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Introduction: Determining the constitutive
response of polymer matrix composite materials is a
critical requirement for using such materials in naval
applications. This information is essential to structural
design, material qualification and certification, mate-
rial manufacturing, maintainability, and structural
health monitoring. Over the past decade, we have been
engaged in an effort to automate both the massive
multiaxial testing of composite coupons required for
constitutive characterization and the computational
methodologies required for extracting the constitu-
tive response from these tests. Here we report on the
completion of the first recursively defined, custom-
made, hexapod testing machine, capable of 6-degree-of-
freedom (6-DoF) tests, and the first high-throughput,
data-driven campaign of experiments for the purpose of
constitutive characterization. Our approach is motivated
by the data-driven requirements of employing design
optimization principles for determining the constitutive
behavior of composite materials.!

NRL66.3 - NRLs Robotic Multiaxial Testing Sys-
tem: NRLs work in developing multi-degree-of-freedom
automated mechatronic testing machines in conjunction
with energy-based inverse characterization methodolo-
gies has culminated in the most recent advanced system,
named NRL66.3, shown in Fig. 1(a). The NRL66.3
system has a recursive character; it has a hexapod
configuration that is repeated six times. Details of the
design reasoning, architecture, systemic requirements,
and hardware and software prototyping are provided
elsewhere.? The most critical recursion of this hexapod
consists of the assembly connecting the bottom and
top star-shaped frames with six linear actuators that are
digitally controlled, through six spherical joints, which
is known to the parallel robots community as a 6-6p
parallel linkage mechanism. This configuration enables
the conversion of the linear motion of the six actua-
tors to the 6-DoF motion of a movable platform (upper
section of the system with the associated upper grip).
This motion corresponds to the three translations along
the axes of an orthogonal Cartesian system located in
the midpoint of the specimen between the grips, and
three rotations about the same three axes. Therefore, a
specimen gripped between the two grips as depicted in
Fig. 1(b,c) can be tested in a loading path defined by the
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evolution of any linear combination of these six mo-
tions, resulting in the most general possible multiaxial
state of loading.

The other associated recursions consist of hexa-
pods that contain in-line displacement and force
sensors instead of linear actuators. Another critical
feature of the system is the integration of two pairs of
stereoscopic machine vision systems, custom developed
for implementing the in-house developed full field
displacement and strain measurement method known
as Meshless (or Mesh Free) Random Grid Method
(MRGM).? Two additional collaborating serial robotic
systems are used in a synergistic manner for inserting
and extracting the specimens into and out of the grips
before and after each testing sequence along a pre-
defined loading path.

Computational Implementation of Constitutive
Characterization: For the general case of a composite
material system, we consider that a modified aniso-
tropic hyperelastic strain energy density function can
be constructed to encapsulate both the elastic and the
inelastic responses of the material. However, certain
classes of composite materials reach failure after small
strains and some under large strains. For this reason,
we developed two formalisms, one involving a small
(infinitesimal) strain energy density (SSED) and
another involving a finite (large) strain energy density
(FSED). The material parameters to be determined are
9 elastic constants and potentially 12 damage constants,
a total of 21.

To determine the material parameters that define
the constitutive response, the inverse problem at hand
is solved through a design optimization approach
described by the iterative logic depicted in Fig. 2. The
implementation of this logic employs a computational
infrastructure controlled by a Matlab application,
where the forward solution of the instantaneous finite
element analysis (FEA) was accomplished by a com-
putational customization and parallelization of the
ANSYS commercial package.

The objective functions required for the optimiza-
tion were constructed to express the difference between
experimentally measured quantities and their analytical
counterpart as predicted from the constitutive model
under characterization. The required experimental
values of the strains were measured via the REMDIS-
3D software,’ developed by our group; one can obtain
full field measurements of the displacement and strain
fields over any deformable body. Thus, our experimen-
tal measurements for the formation of the objective
functions were chosen to be the strains at the nodal
points of the FEM discretization. The selected objective
functions were implemented in Matlab, and we used
a global Monte Carlo optimizer for determining the
material parameters.



3

FIGURE 1

(b)

t.. = 4.16 (0.16)

]
2
3

12 (0.5)
— I;: 3(0.12)

B

3 2 e

grip (c)
— 50 {2) —

(a) View of the NRL66.3, a 6-DoF mechatronically automated system for the multiaxial testing of composite
materials; (b) schematic representation of the grip assembly; (c) typical specimen view with specifications in mm

(inches).
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FIGURE 2

Computational design optimization logic overview.

Experimental Campaign: We found that 72
proportional loading paths are required to sample
homogeneously the 6-DoF space defined by the three
translations and three rotations that can be applied by
the moveable grip of the NRL66.3. We used a single
specimen per loading path and then repeated the
process, requiring 144 specimens per material system.
Each material system was a balanced laminate with an
alternating angle of fiber inclination per ply relative
to the vertical axis of the specimen, which is perpen-
dicular to the axis defined by the two notches of the
specimen. Four angles were used (+15, £30, £60, +75
degrees), leading to 4 x 144 = 576 specimens. The ma-
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terial was an AS4/3506-1 epoxy resin/fiber, the original
material used for Navy’s F/A-18 Hornet platform. Addi-
tional considerations raised the final specimen total to
1152. All specimens were tested using NRL66.3 on its
inaugural run in May/June 2011. All tests were com-
pleted in 12 work days; peak throughput was 28 tests/
hour. An example of the testing process can be viewed
at http://www.youtube.com/watch?v=Cp18y3HAqsM.
The tests yielded 13 TB of data from the sensors and
cameras of the system. Using the collected data and the
optimization approach outlined above for the case of
the SSED, we identified all the material constants.

By applying FEA for the cases that correspond to the
specific loading path corresponding to a particular test,
we compared the predicted distribution of any compo-
nent of the strain or stress tensor to the experimental
one. To demonstrate how well our identified constitu-
tive model can capture the behavior of the coupons
used to obtain the data used in the characterization
process, we present in Fig. 3 a typical example of the
distribution of ¢,, (strain) as measured by the MRGM
(left column) and as predicted by the FSED theory
(right column), for both the front (top row) and back
(bottom row) of a specimen. The observed deviation
between predicted and experimental strains never
exceeded 3.5%.
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FIGURE 3

Comparison of g,, strain field as measured (left column) and as predicted by the identified model (right column)
for the case of in-plane rotation and torsion of a +60 degree laminate for both the front side (top row) and the

back side (bottom row) of a specimen.

Conclusions: The success of this approach
provides closure to the problem of determining the
constitutive response of anisotropic materials such as
polymer matrix composites used in naval platforms.
This approach opens the door for a new and funda-
mentally different look at the design of composite
structures and the associated applications. The derived
constitutive response is intrinsically validated because
it is based on the measured multiaxial response of the
material of interest. The potential for economic and
optimally tailored designs of the future is limitless.

[Sponsored by ONR and the NRL Base Program (CNR
funded)]
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How Clutter and Expertise Affect
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Introduction: Clutter and expertise play signifi-
cant roles in the search performance of users viewing
complex geospatial displays."* As geospatial displays
become more complex in a networked battlespace envi-
ronment, it is critical in both the design and assessment
of these displays to ensure that warfighter performance
is optimized. Using a quantitative measure of clutter
(NRLs Color-Clustering Clutter (C3) algorithm'), we
can obtain a better understanding of how expertise
affects performance at varying levels of clutter and use
this information to assess geospatial display systems
and improve training doctrine. Clutter may be mea-



sured both on a global basis (whole image), which
relates favorably to set size (i.e., the number of distrac-
tors), and locally (area very near the target), which
relates favorably to crowding effects. Increases in both
types of clutter in geospatial displays lead to decreases
in search performance for nonexpert participants.'
Research has shown that experts perform bet-
ter on tasks relevant to their area of expertise because
they use a more efficient allocation of visual attention.
The current research extended this previous research
by examining how clutter and expertise affect search
performance.

2

Experimental Design: Thirty-one F/A-18 fighter
pilots recruited from various squadrons stationed at
Naval Air Station (NAS) Oceana, Virginia, served as
our expert group. The pilots were primarily male (28
male, 3 female) with an average age of 30 (range: 25-38,
standard deviation (SD) = 4.4) and had an average of
1390 flight hours and 242 combat flight hours. An age-
matched control group included 18 NRL participants,
primarily scientists. The NRL participants were primar-
ily male (16 male, 2 female) with an average age of 31
(range: 20-49, SD = 6.9) with no flight or navigation
background. The stimuli were 72 different base charts
with 24 each of low, medium, and high global clutter as
shown in Fig. 4. Three different versions of each base
chart were created: a target was placed in a region of
high local clutter or low local clutter, or the target was
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FIGURE 4

Examples of the low, medium, and high global clutter charts.
Black circles indicate the location of high and low local clutter
targets. In the versions used in the experiment, only one target
was present or no target was present. The black circles are
added here to draw attention to the target locations and were
not present in the experiment. At bottom right is a table of the
average global, low local, and high local C3 clutter values for
the low (L), medium (M), and high (H) global clutter charts.

absent. The same target symbol was used in each chart,
varying only in color in an effort to make the target
distinguishable yet similar to other colors in the chart.
This control for target saliency is important because a
high-contrast target is found quickly regardless of the
amount of clutter in the chart.?

Participants were instructed to determine whether
a target was present or absent in each chart. If a par-
ticipant responded that the target was present, another
screen was displayed that instructed him or her to click
on the target with the mouse. The chart would appear
again and the participant used the mouse to click on
the target. If the participant indicated that the target
was absent, or a one-minute time-out occurred, the
trial ended.

Results: Responses were coded as accurate, inac-
curate, or timeout. A 3 x 3 x 2 mixed model analysis of
variance (ANOVA) was conducted with three levels of
global clutter (high, medium, low), three types of target
presence (high, low, absent), and two levels of expertise
(pilots, age-matched control) for accuracy and reaction
time on accurate trials.

Accuracy: Accuracy was calculated by dividing the
number of accurate trials by the number of trials for
which a response was given within the one-minute time
limit. Experts (i.e., pilots) were significantly more ac-
curate than the control group on the high and medium
global clutter trials when the target was in a high local
clutter region. The control group was more accurate
than the experts on the high global clutter/target absent
trials. There were statistical main effects for global
clutter and target presence, but not a main effect for
expertise (see Fig. 5). However, there were significant
interactions between global clutter and expertise, and
target presence and expertise, and a three-way interac-
tion among target presence, global clutter, and exper-
tise.

Reaction Time: Experts were slower to respond
for low global clutter/target absent trials and slower on
the high local trials for both medium and low global
clutter. While there were main effects for both global
clutter and target presence, there was only a marginal
main effect for expertise (see Fig. 6).

Conclusions: Our research indicates that both
global and local clutter slow search performance and
impair search accuracy. Search impairment is par-
ticularly prevalent for high and medium global/high
local clutter conditions. Expertise did not improve
performance across all trial types. However, when the
target was present and difficult to find due to high lo-
cal clutter and medium to high global clutter, experts
were better able to accurately find the target. Although
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FIGURE 6
Reaction time for accurate trials only.

experts were also slower to respond on the low local/
medium global clutter trials, suggesting performance
may have improved due to spending more time look-
ing, this was not the case in the high local/high global
clutter trials, suggesting that something else may be
driving the higher levels of performance on these trials.
In addition, analysis of fixation durations and distances
between fixations indicate that experts have slightly
longer fixation durations, thus taking more time to
process information in each fixation. It is not clear if
this effect is primarily responsible for the performance
improvement in high global/high local clutter condi-
tions.

2013 NRL REVIEW | simulation, computing, and modeling

Medium Global

---#-- Control Low Local

=etees Control Absent

High Global

This research is an important step in deciphering
what cognitive processes are at work when extracting
information from complex geospatial displays. Further,
expertise appears to play a greater role in information
retrieval from these displays, particularly as clutter
increases. Ultimately, this research can lead to improve-
ments in geospatial display design and improved train-
ing doctrine for visual interpretation of these displays.
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