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ABSTRACT

This paper describes a data reduction methodology for
eliminating the systematic aberrations introduced by the un-
wanted behavior of a multiaxial testing machine, into the massive
amounts of experimental data collected from testing of compos-
ite material coupons. The machine in reference is a custom made
6-DoF system called NRL66.3 and developed at the NAval Re-
search Laboratory, that consists of multiple sets of hexapod con-
figurations essentially forming a recursive synthesis of multiple
parallel mechanisms. Hexapod linkages, the grips, and other de-
formable parts of the machine absorb energy. This is manifested
in an either reversible or irreversible manner, thus introducing
a parasitic behavior that is undesirable from the perspective of
our ultimate goal of the material constitutive characterization.
The data reduction focuses both on the kinematic (pose of the
grip) and the reaction (forces and moments) that are critical in-
put quantities of the material characterization process. The kine-
matic response is reduced by exploitation of the kinematics of the
dots used for full field measurements. A correction transforma-
tion is identified by solving an inverse problem that minimizes the

known displacements at the grips as given by the full field mea-
surements and those given by the machine’s displacement sen-
sors. A Procrustes problem formalism was introduced to exploit
a known material behavior tested by the testing machine. Con-
sequently, a correction transformation was established and was
applied on the load cell data of the machine in order to eliminate
the spurious responses appearing in the force and moment data.

INTRODUCTION
During the past decade, the Computational Multiphysics System
Laboratory of the Naval Research Lab (NRL) has embarked in
an effort to automate massive multiaxial testing of composite
coupons in order to determine the constitutive behavior of the
bulk composite material used to make these coupons.

The characterization of the constitutive response of com-
posite materials has been traditionally achieved through conven-
tional uniaxial tests and used for determining elastic properties.
The identification of these properties, involve uniaxial tests con-
ducted with specimens mounted on testing machines, with the
major orthotropic axis of any given specimen inclined relative to
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FIGURE 1: THE NRL66.3 6 DoF MECHATRONIC LOADER

the loading direction. Specimens are designed such that a ho-
mogeneous state of strain is developed over a well defined area
for the purpose of measuring kinematic quantities [1, 2]. Con-
sequently, the use of uniaxial testing machines imposes require-
ments of using multiple specimens, griping fixtures and multiple
experiments. The requirement of a homogeneous state of strain
frequently imposes restrictions on the sizes and shapes of spec-
imens to be tested. It follows that these requirements result in
increased cost and time, and consequently to inefficient charac-
terization processes.

To address these issues and to extend characterization to
non-linear regimes, multi-degree of freedom automated mecha-
tronic testing machines, which are capable of loading specimens
multiaxially in conjunction with energy-based inverse character-
ization methodologies, were introduced at NRL [3–5]. This in-
troduction was the first of its kind and has continued through the
present [6–8]. The most recent prototype of these machines, is
shown in Fig. 1 and carries the name NRL66.3.

In the context of data-driven inverse characterization, there
are two types of data that are expected as output from a loading

machine. The first relates to the displacement boundary condi-
tions and the second to the forces and moments imposed on the
specimen.

The displacement applied on the specimen measured on the
machine actuators, contains both the displacement due to defor-
mation of the specimen and the deformation of the machine it-
self. Taking advantage of the Mesh-less Random Grid (MRG)
method for full - field measurements [9–14], we present a method
for the identification of the kinematic quantities imposed only on
the specimen.

Although NRL66.3 has recently proven to be very efficient
in the inverse characterization of the constitutive response of
composite materials [15, 16], the manufacturing aberrations that
lead to output data imprecisions has not been studied in detail.
Those aberrations are especially important for near-singular con-
figurations, like the one adopted for the design of NRL66.3.

Such configurations raise challenges in the control electron-
ics [17–21] and also result in magnification of reaction forces that
can increase the precision of reaction measurement through ap-
propriate load cell configurations. The magnification of reactions
is followed by the magnification in the sensitivity on certain load-
ing states that in turn result in the reduction of accuracy on those
states. In order to deal with those issues we present a methodol-
ogy that, based on the known response of a calibration specimen,
can be used to identify the linear mapping between the NRL66.3
load cell readings and the expected calibration specimen reaction
response.

This paper begins with the description of the problem of
identifying the equivalent transformational conditions applied on
a boundary, given a set of experimentally measured displace-
ments near the boundary, provides the solution of this problem,
and continues with a set of synthetic experiments that show the
response of the proposed approach to noisy data. It continues
with the formulation and solution of the problem of reducing
the reactions, as they are originally collected by the NRL66.3
data acquisition system in raw form, to data that have been cor-
rected for the manufacturing and other aberrations. The paper
closes with the presentation of the results of the corrected reac-
tion forces and the associated conclusions.

DISPLACEMENT BOUNDARY CONDITIONS FROM
FULL FIELD DATA
In this section we will present a method that can be used to cal-
culate Finite Element (FE) compatible displacement boundary
conditions from full field experimental data [9–14, 22].

In mechanics experiments, where the specimen is fixed by
pressure grips, the actual boundary conditions are indeterminate.
Even if it was possible to adequately identify those boundary
conditions, it would still be impractical to incorporate them in the
model to be used for material characterization purposes. When
the inversion model of the experiment is constructed under an
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FIGURE 2: SPECIMEN IN THE GRIPS AND FULL FIELD
MEASUREMENT DOT PATTERN

FIGURE 3: BOUNDARY CONDITIONS FOR THE FINITE
ELEMENT ANALYSIS

FEM workbench [23, 24], the number of choices becomes even
smaller.

A typical specimen used with the Naval Research Labora-
tory 6-DoF Mechatronic Loader (Fig. 1) for material character-
ization is shown in Fig. 2. The specimen is gripped on top and
bottom and is subjected to any combination of the 6-DoF base
kinematic movements (3 displacements and 3 rotations) with the
lower grip fixed and the upper grip moving.

When a specimen like this is modeled in a FEA software,
the bottom nodes are considered fixed, while the top nodes are
considered to be linked to a master node M, that is the instan-
taneous center of rotation during the test subjected to a 6 DoF
motion (Fig. 3). Although this cannot model the actual behavior

in detail, it is adequate for the purpose of inverse characteriza-
tion [23, 24].

NRL66.3 is equipped with two pairs of cameras, that are
used to capture the full field of displacements and strain over
two opposing surfaces. Such a configuration makes it possible to
measure the displacement near the boundaries of the specimen,
from both sides and both boundaries. In turn, this allows for a
very good approximation of the kinematic behavior of the speci-
men on the lines the specimen can be considered gripped on.

For the model shown in Fig. 3, we are interested in apply-
ing the boundary conditions on nodes that lay on straight lines
with the circles, we are seeking the displacement values on those
lines. Although not realistic, we are restricted by the FE model in
assuming that the boundary lines do retain their linearity during
the loading, in order to avoid further complexity in the FE model
formulation.

The kinematic boundary conditions of the master node M,
are depicted in Fig. 4. The specimen at rest is shown in Fig.
4(a). When it is deformed, both the lower and upper lines at
the intersection with the grips will transform at new positions as
shown in Fig. 4(b). Since we consider that the shape of those
lines doesn’t change, their movement can be considered a rigid
transformation,

T1 =

[
R1 s1
0 1

]
,T2 =

[
R2 s2
0 1

]
, (1)

where T1,T2 are the transformation matrices of the lower and
upper faces respectively, R1,R2 are the rotation matrices of the
lower and upper faces respectively and s1,s2 are the translation
of the lower and upper faces respectively (Fig. 4(c)).

In order to identify equivalent boundary conditions like
those that are imposed on the FE model (Fig. 3), we need to
transform both the lower and upper faces so that the lower face
at the deformed configuration coincides with the undeformed
boundary. This can be simply done by multiplying both trans-
formations by the inverse of T1. In such a case the lower face
transformation will be the identity (i.e. the face doesn’t move)
and the upper part will take the desired value (Fig. 4(d)):

T′1 = T1T−1
1 =

[
I 0
0 1

]
TM = T′2 = T2T−1

1

 . (2)

The problem has now been reduced to the identification of
the transformation matrices from sets of points that are measured
experimentally through the employed full-field method. For-
mally the problem can be set as follows:

Problem 1. Given a set of N points xi = {xi,yi,zi}T , i = 1 . . .N
at an initial configuration and the same set of points at a rigidly
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(a) Undeformed specimen (b) Undeformed specimen and
deformed (Dashed Green) lower
and upper faces

(c) Undeformed, deformed (Dashed Green) faces, and
transformation matrices

(d) Adjustement relative to the lower faces

FIGURE 4: BOUNDARY TRANSFORMATIONS

transformed configuration x′i = {x′i,y′i,z′i}
T , i = 1 . . .N, find a

transformation T =

[
R s
0 1

]
, with R an orthogonal matrix and

s a translation vector, such as ∑i
(
xh

i −Txi
′h)2 is minimum with

xh
i and x′hi the homogenous representation of vectors xi and x′i.

Although this problem can be at first considered an iterative
optimization problem, it has a more elegant algebraic solution
that can be achieved by using the properties of solution to the
orthogonal Procrustes problem [25–27].

We translate both vector sets so that their mean is at the ori-
gin, in order to consider only the rotational part of the transfor-

mation,

wi = {ri,si, ti}T = xi− t

w′i =
{

r′i,s
′
i, t
′
i
}T

= x′i− t′

}
, (3)

where t = 1
N ∑

N
i=1 xi and t ′ = 1

N ∑
N
i=1 x′i

From those vectors we form the following matrices,

W = {w1,w2, . . . ,wN}=

 r1 r2 . . . rN
s1 s2 . . . sN
t1 t2 . . . tN

 (4)
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and

W′ =
{

w′1,w
′
2, . . . ,w

′
N
}
=

 r′1 r′2 . . . r′N
s′1 s′2 . . . s′N
t ′1 t ′2 . . . t ′N

 (5)

and calculate the product:

A = W′WT . (6)

We can decompose A using the Singular Value Decomposition
(SVD) in the product of three matrices:

A = USVT . (7)

According to [27] the orthogonal matrix that transforms wis to
w′is is given by,

R = UZVT , (8)

with:

Z =

1 0 0
0 1 0
0 0 det(UVT )

 , (9)

a matrix that is used to handle cases with the determinant of R be-
ing negative. Writing all the transformations in a compact form
results in the global transformation matrix that transforms xh

i s to
x′hi s:

T =

[
I t′
0 1

][
R 0
0 1

][
I −t
0 1

]
=

[
R t′−Rt
0 1

]
. (10)

Eq. (10) is used to find both the transformations of Eq. (1)
that are then used in Eq. (2) to calculate the transformation of
the master node M.

In order to evaluate the effectiveness of the proposed algo-
rithm we performed a number of synthetic experiments. A set of
150 random points was generated and then translated on 3 axes
by s and rotated on 3 axes by R(θ ,φ ,ω) as shown in Fig. 5. The
transformed points where perturbed using a random number gen-
erator to simulate different noise levels. The noise levels varied
from 0% to 10% of the maximum point distance. For each noisy
set, the methodology presented was applied and the transforma-
tion matrix T was identified. Then a simple iterative algorithm
was employed [28, 29] to identify the values of the angles on the
identified rotation matrix. The mean absolute error on the angle
results of the synthetic experiments is shown in Fig. 6.

FIGURE 5: RANDOM POINTS (BLUE) AND THEIR RIGID
BODY TRANSFORMATION (RED)

FIGURE 6: MEAN ABSOLUTE ANGLE IDENTIFICATION
ERROR VS NOISE LEVEL

REDUCTION OF REACTIONS
NRL66.3 reaction measurements
To achieve measurement of the reaction forces and moments,
NRL66.3 is equipped with a set of 6 load cells in the legs that
form the lower hexapod (Fig. 1). A sketch of the hexapod con-
figuration is shown in Fig. 7.

Each of the 6 legs of the hexapod, is defined between two
end points Bi and B′i, , i = 1 . . .6 that can be represented by the
vectors bi = {xi,yi,zi}T and b′i = {x′i,y′i,z′i}

T respectively relative
to the base coordinate system Oxyz. The reaction forces mea-
sured on the legs of the hexapod are to be used to calculate the
forces and moments applied on the specimen. We consider that
the coordinate system Osxsyszs (that the forces and moments are
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FIGURE 7: REACTION MEASUREMENT HEXAPOD CON-
FIGURATION

to be transformed to), is at the center of the specimen (as also
assumed in Fig. 3), that is located vertically from the base coor-
dinate system at a distance h = ht +hs.

If the magnitude of force measured on each load cell is equal
to fi, i= 1 . . .6, then the total force vector can be easily calculated
by,

f =
6

∑
i=1

ni fi =

nx
1 nx

2 . . .nx
6

ny
1 ny

2 . . .ny
6

nz
1 nz

2 . . .nz
6




f1
f2
f3
f4
f5
f6

 , (11)

where ni =
{

nx
i ,n

y
i ,n

z
i

}T
=

b′i−bi

|b′i−bi| is the unit vector between Bi

and B′i. The moments vector applied around Os can be calculated
by [17],

m =
6

∑
i=1

[ri×ni] fi, (12)

where ri is the vector that defines the position of the base end
points Bi relative to the Osxsyszs coordinate system and is given
by:

ri = {xi,yi,zi−h}T . (13)

FIGURE 8: REACTION FORCES AND MOMENTS OF A
TENSION,IN PLANE ROTATION EXPERIMENT AS CAL-
CULATED BY EQ. (14)

The equations (11) and (12) can be written in compact form
as,

a =

[
f
m

]
=


fx
fy
fz

mx
my
mz

=

= H


f1
f2
f3
f4
f5
f6

=

[
n1 n2 . . . n6

r1×n1 r2×n2 . . . r6×n6

]


f1
f2
f3
f4
f5
f6

 ,
(14)

where H is the 6×6 characteristic matrix of the reactions calcu-
lation equation.

Although Eq. (14) is relatively straightforward, it suffers
from a serious weakness; it does not account for the manufactur-
ing aberrations of the measurement system. The measurement
sensitivity relative to those aberrations is even more important in
the case of NRL66.3, which is designed in a near singular con-
figuration. Such a configuration achieves high magnification of
forces and moments (and hence higher precision) [21] but be-
cause of the higher sensitivity of such a configuration, results in
parasitic effects due to manufacturing tolerances.
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Reduction methodology
To show the difference the machine aberrations make in the re-
sults we present in Fig. 8, the resulting moments and forces of
a tension, in-plane rotation experiment. In this case we wouldn’t
expect any bending (Mx) and torsion (Mz) moments, but the raw
data falsely indicate so.

To resolve this issue we could either implement a construc-
tive tolerance analysis that would involve a large number of pa-
rameters and result in large non-linear expressions or correct for
the aberrations by employing an inversion procedure. The latest
approach is more appealing, because not only it would reduce for
known systematic tolerances, but can potentially reduce for un-
known systematic and random aberrations. Similar methodolo-
gies have been developed by others in various contexts [30–33].

Employing such a procedure means that we should develop a
methodology to inversely identify the characteristic matrix of the
reaction calculation, based on data from well known responses to
various loading paths. Those responses can then be used in yet
another inversion problem to create a linear (but potentially non-
linear) mapping between the NRL66.3 load cell values and the
expected reaction forces.

Such a methodology should involve the following steps:

1. Execute a set of experiments with a geometry and a material
of a well known response relative to various loading paths
and measure the strain tensor components on the surface of
the specimens via a Full-Field technique.

2. Using the response from the Full-Field technique inversely
identify the boundary conditions.

3. For the chosen set of experiments identify the mapping be-
tween the machine load cell readings and the boundary con-
ditions of step 2.

A flat plate from a linearly elastic material like aluminum or
steel can provide an adequate specimen for the purpose of inverse
identification of the reaction response. The continuum model to
be used for inversion can be either constructed analytically or
numerically through any FE software. For this work we chose to
use the FE approach.

In order to identify the boundary conditions we are seeking
to define an optimization problem with the FE model boundary
forces as design variables and an objective function based on a
norm of the surface strain. A least square objective function that
satisfies those requirements can be defined as,

min
a∈R6

M

∑
j=1

[(e
ε

j
xx− f

ε
f

xx
)2

+
(e

ε
j

yy− f
ε

j
yy
)2

+
(e

ε
j

xy− f
ε

j
xy
)2
]
,

(15)
where M is the number of evaluation points, eε

j
xx,

eε
j

yy,
eε

j
xy are

the values of the strain components at the j evaluation point from
the Full-Field measurement, f ε

j
xx,

f ε
j

yy,
f ε

j
xy are the values of the

strain components at the j evaluation point calculated from the

FE analysis and a =
{

fT ,mT
}T

=
{

fx, fy, fz,mx,my,mz
}T is the

vector that collects the reaction forces and moments. It should
be noted that the values of strain from the finite element analysis
( f ε

j
xx,

f ε
j

yy,
f ε

j
xy) are functions of the vector a.

Although it is possible to use an iterative solver to solve the
minimization problem of Eq. 15 it would be much more efficient
to develop an algebraic formulation.

Towards that end we notice that since we are interested in the
FE solution in the linear elastic regime, we are allowed to use the
superposition principle to combine two or more solutions. For
example if the εxx strain result of the FE analysis for unit tensile
loading (a = {0,0,1,0,0,0}T ) for a node j is f ε

j
xx (0,0,1,0,0,0)

and for the same node the εxx strain result of the FE analysis for
unit torsion loading (a = {0,0,0,0,0,1}T ) is f ε

j
xx (0,0,1,0,0,0),

then the combined tension-torsion analysis would result in:

f
ε

j
xx (0,0,1,0,0,1) =

f
ε

j
xx (0,0,1,0,0,0)+

f
ε

j
xx (0,0,0,0,0,1)

(16)
Building on this observation, we can construct a semi-analytic
process of calculating the strain on every node j of the FE anal-
ysis as follows,

f
ε

j
xx ( fx, fy, fz,mx,my,mz) =

= fx
f
ε

j
xx (1,0,0,0,0,0)+

+ fy
f
ε

j
xx (0,1,0,0,0,0)+

+ fz
f
ε

j
xx (0,0,1,0,0,0)+

+mx
f
ε

j
xx (0,0,0,1,0,0)+

+my
f
ε

j
xx (0,0,0,0,1,0)+

+mz
f
ε

j
xx (0,0,0,0,0,1) =

= f
1ε

j
xx fx +

f
2ε

j
xx fy +

f
3ε

j
xx fz +

f
4ε

j
xxmx +

f
5ε

j
xxmy +

f
6ε

j
xxmz,

(17)

where:

f
1ε

j
xx =

f
ε

j
xx (1,0,0,0,0,0)

f
2ε

j
xx =

f
ε

j
xx (0,1,0,0,0,0)

f
3ε

j
xx =

f
ε

j
xx (0,0,1,0,0,0)

f
4ε

j
xx =

f
ε

j
xx (0,0,0,1,0,0)

f
5ε

j
xx =

f
ε

j
xx (0,0,0,0,1,0)

f
6ε

j
xx =

f
ε

j
xx (0,0,0,0,0,1)


. (18)

Rewriting Eq. (17) in vector form yields,

f
ε

j
xx ( fx, fy, fz,mx,my,mz) =

f
ε

j
xx (a) = εεε

jT
xx a. (19)
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where εεε
jT
xx =

{
f
1ε

j
xx,

f
2ε

j
xx,

f
3ε

j
xx,

f
4ε

j
xx,

f
5ε

j
xx,

f
6ε

j
xx

}
is the vector that

collects the εxx strain component of node j of each of the 6 base
cases of Eq. (18). There are two major benefits using this semi-
analytic (or semi-numerical) approach: (a) We can calculate the
strain fields without the need to run a finite element analysis for
any load combination and (b) It can be used to construct complex
linear systems of interest.

For each node j we can collect the stain components such as
we can form a vector of the form,

εεε
j
f = E ja, (20)

where εεε
j
f =

{
f ε

j
xx (a) , f ε

j
yy (a) , f ε

j
xy (a)

}T
and

E j =

 εεε
jT
xx

εεε
jT
yy

εεε
jT
xy

 . (21)

If we furthermore collect the vectors εεε
j
f for all M nodes we

can form a vector of the form:

e f =


εεε1

f
εεε2

f
...

εεεM
f

=


E1

E2

...
EM

a = Ea. (22)

Similarly, collecting the strain components from the Full-
Field measurements such as,

εεεe =



eε1
xx

eε1
yy

eε1
xy

eε2
xx

eε2
yy

eε2
xy
...

eεM
xx

eεM
yy

eεM
xy


, (23)

we can form a system of equations of the form:

Ea = εεεe. (24)

The system of Eq. 24 is an overdetermined system of 3×M
equations. We can seek an a , such as ‖Ea− εεεe‖ is minimized,

where ‖◦‖ is the vector norm. Such a a is known as the least
squares solution to the over-determined system. Closer observa-
tion reveals that the vector norm is actually the objective function
we seek to minimize in Eq. (15) . A solution can be given by the
following equation,

a = Vy, (25)

where V is calculated by the Singular Value Decomposition
(SVD) of E as,

UDVT = E, (26)

where y is a vector defined as yi = bi
′/di, b = bi is a vector given

by,

b = UT a (27)

and di is the ith entry of the diagonal of D.
The solution of the inverse problem as described by the

overdetermined system of Eq. (24) gives the reaction vector a
that if applied to the FE model of the calibration specimen will
result in surface strains that approximate the ones from the Full-
Field measurement in a least squares manner. In other words this
solution gives the force boundary conditions of the model, that
best approximates a certain surface strain state.

The last problem that remains to be solved is that of map-
ping the results of the calibration of a set of loading conditions to
the reaction vector calculated by the the solution of systems like
those in Eq. (24). From a single calibration experiment we will
have a number of reaction vector pairs ak ↔ ck for each loading
step k = 1 . . .K and for L experiments of various loading paths
we will have a total of L×K pairs,

al ↔ cl , l = 1 . . .L×K, (28)

where cl = { f1, f2, f3, f4, f5, f6}T is the vector of the forces mea-
sured on the base load cells. Based on Eq. (14) we want to
identify a linear transformation H such as:

al = Hcl . (29)

The previous equation can be rewritten in a single linear sys-
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FIGURE 9: FLAT ALUMINUM SPECIMEN IN THE GRIPS

tem as,



cT
1 06 06 06 06 06

06 cT
1 06 06 06 06

06 06 cT
1 06 06 06

06 06 06 cT
1 06 06

06 06 06 06 cT
1 06

06 06 06 06 06 cT
1

...
...

...
...

...
...

06 06 06 06 06 cT
L×K




hT

1
hT

2
hT

3
hT

4
hT

5
hT

6

=

 aT
1
...

aT
L×M

 (30)

or

Chv = av, (31)

where hp is the pth row of H, hv = {h1,h1,h2,h3,h4,h5,h6}T ,
av = {a1, . . . ,aL×M}T and 06 = {0,0,0,0,0,0}. Using a similar
approach we followed in the system of Eq. (24) we can obtain
the value of the components of hv (and consequently of H that
minimize the vector norm ‖Chv−av‖). This solution is the least
squares solution to the system of Eqs. 31.

Application of the reaction reduction
The calibration specimen used was manufactured out of Al-

5083 alloy with the properties shown in Table 1. The calibration
specimen was then marked with a pattern of black dots as shown
in Fig. 9 so that the full field of strain could be identified by
employing the Mesh-Less Random Grid Method (MRG) [9–14,
34]. The experiments included multiple repetitions of all the base
cases: (a) displacement on the x axis, (b) displacement on the y

TABLE 1: AL-5083 MECHANICAL PROPERTIES

Parameter Value Units

E 72.0×109 N/m2

ν 0.33

FIGURE 10: REACTION FORCES AND MOMENTS OF A
TENSION,IN PLANE ROTATION EXPERIMENT AS CAL-
CULATED BY EQ. (14) (GREEN) AND AS CALCULATED
BY THE REDUCTION METHODOLOGY (BLUE).

axis, (c) displacement on the z axis, (d) rotation around the x
axis, (e) rotation around the y axis and (f) rotation around the z
axis.

The calibration experiments resulted in sets of full field
strains, that were evaluated at the FE model nodes to form the
system of Eqs. (24). The solution of this system for all load
steps and all loading cases was then used to form the linear sys-
tem of Eq. (31). The least squares solution of the last system
gives the 6× 6 characteristic matrix of the reactions calculation
equation.

Using Eq. (14) for each load step of every experiment yields
the reduced force-moment vectors a that are corrected for manu-
facturing aberrations. The corrected forces and moments for the
case presented earlier are shown in blue in Fig. 10. It is evident
from this figure that as expected the forces on x, y axes as well
as the moments around x and z axes are close to zero, while the
tensile force (z axis) and the in-plane rotation moment (y axis),
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behave as expected.
The same procedure was used to reduce the forces of the

experiments conducted at NRL and resulted in new set of data
that are free from the aberrations of the robotic loader.

CONCLUSIONS
In this paper the reduction of the NRL66.3 6-DoF robotic loader
experimental data output was presented. Specifically, the reduc-
tion of the two types of boundary conditions (displacement b.c.s
and reaction b.c.s) was derived.

The displacement boundary conditions were represented in a
transformational form of 3 translations and 3 rotations on a mas-
ter node. Their calculation was done with the aid of the full field
measurement subsystem of the NRL66.3 [35, 36] and its solu-
tion was carried out by transforming the problem to a Procrustes
equivalent problem that can be solved algebraically.

The reaction boundary conditions were calculated with the
aid of a calibration specimen of know mechanical properties.
The reactions forces and moment of this specimen relative to
its kinematic response (measured with the MRG method) were
identified by an algebraic inversion procedure of the continuum
problem represented as the results of base Finite Element Anal-
yses. The linear transformation that maps the NRL66.3 load cell
data to the identified reaction forces and moments was calculated
by solving yet another inversion problem through its algebraic
representation. The resulting transformation was used to correct
the reaction output of NRL66.3.
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