
rigidity (MOR) and modulus of elasticity (MOE). 
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