
Industrial Crops and Products 96 (2017) 196–202

Contents lists available at ScienceDirect

Industrial  Crops  and  Products

jo u r n al homep age: www.elsev ier .com/ locate / indcrop

Standard  density  measurement  method  development  for  flax  fiber

Ali  Amiri a,  Zach  Triplett a, Augusto  Moreira a, Noa  Brezinka a, Mercedes  Alcock b,
Chad  A.  Ulven a,∗

a Department of Mechanical Engineering, North Dakota State University, PO Box 6050, Dept. 2490, Fargo, ND, United States
b Composites Innovation Centre Manitoba Inc., Winnipeg, MB, Canada

a  r  t  i  c  l e  i  n  f  o

Article history:
Received 9 August 2016
Received in revised form
16 November 2016
Accepted 28 November 2016

Keywords:
Archimedes method
Buoyancy method
Density measurement
Flax fiber
Natural fibers
Physical properties
Pycnometry

a  b  s  t  r  a  c  t

Density  is  a fundamental  physical  property  of a reinforcement  in  composite  materials.  It  appears  widely
in  calculations,  which  are  mostly  used  for engineering  designs.  The  purpose  of  this  research  project  is
to  establish  a standard  test  method  to measure  the  density  of  flax  fiber using  Archimedes  (buoyancy)
method.  Different  immersion  fluids  were  considered  in the  density  measurement  of  flax  fiber  with  and
without  use  of a vacuum  oven.  Results  of  gas  pycnometry  tests  of  the  same  flax  sample  were  used  as the
reference  for  comparison.  Variables  such  as,  specimen  size,  vacuum  pressure,  vacuum  time  and  type  of
immersion  fluid  were  studied  by  the  ruggedness  test.  Results  of  this  study  suggest  that  use  of  certified
lab  grade  soybean  oil as  test  fluid,  and submerging  flax specimens  in  test  fluid  under  vacuum  pressure  of
90–100 kPa  for  10 min  yields  the  closest  values  of density  to those  acquired  by  gas  pycnometry  method.

©  2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

1.1. Flax fiber and its structure

Flax fiber falls under bast fibers along with jute, hemp, ramie and
kenaf. Flax is one of the oldest crops in the world and now flax fiber
is widely used in the composite industry (Faruk et al., 2012). Flax
is a type of cellular fiber with several nuclei in which its properties
are defined by physical, mechanical and chemical properties of the
morphological constituents such as cellulose, hemicellulose, lignin
and pectin (Flynn et al., 2016). Composition of flax fibers reported
in literature (Jawaid and Abdul Khalil, 2011; Lilholt et al., 1999;
Amiri and Ulven, 2017; Batra, 2007) shows a cellulose content of
60–74%. With the application of some chemical treatments such as
alkaline treatment, the cellulose percentage can be increased up
to 87% (Amiri et al., 2015a). Flax fiber contains approximately 2%
lignin, which is lower amount compared to other bast fibers such as
hemp or jute with 12–13% and 3.7–5.7% lignin content respectively,
and is higher compared to ramie fiber with 0.6–0.7% lignin con-

∗ Corresponding author.
E-mail addresses: ali.amiri@ndsu.edu (A. Amiri), zachary.m.triplett@ndsu.edu

(Z. Triplett), augusto.marradesousa@ndsu.edu (A. Moreira),
noa.brezinka@ndsu.edu (N. Brezinka), malcock@compositesinnovation.ca
(M.  Alcock), chad.ulven@ndsu.edu (C.A. Ulven).

tent (Mohanty et al., 2000). Similar to other natural fibers, flax does
not have a constant longitudinal dimension (cross section along its
length). Hornsby et al. (Hornsby et al., 1997), Morvan et al. (Morvan
et al., 2003) and Stamboulis et al. (Stamboulis et al., 2001) men-
tioned cross section of flax fiber as polygonal with 5–7 sides and
shown in Fig. 1(a) and (b). It is important to also note the dispersal
of the geometrical dimensions (Rowell, 2008).

There are several layers in a single fiber structure (Rong et al.,
2001; Keryvin et al., 2015; Taylor et al., 2017). In each single fiber
the first layer dispositioning during plant growth is a thin pri-
mary wall containing both cellulose and hemicellulose and has a
thickness of 0.2 �m (Bos and Donald, 1999). The secondary wall
includes three layers consist of helically wound highly crystalline
cellulose chains called micro-fibrils. These micro-fibrils are made
up of 30–100 cellulose molecule chains which are oriented with
approximately 10◦ angle. A smaller micro-fibrillar angle will result
in a more rigid fiber (Bos and Donald, 1999). Helically arranged
crystalline micro-fibrils of cellulose are held together by amor-
phous regions consist of hemicellulose and lignin. Hemicellulose
molecules are hydrogen bonded to cellulose forming a cellulose-
hemicellulose network. According to Bledzki et al. (Bledzki and
Gassan, 1999) the secondary wall contributes to up to 70% of the
fiber’s Young’s modulus.
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Fig. 1. Cross-section of flax fiber showing a) polygonal cross section of a bundle of fiber, b) hollow center (lumen) and layers in the structure.

1.2. Density of flax fiber

Density as a fundamental physical property of a reinforcement
in composites appears widely in calculations, which are mostly
used for engineering designs. Determining the density of fibers as
reinforcement is an important issue because aside from its use in
mechanical performance calculations it is the most important fac-
tor that defines the potential application of the fiber as a lightweight
construction material (Schürmann, 2005). In addition, density mea-
surement in fibers can be used as useful tool of quality control in
their production process as the variation in density can indicate
presence of defects in the produced fiber (Morgan, 2005).

Flax fibers are located in the exterior part of the flax plant’s stem
(Diederichsen and Richards, 2003). The elementary fibers (single
cells) consist of primary and secondary cell walls and a lumen (hol-
low center of the fiber) (Bos, 2004). During the growth of the flax
plant, fibers develop during cell elongation, and thickening of sec-
ond walls (Taylor et al., 2017; Gorshkova et al., 1996). The latter
depends mainly on mineral nutrition (Ripoll et al., 1993), water
supply and amount of light (Lilholt et al., 1999) the plant can get
(Milthorpe, 1945). After flowering, most of the second wall of the
fiber will be filled during maturation of the plant. During the thick-
ening of the secondary cell wall, cellulose microfibrils are locked
into their microfibril angle (Morvan et al., 2003). These growing
factors affect the quality of the flax fiber obtained from a plant
(Morvan et al., 2003; Diederichsen and Richards, 2003), and the
density of flax. The growing conditions and time of harvest can also
affect the diameter of flax fiber (Diederichsen and Richards, 2003)
and the lumen size of the flax fiber (Bos, 2004).

The density of homogeneous solid materials is generally
straightforward to determine, because it requires only measure-
ments of weight (or mass) and of volume of a specimen. Flax fiber
requires a different method of density measurement because it is a
porous material with varying geometry. As mentioned before, pres-
ence of lumen in the flax fiber cell imposes a significant challenge
on measuring the accurate value of flax fiber density and can affect
the density measurement of fiber. In gas pycnometry, gas can enter
and fill the lumen of the fiber and result in accurate measurement
of solid volume while if buoyancy method is used, the immersion
liquid used might not completely enter or fill the small lumen of
the flax fiber which can be as small as 1.5% of the cross sectional
area of the elementary fiber (Bos, 2004). In addition, due to the sur-
face morphology, hydrophilic nature of flax fibers (Whitacre et al.,
2015), and previously discussed structure, accurately measuring
the density of the fiber is a challenging task to accomplish.

Currently there are no standard test methods to consistently and
accurately measure the density of flax fiber (Truong et al., 2009),
and the lack of a proper and universal method to determine this
important physical property should be addressed. This article is a
summary of the research on this issue at the Composites Research

laboratory of North Dakota State University in collaboration with
Composites Innovation Centre Manitoba Inc. to develop a standard
test method for measuring density of flax fiber.

In previous studies related to flax fiber as reinforcement in
composites, different values have been measured and reported for
flax fiber density. Tortora and Collier (Tortora and Collier, 1997)
reported the value for density of flax fiber to be 1.54 g/cm3. Some
other researchers such as Truong et al. (Truong et al., 2009) have
used this value as a reference for comparison for their work.
Arbelaiz et al. used a value of 1.4 g/cm3 for flax fiber that they
obtained for their study from FinFlax in Finland (Arbelaiz et al.,
2005). Flax fiber density values and measurement methods that
other researchers from North Dakota State University’s Compos-
ites Research Lab. have used and are reported in publications are
as follows; Ehresmann et al. (Ehresmann et al., 2016) measured
the density of flax fiber using Archimedes method and used canola
oil as immersion liquid. The reported values for flax fiber density
are between 1.28–1.3 g/cm3. Flax fiber used in this study was three
types of low- mid- and high- shive content mats. Shanshan Huo
(Huo et al., 2010) used Archimedes method with distilled water
as immersion liquid and found the density of linen flax fiber to
be 1.42 g/cm3. Flax fiber used in this study was  Chinese linen flax
(loose fiber); Whitacre et al. (Whitacre et al., 2015) used the value
of 1.44 g/cm3 for flax fiber used in their studies. This value was
measured by using archemides method and fiber type was unidi-
rectional biotex flax fiber mat  obtained from Composites Evolution
of UK.; and Flynn et al. (Flynn et al., 2016) used the manufacturer
value of 1.5 g/cm3 for their study. Flax fiber used in this study was
also unidirectional biotex flax fiber mat  obtained from Composites
Evolution of UK.

Truong et al. (Truong et al., 2009) reviewed five different meth-
ods of density testing for high-modulus fibers. They mentioned
methods to be i) linear density measurement (Soykeabkaew et al.,
2004), ii) Archimedes or buoyancy method, iii) helium pycnometry
(Rude et al., 2000), iv) liquid pycnometry (Rude et al., 2000), and v)
gradient column. Detailed explanation of each method is provided
in (Truong et al., 2009; Steinmann and Saelhoff, 2016).

The purpose of this study is to develop a standard test method
for measuring density of flax fiber using buoyancy (Archimedes)
method; a method that can be used in cases where gas pycnom-
etry is not available and less accurate results are sufficient and
acceptable.

1.3. Development of method and objectives for this study

In this study, use of Archimedes method as an alternative
method to gas pycnometry for measuring the density of flax fiber
is investigated. ASTM E1169-14 was used to perform a rugged-
ness test on the variables of the method provided. Based on the
results from ruggedness tests some adjustments were made and
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