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Development of a biaxial tensile test-
ing machine and a nondisturbing
displacement measurement method
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LASSICAL UNIAXIAL TESTS ARE SUIT-

able for the evaluation of

mechanical properties of

materials. However, for
anisotropic sheet materials such as
polymers, paper, paperboard, or tis-
sue, biaxial stress tests are required
to approximate real loading but are
generally difficult to implement and
to analyze. The problem lies in the
fact that the identification of
mechanical properties is related to
both specimen design and loading
system.

This paper presents a biaxial ten-
sile testing machine developed in
our laboratory, and applied to the
characterization of the rheological
behavior of various sheet materials.
The mechanism uses two electrohy-
draulic actuators in a displacement
control mode providing axial loads
on a flat cruciform specimen.

Noncontacting and nondisturb-
ing metrologies are required to iden-
tify in-plane displacement fields on
materials that are subjected to large
deformation under loading. Among
nondestructive techniques, optical
methods have the advantage of a
minimum interaction with the struc-
ture, which avoids the possibility of
local disruptions, and allows the
measurement of the whole strain
field as well as local measurement.
Optical methods also allow studies
in high strain gradient zones with
high strain concentration or in areas
with crack propagations. Nowadays,
these techniques are more and more
widely used for strain calculation, to
observe plasticity or damage phe-

nomena, and to determine material
behavior.

This paper also describes a spe-
cial optical setup to characterize
samples surface displacement field.

BIAXIAL TESTING APPARATUS

Existing devices
One broadly used multiaxial test, the
burst test (1, 2) is based on the appli-
cation of a uniform pressure, normal
to the face of a circular flat specimen
gripped on its edge. This test pre-
sents such major drawbacks as diffi-
culty in controlling the principal
stress ratio, nonuniformity of stress
and strain distributions, and tedious
analysis.

Another test submits tubular
specimens to axial load and/or axial
torque, with or without applying
external or internal pressure (3, 4).
While the principal stress ratio may
be changed, shear stress may occur.
Cylindrical geometries can yield false
predictions of mechanical properties
in the case of anisotropic films, espe-
cially when using pasted-up lap
joints specimens.

One kind of test consists in in-
plane loading along two perpendicu-
lar directions on a square or cruci-
form sample. This technique has
been reported by several authors and
seems to be the most appropriate for
anisotropic sheet materials.

Boelher et al. (5) have reported
the use of a screw-driven biaxial test-
ing machine to stretch or to com-
press composite plates or rolled
sheet metals on a vertical frame. The
cruciform specimen geometry has
been optimized and a new specific

flat specimen in two perpendicular

directions. The sample design has
been optimized to reach the highest
possible isotropic biaxial strain field.
The heterogeneous and anisotropic
nature of fibrous materials, the ratify-
ing of behavior laws, and the inade-
quacy of the usual techniques have
led us to develop an optical method
to measure in-plane displacements.
This technique is based on real-time
location of a grid of points by an
image processing system composed
of two CCD cameras and two video
digitizers. Data are numerically stored
to calculate the in-plane strain field of
the tested material.

off-axes testing device makes the
biaxial tensile tests more significant.

San Miguel (6) described a sys-
tem aimed at propellant study, dri-
ven by two step-motors and
equipped with a thickness trans-
ducer and a 70-mm camera. The
square specimen is clamped by
pins. Pictures of an engraved grid on
the sheet are recorded at fixed time
intervals.

Hardacker (7), using an appara-
tus with four servomotors, has
shown the presence of a central uni-
form stress zone despite the transla-
tion of the central part of the sam-
ple. The test equipment developed
by Sakaguchi (8) is equipped with
movable load-bearing bars driven by
two servomotors. Seven chucks on
each side are used to secure the
square flat specimen.

The biaxial tensile testing
machine presented by Makinde et
al. (9) uses four hydraulic actuators
and a new extensometer for com-
posites or metallic materials. The

VOL. 79: NO. 3 TAPPI JOURNAL 283



BIAXIAL TESTING

problem with the load alignment
system and the displacement of the
central part of the sample were the
reasons why they recommend the
use of two independent hydraulic
circuits.

Additional workers have report-
ed on a static monotonic or creep
biaxial apparatus for plane speci-
mens (10-13). Finally, the adapta-
tion of a uniaxial tension machine to
produce biaxial efforts is not effec-
tive (14, 15).

Therefore, loads are applied
either by electric or hydraulic
motors. The latter, being easier to
implement, allow the study of a
larger choice of materials. In any
case, the synchronization of all the
functions was difficult to achieve
with instruments providing four
efforts. Those possessing only two
actuators are more reliable and elec-
tronic regulation is easier; however,
the installation of a clamp transla-
tion system is required (76).

Specimen geometry
The lack of standards and the fact
that the size and shape of a biaxial
tension specimen are related to
material and testing equipment,
compels users to design their own
sample. However, the cruciform
specimen which satisfies biaxiality
conditions (17) is the most accep-
ted geometry. The rectangular form
requires a more complex clamping
system (6).

Reinhardt (78) has reported a
detailed experimental study of spec-
imen shape and clamp system to ini-
tiate ruptures in the central zone.
The machine is equipped with four
clamps, moved by 10 pistons on
each face. The strain field is ob-
tained by photographic methods.

Moreover, in the case of large
deformations, the slots in the cruci-
form specimen arms reduce lateral
stiffness and optimize strain field
homogeneity in the equibiaxial
strain field.
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The existence of stress concen-
trations in the joining zones causes
premature ruptures. Shear stresses
always exist regardless of specimen
shape or the stress nature.

The uniform biaxial strain state is
determined via stress minimization
in the sample central zone and con-
sequently through a particular
design. This geometry can be evalu-
ated by the finite elements method
(19). As a first approximation, the
material is assumed to be homoge-

neous, isotropic and in a plane stress
state. In the resultant configuration,
shown in Fig. 1, the uniform biaxial
strain zone covers a 30-mm diameter
circular central area. This specimen
design is similar to different authors’
choice (9). It has also been found to
be suitable for biaxially loaded pre-
cracked sheet studies (20).
Apparatus characteristics

The suggested apparatus has been
conceived according to the sample
design previously described. As

depicted in Figs. 2 and 3, the hori-
zontal position of the cruciform
rigid frame eases a right disposition
of all mechanical elements. The
frame, subjected to high bending
stresses under load, is constituted of
steel slabs (thickness: 30 mm). Its
dimensions are overdesigned to
reduce unavoidable strains. The
measured maximum deflection is
less than 0.04 mm at the frame cen-
ter.

Axial loads are generated by two
linear servo-electrohydraulic actua-
tors in the range of 0-10 kN. They
are transmitted through each arm
with two thin flexible steel blades
(0.56 mm), with low bending stiff-
ness, to the clamps supported by
ball bearings. The sample holding is
made through two removable files
linked with clamps. These files can
rotate around a horizontal axis by a
guide sleeve and allow a right plane
position of the sample (Fig. 4). The
alignment and positioning of all
machine components was done by
optical sighting.

This device is either load- or dis-
placement-controlled. The two actu-
ators work independently, so that
different principal stress ratios are
possible. Each of the two channels
possesses its own control system
consisting of a ramp generator, a ser-
vovalve, a servocontroller and a lin-
ear-variable differential transformer
(LVDT). This latter has a stroke of 60
mm and a precision of more than
0.1% full scale. The displacement
control mode uses the comparison
of the command signal transmitted
to the servovalve and the response
signal delivered by the LVDT trans-
ducer.

The hydraulic circuit includes
servovalves, servoactuators and a 1.5
L/min 15-MPa pump. Fluid tempera-
ture is controlled by an air-cooled
heat-exchanger.

The axial load is measured by
two removable flat load cells which
are positioned on the static clamp.

VOL. 79: NO. 3 TAPPI JOURNAL 285



BIAXIAL TENSILE TESTING

CPU Intel 486DX

Macintosh

=
CCD cameras Digitizers
= - E=FEEF

Control monitor

Plotter Printer

5. Strain analysis setup

Output signals from load and dis-
placement transducers are trans-
ferred to a personal computer
through a 12-bit analog-digital inter-
face.

An optical extensometer was also
used in uniaxial tensile tests to cor-
relate the displacement of marks dis-
posed onto the sample with the
extension between the clamped
zones. The loading system deforma-
tions, being 20 times lower than
specimen strains, are assumed to be
insignificant. The circular isotropic
biaxial strain state in the central part
of the sample was confirmed by a
photoelastic study of polycarbonate
plates and by strain gauge measure-
ments on aluminum (79).

Stress evaluation
The complex problem of stress dis-
tribution, especially in heteroge-
neous materials, leads us to seek a
suitable kind of metrology. Indeed, it
is difficult to evaluate an equivalent
surface. When the sample can be
molded or machined and has a thin-
ner central area, it is possible to eval-
uate an equivalent section in the
case of an isotropic material and for
a given strain path (715).

The problem is really more com-
plex in the case of an anisotropic
material with uniform thickness.
Dubroca carried out uniaxial tensile
tests on aluminum alloy, PVC, and
kraft paper to calculate the elastic
constants (Young’s modulus, Poisson
ratios) (19) in order to determine an
efficient surface by comparison of

286 TAPPIJOURNAL MARCH 1996

uniaxial and biaxial states of stress.
This value depends on the mechani-
cal properties and the geometrical
design of the sample, as well as
strain rate.

The several problems that ap-
pear—for example, the impossibility
to evaluate the stress field, the het-
erogeneous nature of some materi-
als, the ratifying of the behavior
laws, and the inadequacy of the
usual techniques—led us to con-
sider the means to identify the dis-
placement and strain fields on sur-
face of the sample [see Ref. (2D)].

STRAIN MEASUREMENT
Extensometers or strain gauges are
not really suitable for the study of
strain fields in sheet materials, such
as tissues, polymers or papers. For
instance, gluing effects associated
with strain gauges alter the mea-
surements of mechanical proper-
ties.

Among optical methods, the
interferometric ones, such as holo-
graphic interferometry (22, 23),
speckle (24), and moire (25-27)
have been developed for various
applications. Their accuracy is good
but equipment stability require-
ments and data processing are labo-
rious and time consuming.

Digital image processing systems
are used in many applications
(28-32),but show some drawbacks:
a lot of data to store images, low
speed of image acquisitions, diffi-
culty to record operations and

Thresholding I

v

Calibration I

v

Reference image acquisition I

v

Deformed states acquisition I

v

Displacements calculation I

v

Data transfer I

6. Displacements evaluation flow

numerical treatments, and the high
cost of high spatial resolution sys-
tems.

Nevertheless, this kind of image
processing system seems appropri-
ate to identify the displacement
field over the specimen. Besides its
optical method advantages, the cho-
sen setup is suitable for the mechan-
ical biaxial device, and is rather easy
to implement.

Displacements evaluation
The experimental setup shown in
Fig. 5 is composed of two CCD
video cameras, two A/D converters
in a host personal computer, a video
controller, and a separate computer
for data analysis. It allows the track-
ing, during the mechanical tests, of
round black grid dots marked on the
samples’ white surfaces. These dots,
four at least, are 0.1-mm diameter
and are printed or preferably
deposited by letter transferring.

Each camera (752 x 582 photo-
sensitive elements) is synchronized
with the other one and delivers fully
interlaced monochromatic televi-
sion pictures (625 lines/50 Hz). To
improve spatial accuracy, two vision
systems (camera and video digitizer)
are coupled and are focused on dif-
ferent regions of the specimen. The
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threshold is obtained from the image
histogram. Acquisition operations
such as sampling, quantifying, cod-
ing, but also image compression, are
made by the digitizer itself in 512 x
512-pixel formats. During the whole
test, data transfer in computer mem-
ory is done in “real-time,” i.e., faster
than the frame scanning period (40
ms). The location of the center of
each grid point is calculated with a
centroid algorithm (33) and com-
pared to a reference frame, which
corresponds to a small prestrained
state, to yield the displacement field.
Then, storage on disk can be carried
out. This instrumentation allows a
high-performance acquisition rate,
faster than the classical systems (29).

Optical calibration consists of
evaluating two parameters in order
to convert any distance into an
image to the associated real distance
on the specimen. These parameters
depend on various factors such as
lens magnification, pixel dimensions,
light illumination, thresholding, and
digitizers resolution. Practically, they
are calculated with a well-known cir-
cular target (34).

The distance between the optic
axes of cameras can be modified
either with a specific optical device
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8. Results of the uniaxial tensile test simulation

adaptator or mechanically in order to
change the measurement scale.

The development of this strain
evaluation technique required the
creation of two programs for data
acquisition and numerical treatment,
respectively. The aim of the former is
mainly to determine various posi-
tions of each grid point during the
mechanical test, frame after frame. It
consists of several procedures com-
piled by C++ that execute the opera-
tions described in Fig. 6. This soft-
ware manages the connections with
the digitizers such as threshold writ-
ing, frame memory reading or cali-
bration. The data are then trans-
ferred through two files that contain
the frame reference point positions
and all the point displacements in
each local system. A second program
has been developed from a macro-
language to perform, successively,

image matching, strain field and
strain ratios calculations as de-
scribed in Fig. 7 and developed in
the following section.
Strain field analysis

The aim of this section is to calcu-
late the strain field in the specimen
plane according to measured dis-
placements. We used the Lagrangian
approach of media continuum
mechanics, which consists in com-
paring the configuration of body ()
at time £ to its reference configura-
tion §, at time ¢, (35). The motion of
each solid element is observed by
the transformation of its spatial and
temporal coordinates and leads to
the use_of the right Cauchy-Green
tensor C, also called dilatation’s ten-
sor in Lagrangian formulation, and
the Green-Lagrange strain tensor E
between §, and § states.
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-i) (1)

Only the in-plane displacements
being considered, U and VJi ,denote
the two displacement vector compo-
nents at point (i, j).

With discretization by first-order
progressive finite difference (36), the
strain tensor components at time t in
the 1-2 references axis, can be writ-
ten as follows:

= 1/2(

[SEE PAGE 289 FOREQ. 2]

where the initial distances between
two points, respectively, in 1 and 2
directions are ALLi ., and Alq,,- o a
taking values between 1 and n,-1,
between 1 and 7, 1 for a n, x n,
points grid.

The principal strains are related
by well-known equations.

Baseline tests
Tests have been performed to verify
the accuracy of the method. They
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consist of two methods: strain field
simulations and real time rigid body
motions measurements.

In the first test, calculations car-
ried out during data analysis pro-
ceeds as follows. Files similar to
those issued from real acquisition are
generated. They represent the dis-
placements of a grid of points sub-
jected to basic loading (translation
along one direction, uniaxial tension
or compression...). Results from a
numerical simulation corresponding
to a uniaxial tensile test on a 7 X 4-
grid of points are presented in Fig. 8.
It was verified that the algorithm is
independent of rigid-body motions
and the obtained results, e.g., strains
and Poisson ratios, correspond to the
expected ones, only numerical errors
exist in this case.

The second test consists in using
different grids with various pitches
to simulate deformable solids exten-
sions. A grid with well-defined posi-
tion dots is placed under the 1 opti-
cal system and acquisition is made
through the described device. Data
analysis allows comparison of mea-
sured displacements with theoretical
values (Fig. 9). The displacement
error is lower than the expected
value of 0.07 mm for magnification
factors that equal 0.040 mm/pixels
(horizontal direction) and 0.054
mmy/pixels (vertical direction).

10. Rigid-body motion results

Time-based translations of an alu-
minum plate with grid points are
produced through the movable
clamp of the tensile test machine.
The measurement is carried out in
two different ways: the first one
through the method described
above, the second through a linear
position transducer (LVDT). We note
in Fig. 10 that although small differ-
ences are measured for each image,
the results are in accordance with
LVDT data and the error margin is as
expected.

CONCLUSIONS

A mechanical testing machine has
been developed to apply tensile
loads according to two orthogonal
directions on a flat cruciform speci-
men. This apparatus has been con-
ceived to predict the rheological
behavior of various sheet materials
and particularly anisotropic materials
such as paper, paperboard, tissue, and
polymers. A cruciform design sample
is suggested in order to optimize the
central isotropic strain area.

Furthermore, a new optical me-
thod to identify in-plane displace-
ments is suggested. The location of a
grid points is made in real time
through two video acquisition sys-
tems that are composed each of a
CCD camera and a video digitizer.
This technique provides the dis-



2 | N\ 2

placement of each point, at standard
video frequency, with the expected
precision. This last point will be
improved in the future with the
development of CCD array and digi-
tizer resolutions.

The investigations in progress
consist of tension tests on the men-
tioned films to determine in-plane
elastic constants, and especially the
less well known Poisson ratios. The
results will provide a more equiva-
lent description for the mechanical
behavior of anisotropic sheets under
multiaxial loading, both in the equib-
iaxial strain field, central to the cru-
ciform specimen, and near the crack
tip in the case of pre-cracked sam-
ples. T)
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