
Effect of Gauge Length, Cross Sectional Area and Strain 
Measurement Methods on Stiffness Characterization of Fique 
Natural Fiber
Beatriz Casares Fernándeza and Meisam Jalalvandb

aMechanical and Aerospace Engineering, University of Strathclyde, Glasgow, UK; bEngineering and Physical Sciences, 
University of Southampton, Southampton, UK

ABSTRACT
Among different mechanical properties, stiffness of natural fibers is one of 
the most important and challenging properties to measure due to their 
irregular cross section area. In this paper, a direct strain measurement 
method is presented and applied to Fique (Fucraea andina) fibers. The results 
are compared against the conventional indirect strain measurement method 
commonly used in fiber characterization. The latter requires considering the 
system compliance, being particularly challenging for natural fibers with 
a wide variability among them. One solution to address this issue can be 
using gauge lengths of around 100 to 200 mm, which are longer than the 
ones typically used for the characterization of single fibers. Each fiber’s cross 
section has been measured precisely, and the assumption that fibers have 
a circular cross section is studied. The Young’s modulus of the tested Fique 
fibers is measured to be 17 GPa using indirect strain measurement, and it is 
found to increase with gauge length using direct strain measurement to 18 
GPa for 100 mm length, for either area calculation approach. Fibers’ area 
values show differences from assuming circularity to measure the cross- 
sectional area, but its impact on the Young’s modulus is not significant 
when enough number of fibers is tested.

摘要
在不同的力学性能中，天然纤维的刚度是最重要和最具挑战性的性能之 
一，因为它们的横截面积不规则. 本文提出了一种直接应变测量方法，并将 
其应用于Fique（Furcarea andina）纤维. 将结果与光纤表征中常用的传统间 
接应变测量方法进行了比较. 后者需要考虑系统合规性，对于天然纤维来说 
尤其具有挑战性，因为它们之间存在很大的差异. 解决这一问题的一种解决 
方案是使用约100至200毫米的标距长度，这比通常用于单纤维表征的标距 
长. 精确测量了每根光纤的横截面，并研究了光纤具有圆形横截面的假设. 
使用间接应变测量法测得被测Fique纤维的杨氏模量为17GPa，使用直接应 
变测量法发现，对于任何一种面积计算方法，杨氏模量都随着标距长度的 
增加而增加，对于100 mm的长度，杨氏模量为18GPa. 纤维的面积值显示了 
与假设圆形度来测量横截面积的差异，但当测试了足够数量的纤维时，其 
对杨氏模量的影响并不显著.
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Introduction

Natural fibers, used these days to make more sustainable composites, were from the beginning an 
important constituent of primitive and pre-historic composites, from mud-straw bricks to wood. 
While the search for stronger, lighter, and more durable materials (Bramwell 1976; Chawla 2012) has 
driven the evolution to the reinforced polymers, this development saw the other side of the coin, with 
researchers asking the same questions we are facing today (Hicks 1980): What can be done with 
composites when their life cycle finishes? Can they be recycled? (Henshaw, Owens, and Owens 1996; 
Hicks 1980). A lot of research has been going into the recycling route (Kennerley et al. 1998; Pakdel 
et al. 2021; Pickering 2006; Thomason, Yang, and Meier 2014) since landfilling and incineration 
(Krauklis et al. 2021) are not the first options given the volume of reinforced polymers coming from 
automotive, wind energy, and construction industries among other industries. Legislation started in 
the 90’s by the European Economic Community legislating at the end of 1993 on the recycling of 50% 
by weight of the plastics used in automobiles and has been putting pressure on waste management of 
these type of materials with different Environmental Actions Plans that have been in place since then 
(Stewart 2009).

New sustainability trends across different industrial sectors are looking at natural fibers as one of 
the solutions to make composites more sustainable. Biodegradability, renewability, lightness, low cost, 
and socioeconomic impact in different communities are the main benefits of natural fibers (Mohanty 
et al. 2005; Muthu 2019). In fact, natural fibers have already been part of the aviation and automotive 
industries in the past century. When aluminum shortage was expected during World War II, in 1941, 
Gordon Aerolite developed a unidirectional flax fiber with phenolic resin composite for the Spitfire 
fuselage (Middleton 1992). Henry Ford was a pioneer when in 1942 he used hemp fibers for the 
development of his composite prototype car. After him, several companies in the automotive sector 
used natural fibers in their car components. Between 1950 and 1990, the East German Trabant used 
cotton, while coconut and jute are some of the fibers Daimler-Benz and Mercedes-Benz have explored 
in their car interiors since 1991 (Mohanty et al. 2005).

Some studies have explored flax/polyester for substituting E-glass fiber in small wind turbines 
blades (Shah, Schubel, and Clifford 2013) as well as bamboo composites in curved surfaces for 
structural loads (Pozo et al. 2017). Polylactic acid (PLA) reinforced with kenaf was used for developing 
mobile phone parts (Inoue et al. 2007). A combination of flax and carbon fibers has been used in 
different bicycle models, like the Schwinn Vestige and the 765 Optimum (Rakesh and Chaitanya 
Krishna 2019).

Other structural applications such as retrofitting, building rehabilitation and floor, wall, and roof 
insulating panels within civil engineering are also looking to sandwich panels or fiber reinforce 
composites where glass fiber can be substituted by natural fibers as flax. Sustainability efforts driving 
this change are challenged by natural fibers’ hydrophilic nature, which has to be considered to ensure 
durability and mechanical performance under working conditions, as studied by Mak and Fam (Mak 
and Fam 2019a, 2019b, 2020). On top of this, other fields like electronics can benefit from the use of 
natural fibers and biopolymeric materials like cellulose and lignin (Irimia-Vladu and Sariciftci 2024) 
that can be sourced from fibers like fique as studied by Souza et al. (2017) in the production of 
membranes made from cellulose nanofibers. Young’s modulus is one of the most important mechan-
ical properties necessary for material characterization. It directly affects composite materials’ Young’s 
modulus, which is one of the key parameters in the design and analysis of structures. So far, the 
methodology used to find the tensile properties of manmade fibers has been applied to natural fibers 
(Adusumalli et al. 2019), e.g. ASTM standards D-3822-20 and C1557-20.

The Young’s modulus measurement consists of longitudinal loading of the fiber, recording the 
applied extension to the fiber ends as well as the force. Measuring the fiber end extension using the 
loading machine is not accurate. The loading machine and the other components of the sample have 
a finite compliance and they deform with the applied load. Therefore, obtaining the fiber actual 
deformation requires accounting for this compliance. In the standard test method for measuring the 
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Young’s modulus of fibers (ASTM-C1557-20, 2021), the fiber has to be mounted onto a paper tab that 
is cut before loading is applied. The fiber with the tab and the loading system are considered as two 
springs in series. By applying Hooke’s law as explained by Rudeiros-Fernández (2016), it has been 
assumed that the compliance of the loading system does not change, but the stiffness of the fibers 
changes for different fibers with different cross-sections or lengths. This allows us to find the 
compliance of the system and consequently find the fibers’ Young’s modulus. At least three fiber 
gauge lengths must be tested for single fibers, so a linear regression can be applied to obtain the two 
springs’ constants. In Figure 1, modified from the standard (ASTM-C1557-20 2021), it is shown how 
the Young’s modulus corresponds to the inverse value of the fitted line slope, and the system 
compliance corresponds to the value where the fitted line intersects the vertical axis.

Depuydt et al. (2017) compared the Young’s modulus of bamboo and flax fibers using both indirect 
and direct strain measurements using steel fibers as a reference to compare the accuracy of the 
different techniques. To measure the strain directly on the fibers, optical flags with a speckle pattern 
were attached to the fiber and their displacement was tracked using digital image correlation (DIC). 
The fiber strain was extracted based on the relative pixels’ displacement. The conclusion of this work 
was that the measured Young’s modulus from the indirect strain measurement method was 25% less 
than those found using the direct strain measurement method, arguing the inaccuracy of the 
assumption of a constant system compliance. In a similar work, Huether et al. (2018) attached 
fluorescent epoxy beads to 80 mm long glass fibers and applied the load in steps, allowing for higher 
resolution images to be taken to measure the strain directly. The limited number of studies carried out 
with direct strain measurements on single fibers indicates the experimental challenges. For instance, it 
is objectively difficult to apply mechanical extensometers on single fibers and applying visually 
trackable flags on natural fibers is not trivial, although their higher dimensions can ease the attach-
ment of flags compared to synthetic fibers.

In addition to the challenges of handling individual fibers and measuring their strain, the natural 
fibers have much broader scatter in their dimensions and properties than manmade fibers due to 
different factors like harvest time, field retting time, climate and location (Liu et al. 2015, Bourmaud et 

Figure 1. Calculation of the fiber’s Young’s modulus adapted from the standard (ASTM-C1557-20 2021) to highlight the requirement 
of at least three different gauge lengths.
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al. 2016). However, this scatter is not only due to the intrinsic natural origin of these fibers but also due 
to the differences in the testing method and the factors affecting it, like the gauge length used; the use 
of single or technical fibers with potentially more damage during the processing; the loading rate; and 
the environment where the test is performed due to the hygroscopic nature of cellulose (Haag and 
Müssig 2016; Shah, Nag, and Clifford 2016).

Added to this, the intrinsic variability of natural fibers’ cross section area and its measurement are 
a difficult challenge to overcome. In many studies (Stamboulis, Baillie, and Peijs 2001; De Rosa et al.  
2010; Vincent, Cisse, and Lamine Boubakar 2012; Bastidas et al. 2022), the cross-section area is 
calculated by observing the fibers transversely under an optical microscope and assuming circularity 
of the cross-section. This is not necessarily correct in the case of natural fibers. Because of the impact 
the cross-section area value has on the calculation of tensile properties, different attempts have been 
made in order to improve the accuracy of cross-sectional area measurement in natural fibers by 
looking at the actual cross section, proving the oversimplification of the circularity assumption (Garat 
et al. 2018; Nitta et al. 2013; Thomason et al. 2011; Virk, Hall, and Summerscales 2010). To study the 
fibers’ cross section circularity assumption and its effect on the measured Young’s modulus on fique 
fiber, both techniques are used alongside direct and indirect strain measurement methods.

Few works have looked into fique tensile characterization (Delvasto et al. 2010; Gañán and 
Mondragon 2004; Gomez et al. 2020; Luna et al. 2017), but either single gauge length was used or 
details on how the test was performed are not clearly reported. On the work done by Muñoz-Blandón 
et al. (2022), fique fiber mechanical characterization is done to 50 mm-long textile fibers with 25 
specimens. Bastidas et al. (2022) have also worked on characterizing fique fiber, but in this case 
through Dynamic Mechanical Analysis (DMA), at a length of 17.5 mm.

Modeling mechanical behavior of fique fiber reinforced composites requires more accurate char-
acterization of fique fiber properties, beginning with the Young’s modulus presented in this work. The 
work done by González-Estrada, Díaz, and Quiroga (2018) with woven material uses experimental 
data as input parameters to analyze the mechanical properties of the reinforced epoxy matrix. Also, as 
explained by Mulenga et al. (2021), different theories and modeling techniques have been developed to 
predict natural fiber composites behavior, helping to find appropriate applications for these materials, 
and more accurate fiber properties are necessary for such models.

This paper on stiffness characterization of fique fiber has three main pillars: first, measuring the 
cross sectional area of the fibers, both transversely and directly, and assessing the accuracy of the 
circularity assumption; second, using the direct and indirect strain measurement techniques to 
compare the values obtained for the Young’s modulus to assess the validity of applying the compliance 
method when characterizing natural fibers; and third, considering five different gauge lengths, using 
significantly longer fiber lengths than the ones typically used for characterization.

Experiments

Materials and equipment

Fique fibers used in this study were provided by Compañía de Empaques, which uses them to produce 
coffee sacks and ropes among other products in Colombia. First, the fibers were brushed to remove 
organic residues and washed in lukewarm water. After that, fibers were wrapped around a square 
metallic plate and dried in an oven for three hours at 80°C, according to thermal analysis of fique, for 
which the range between 60 and 100°C corresponds to the release of moisture (Gañán and Mondragon  
2004). This helps to straighten the fibers and makes sample preparation easier. Fibers were approxi-
mately cut to fit the 250 gr/m2 card size for the five different gauge lengths of 10, 20, 40, 100 and 
200 mm and mounted following (ASTM C1557-20 standard 2021).

Tensile tests were carried out using a Testometric M250–2.5CT testing machine with a 100 N load 
cell. The strain rate was established at 5% strain per minute and kept constant for all gauge lengths, so 
the applied displacement per min was proportional to the fiber gauge length.
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For each fiber, Wintest analysis software that controls the Testometric testing machine recorded the 
load as a function of the crosshead displacement and time. Simultaneously, each test was recorded with 
a digital video camera Canon Legria HF G50 setup on a tripod at 50 cm from the sample, capturing 50 
frames per second.

Sample preparation

Fibers were randomly selected and visually inspected to avoid fibers with obvious fraying or residue 
visible to the naked eye. Fibers were inserted in green beads of around 1 mm diameter and glued to 
them by using two components epoxy droplets deposited by a thin wire. The attachment of the fibers 
to the card was done using double-sided tape and later covered by epoxy resin to avoid slippage of the 
fiber during testing.

Area calculation

The fibers were transversely placed under a Leica microscope and the image was captured at x100 
magnification to obtain the apparent diameter of the fibers.

For the shortest fiber lengths, 10, 20 and 40 mm, one picture of the midpoint was taken, while for 
the two longest gauge lengths of 100 and 200 mm, three pictures at the top, middle and bottom of the 
fibers were taken due to the significant length increase and the possibility of variation of cross section 
along the length. On each picture, three measurements of the apparent diameter were done using 
ImageJ software and then averaged. Figure 2(a) shows an example of three measurements taken from 
the transverse view. The area of the fiber was estimated using the average apparent diameter and 
assuming a circular cross section.

To find the true cross-sectional area (CSA) of the fibers, after the test, the two pieces of the broken 
fibers were cut out and glued to a card using Loctite Gel Superglue. The cards with the fibers were later 
placed in a circular mold, and transparent Epofix epoxy resin was poured into the mold to embed the 
fibers. After leaving the resin to cure for 24 hours at ambient temperature, the surface of the molds 
with the embedded fibers was ground at 300 rpm with progressively finer grit silicon carbide paper 
numbers 500, 800, 1200 and 2400. Polishing was done at 150 rpm, again with progressively finer 
diamond papers of 6, 3 and 1 micron(s) on a DP mol pad with the DP lubricant.

Fiber cross sections were photographed using an Olympus GX51 microscope at x200 magnification 
and later measured using ImageJ software. Two measurements were done per fiber as shown in 
Figure 2(b) using the fiber contour considering the whole section without distinguishing between fiber 
walls and lumen, as generally agreed (Thomason et al. 2011). An averaged value of the CSA was used 
for the modulus calculation.

Figure 2. (a) Transversely observed apparent diameter at x100 magnification, with the three apparent diameter measurements for 
calculating the area assuming circularity. (b) Cross section area (CSA) measurement at x200 magnification with contour in yellow; 
both using ImageJ software.
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Direct strain measurement

The two beads on each fiber are assumed to move with the points on the fiber they are attached to, so 
by tracking their movement, the elongation of the fiber is captured. These beads, which are signifi-
cantly shorter than the total length of the fibers, are assumed to be rigid solids.

The bead movement on every fiber was video recorded, and an in-house MATLAB code was 
developed to track the bead movement in a post processing stage of the captured videos. The 
video is opened in MATLAB, and the area occupied by each bead is manually selected. The 
detectMinEigenFeatures function recognizes n and m number of points on each bead using the 
minimum eigenvalue algorithm for all the video frames and calculates the average position for 
the top and bottom beads for every frame in pixels, as shown in Figure 3. The position of each 
bead for every frame is tracked by the Kanade−Lucas−Tomasi (KLT) algorithm (MathWorks  
2019). The elongation is then calculated by finding the difference between the averaged move-
ment of the beads in the y axis direction in pixels, allowing for the calculation of the average 
strain when divided by the initial distance between the beads in pixels. The data acquisition 
frequency of the tensile testing equipment is between 15 and 20 s−1, while the video camera 
captures 50 frames per second. To match the data points between strain from the processed 
videos and force from the tensile machine, for every strain value, tensile force is found using 
a linear interpolation.

The stress values are found by dividing the force by the area. The slope of the initial linear part of 
the stress−strain curve for each fiber is used to find the Young−s modulus (Torayca 2003), with two 
values obtained for each fiber, one per area calculation method, as stress values change depending on 
the area used.

Results of fibers breaking very close to the beads or to the cardboard edges were discarded as well as 
those that showed slippage at the end tab during the test. This led to 24 fibers of 10 mm, 29 fibers of 
20 mm, 50 fibers of 40 mm, 46 fibers of 100 mm and 49 fibers of 200 mm, considered as valid tests over 
a total of 306 fibers tested.

Results

First, the fiber area variation and the comparison between the two approaches for area calculation are 
presented. Secondly, the measurement of the elastic modulus by the indirect and direct strain 
measurement methods for different gauge lengths is presented.

Figure 3. Flowchart of the MATLAB code for tracking the two beads attached to each tested fiber, where n and m are the number of 
points identified on each bead.
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Cross section area variation

Figure 4 shows the distributions of the area values obtained for the two approaches. When using the 
apparent diameter, a peak in the area values is seen for fibers with a cross sectional area between 10 ×  
103 and 15 × 103 µm2; while for the CSA approach, the measured value has more uniform frequency 
5 × 103 and 20 × 103 µm2 with a relatively similar frequency. Assuming circularity does not accurately 
represent well the area of the fibers.

Table 1 shows the averaged area values (�AÞ for each method and the gauge length with their 
standard deviations and coefficients of variation. Circularity assumption from the apparent diameter 
is inaccurate, especially for short gauge lengths of 10, 20 and 40 mm when compared to the cross- 
sectional area. However, the difference between the transversely measured apparent diameter area and 
the direct cross-sectional area measurements reduces at longer gauge lengths. This is deemed to be 
since for longer fibers, 100 and 200 mm, measurements were taken at three different places along the 
fiber, leading to a more representative value of the fiber area when assuming circularity. Overall, the 
averaged area value from assuming circularity, 18.4 × 103 µm2, is slightly higher than the one from the 
CSA measurement, 17.1 × 103 µm2.

Figure 5 is a graphical comparison between the apparent diameter and cross-sectional area 
approaches, without distinguishing between gauge lengths, for a total of 198 fibers. The dashed line 

Figure 4. Fiber’s cross sectional area frequency intervals for the two area estimation approaches, assuming circularity from the 
apparent diameter and measuring the cross-sectional area at the failure point.

Table 1. Area obtained from the apparent diameter approach assuming circularity compared to the area measured by the cross- 
sectional area observation.

10mmGL 20mmGL 40mmGL 100mmGL 200mmGL Averaged

Average Area �A [×103 µm2] AD 30.6 23.9 14.9 17.1 13.6 18.4
CSA 16.9 18.2 19.1 18.2 13.3 17.1

Standard deviation s [×103 µm2] AD 22.6 13.6 8.3 7.3 5.7 12.5
CSA 6.6 6.3 8.7 9.7 6.1 8.1

Coefficient of variation (s/�A) [%] AD 73.9 56.9 55.5 42.8 41.9 67.9
CSA 39.1 34.7 45.7 53.6 45.8 47.4
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shows the location of points where both approaches would give the same area value. The solid line is 
the fitted line to the actual data. This shows that when not discerning by the gauge length, the apparent 
diameter approach for fiber cross sectional area measurement tends to overestimate the area value 
compared to the CSA observation as shown in the averaged value in Table 1.

Young’s modulus

Two methods of direct and indirect strain measurement for finding the Young’s modulus of the fibers 
are discussed below.

Indirect strain measurement method
Figure 6(a) shows the results of the ASTM-C1557-20 standard method applied to all the valid tested 
fibers considering apparent diameter area measurement. Figure 6(b) shows the same standard applied 
using the CSA instead. The inverse of the slope of the line fitted to the data points represents the fibers 
average Young’s modulus.

For both area measurement techniques, the fitted line has a similar slope, giving Young´s modulus 
values of 17.3 GPa and 17.1 GPa, respectively.

The coefficient of determination, R2, for each line is shown in both graphs of Figure 6. Higher 
values of R2 are an indication of low variation in data, and this shows that the variation is higher when 
using the apparent diameter instead of CSA.

Direct strain measurement method
Figure 7 shows how a line fitted to the initial part of the stress−strain curve and its slope, a, identified 
as the Young’s modulus. The averaged value of Young’s modulus, standard deviation, and coefficient 
of variation for every gauge length are given in Table 2. Since fiber’s area has a direct impact on the 
measured Young’s modulus, two different values are provided: one using the measured apparent 

Figure 5. Fiber cross section area measured vs. area estimated by assuming circularity. The dashed line represents where the points 
would sit if both approaches gave the same values. The solid line represents the actual fitting, with a slight overestimation when the 
apparent diameter with circularity assumption is used over the cross-sectional area approach.
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diameter for each fiber and another one using the measured CSA. Figure 7 shows the stress−strain 
curve plotted with raw data as obtained from the equipment and as measured from the video. A toe 
shape can be seen at the beginning of it, which is associated with the fiber not being fully loaded. For 
visualization purposes and considering that the stress−strain curve theoretically starts in the origin, all 
curves have been shifted in the x-axis toward the origin, with the no loaded region removed.

As shown in Table 2, the values of the Young’s modulus increase with the increase in the gauge 
length for the apparent diameter approach. A similar trend is observed for the measured CSA 
approach, although this is not true for every single increase in gauge length.

Discussion

The obtained results show that the variability in fibers’ cross-sectional area is significant. Also, the 
significant difference between measured CSA and transversely measured apparent diameter along 
with the circularity assumption shows the inaccuracy of this approximation as was previously 
observed in other studies for different natural fibers (Virk, Hall, and Summerscales 2010; 
Thomason et al. 2011; Haag and Müssig 2016; Garat et al. 2018. For example, Figure 4 shows a clear 
peak for the apparent diameter approach between 10 and 12 × 103 µm2 of the area values. In contrast, 
the CSA approach gives similar area frequencies in a wider range between 5 and 20 × 103 µm2.

Although the apparent diameter method is not an accurate method to give diameters of individual 
fibers, the average area values found using both methods are relatively close: 18.4 and 17.1 × 103 µm2 

for apparent diameter and CSA, respectively, as presented in Table 1. The difference between the two 

Figure 6. (a) Compliance theory applied by using area from the apparent diameter using circularity assumption of the fiber. Panel 
b shows the compliance theory applied by using the cross-sectional measured area of the fibers. The Young’s modulus of the fibers is 
the inverse value of the fitted slope, giving very close values for both cases, 17.3 and 17.1 GPa, respectively. The coefficient of 
determination R2 is higher when using the cross-sectional area measured, suggesting a better fit for this case.
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methods is more pronounced for the 10 and 20 mm gauge lengths with lower fiber numbers, 
suggesting that there is a minimum number for which assuming circularity tends to converge to the 
cross-sectional area measurement approach. In other words, if enough number of fibers is measured, it 
is deemed that overestimated area values are balanced by underestimated ones in the apparent 
diameter approach, leading to a relatively similar averaged value when compared with the CSA 
approach. The fact that there is still some tendency of overestimation in the former can be due to 
handling during the process of photographing the fibers transversely, with them tending to lay more 
on their wider axis.

Both area measurement approaches give similar values of Young’s modulus, around 17 GPa, when 
the indirect strain method is used. Our results showed that fibers longer than 40 mm are needed to 
achieve more reliable results and to correct the values obtained at lower gauge lengths especially when 
the circularity assumption is used. The Young’s modulus would be 39 GPa if only short fiber lengths of 
10, 20 and 40 mm were used when assuming circularity, while it would stay around 19 GPa if the cross- 
section area measurement approach was to be used.

Longer fiber gauge lengths of 100 mm and 200 mm led to a higher number of valid tests. This is 
deemed to be the reason why both apparent diameter and direct cross sectional area measurements 

Figure 7. Stress−strain curve obtained from the direct strain measurement method, where the initial slope of the curve is used to 
calculate the Young’s modulus of the fiber by fitting a line of which slope is taken as the Young’s modulus, represented by a on the 
line equation.

Table 2. Young’s modulus values, standard deviation, and coefficient of variation for different gauge lengths from the direct strain 
measurement method.

10mmGL 20mmGL 40mmGL 100mmGL 200mmGL

Average Young’s modulus �E [GPa] AD 6.9 7.9 16.6 17.8 18.5
CSA 9.5 8.3 13.1 18.7 18.4

Standard deviation s [GPa] AD 5.7 5.2 8.3 6.2 6.3
CSA 4.3 3.2 10.3 13.0 4.9

Coefficient of variation (s/�E) [%] AD 82.1 66.1 49.9 34.7 33.9
CSA 45.7 37.9 79.0 69.6 26.4
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resulted in similar Young’s modulus values. This leads to longer fibers having a more reliable outcome 
even when the apparent diameter approach is used, suggesting that this method can be used with 
longer gauge lengths by assuming circularity of the fibers with confidence.

The direct strain measurement presented gives higher values of Young’s modulus for gauge lengths 
100 and 200 mm compared to shorter gauge lengths as presented in Table 2. The obtained stress 
−strain curves from the direct strain measurement were compared against the loading machine’s 
crosshead displacement as shown in Figure 8. Figure 9 shows the average maximum force tolerated by 
different fibers. The longer and the shorter fibers have similar maximum force. Figure 10 shows the 

Figure 8. Two typical stress−strain curves of 10 and 100 mm fiber lengths for comparison. Both panels a and b show the differences 
between the direct strain measurement (solid line) vs. the equipment cross head displacement (dashed line), in both cases using the 
cross-sectional area (CSA).

Figure 9. Average force values with the standard deviation for the different gauge lengths tested.
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average elongation at break for different gauge lengths and different strain measurement methods. The 
average maximum elongation found from the direct strain measurement and crosshead displacement 
are higher at shorter gauge length and reduces as the gauge length is increased. In other words, both 
methods show that longer fibers reach maximum forces similar to shorter ones at about half extension 
of the shorter fibers, as can be seen comparing CSA stress−strain curves using direct strain measure-
ment of 10 mm and 100 mm gauge lengths in Figure 8. The complexity of natural fibers makes their 
characterization challenging. Not only the area variation between the fibers but also the differences in 
the typical stress−strain curves for 10 and 100 mm shown in Figure 8 suggest that non-linear behavior 
of the fibers is not neglectable. This nonlinearity is more significant when testing short fibers. The 
authors results show that at longer gauge lengths, different strain and cross-sectional area measure-
ments give much closer results with less nonlinear stress−strain curves.

The Young’s modulus values obtained in this work, independently of the method, are, in general, 
higher than the ones found in the literature of 4, 8, 12, and 11.54 GPa (Delvasto et al. 2010; Gañán and 
Mondragon 2004; Gomez et al. 2020; Muñoz-Blandón et al. 2023). These characterizations were made 
for 50 mm or unreported fiber length always assuming circularity of the fiber cross-sectional area with 
batches of 30 to 40 fibers. Delvasto et al. (2010) justifies this variation in the measured mechanical 
properties, as well as in the dimension changes along the fiber for its structural purpose depending on 
its position on the leaf and on the varying weight support requirements, which could partially explain 
the variation in the obtained Young’s modulus values. Variation in mechanical properties is known to 
happen under different growing conditions (Liu et al. 2015), but also the combined effect of shorter 
gauge lengths used in those studies and the circularity assumption can explain this difference in elastic 
modulus values. In the mechanical characterization done through DMA by Bastidas et al. (2022), the 
obtained Young’s modulus is higher than that reported in this work, with a value of 24.31 GPa.

The direct strain measurement method presented here can be applied to other natural fibers, like 
flax or jute, to understand their mechanical behavior and calculate more accurately their Young’s 

Figure 10. Average elongation at break for the different gauge lengths tested from both, direct strain measurement (MATLAB 
tracking) and the equipment crosshead displacement, showing how the difference between the two reduces with the gauge length 
increase, with overall values reducing with the gauge length increase.
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modulus, or at least help to close the gap of values within the literature (Adusumalli et al. 2018; Hu 
et al. 2010; Depuydt et al., 2019). If the assumption of circularity is valid for different natural fibers and 
how it can be better measured needs to be studied for each of them, as done here (Soatthiyanon, 
Crosky, and Heitzmann 2022).

Conclusions

The achieved results in this work suggest:

● Direct strain measurement can be more easily done for natural fibers than for finer synthetic 
fibers due to their relatively large diameters. This can help remove the compliance of the testing 
equipment.

● Circularity assumption can potentially be used for the fique fibers if enough number of fibers are 
tested with fibers longer than those traditionally used, or at least with more than one gauge 
length. For transversely measured apparent diameter, having three measurements along the fiber 
length, as done for longer fibers, 100 and 200 mm, can help in reducing the scatter in the 
estimated cross-sectional area. This can ease the characterization process since measuring the 
apparent diameter is significantly easier and faster than measuring the CSA.

● The CSA measurement approach does not have a great impact on the Young’s modulus 
measurement, when compared to the apparent diameter approach if enough number of fibers 
is tested.

● If only short fiber lengths are considered, CSA measurement is more accurate, reducing the error 
induced by the assumption of circularity, especially when the indirect strain measurement 
method is applied.

● The indirect strain measurement method gives a value of 17 GPa for the Young’s modulus of 
fique fiber, independently from the applied area measurement approach.

● The direct strain measurement method shows an increasing trend in the Young’s modulus values 
with the gauge length increase, which goes from 6.9 to 18.5 GPa for the apparent diameter 
approach and from 9.5 to 18.4 GPa for the CSA approach. Our interpretation is that fiber length 
needs to be significant enough, so the nonlinear stress−strain behavior of the fiber is not the 
dominant phenomenon.

● Having three pictures for the longer gauge lengths of 100 and 200 mm has helped in reducing the 
difference between the apparent diameter and the CSA approach. In the future, it is recom-
mended to take three pictures even if short lengths are used in natural fiber characterization 
processes and the assumption of circularity is used, as it can help in obtaining a more repre-
sentative area value.

Highlights

● Direct strain measurement has been done to fique fibers and compared to indirect strain measurement.
● The area of the cross section of fique has been measured by assuming circularity of it via a transversely measured and 

averaged diameter as well as by directly measuring the cross-sectional area after the tensile test, and both approaches 
are compared to assess the accuracy of the circularity assumption.

● The impact of the area measurement approach has been analyzed when evaluating the Young’s modulus of fique as 
part of the mechanical characterization.

● Five different gauge lengths have been tested to understand the impact of fiber length on the tensile characterization 
of fique.
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