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Abstract

Operational requirements for High Altitude, Long Endurance (HALE) aircraft capable of carrying
advanced sensor arrays over large territorial areas can be achieved by light weight and geometrically
unconventional aerostructures. The Boeing Joined Wing SensorCraft (JWSC) concept is one such exam-
ple. However, the joined wing configuration presents design challenges due to its non-linear aeroelastic
behaviour. Computational models to predict the non-linear aeroelastic behaviour have been developed
and reported in the open literature, however experimental data to benchmark analytical predictions
is still non-existent. The objective of this thesis is to design a Ground Static Load Test (GSLT), its
apparatus and procedures to evaluate the structural response of a flexible joined wing sensorcraft, to
understand its static behaviour in terms of displacements, strains and aft wing twist angles when sub-
ject to a 2.25g pull-up maneuver. A careful test plan matrix was designed including the appropriate
boundary conditions, finite element solvers, ground static test rigs and data acquisition systems. The
structural computational model was updated based on the linear deflections. Finally, the validity of the
model updating process of a non-linear structure using linear displacements was assessed.
Keywords: sensorcraft, ground static load test, non-linear, finite element model, model update

1. Introduction

The JWSC idea/concept has an aft wing that
connects to the front one (usually in a lower posi-
tion), forming a complex over-constrained system,
in a rhombus like form creating thus additional de-
sign space and allowing more options in terms of
aerodynamics, flight mechanics, engine integration
and aero-elasticity [1], [2]. Boeing has a concept of
their own and which is a solution proposed to the
United States Air Force Research Laboratorys Sen-
sorcraft Request. The aim was to inspire innovation
and high-end technology, being the design goal, to
integrate the sensing capabilities into an UAV capa-
ble of 30 h of endurance at 2000 nm range [3]. The
sensorcraft might be seen in figure Ḃeing this work
embed in the Boeing JWSC project, its purpose re-
lies on designing a GSLT to update the existing FE
model based on linear deflections and characterize
structure’s NL behaviour. Due to the high aspect
ratio of this JWSC, very flexible wings (which are
made of flexible aluminium spars) are part of the
implications. Large deflections will occur and lin-
ear assumptions may no longer be valid. The pur-
pose is to provide data and independent analysis of
a configuration that demonstrates significant struc-

tural non-linearities that aerospace community as a
whole, can handle for validation of existing analy-
ses, design tools and methodologies.

Figure 1: Joined wing sensorcraft.

Recent studies carried out by Demasi, et al [4]
showed how important a NL analysis is when de-
signing a joined wing configuration (in this case,
when designing a GSLT for the JWSC). They fur-
ther concluded that the flexibility of wings and wing
joint’s connectivity may have a large repercussion
on the NL response. A UAV structural demonstra-
tor was developed and used in reference [5] where
a static load test was carried out. Globally, the
test will have a similar, although more simplified,
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approach.

Ifju, et al [6] were amongst the first investigators
to use Visual Image Correlation technique (VIC)
for the full-field basis deformation measurement
of rigid and flexible micro aerial vehicles’ wings.
Galvo, et al [7] tried using stereo photogrammetry
for displacement measurements of a membrane wing
and it was reported a measurement uncertainty of
±35µm for in-plane measurements and ±40µm for
out-of-plane. Data was available at discrete markers
placed throughout the wing. Fleming, et al [8] use
Projection Moir Interferometry (PMI) which does
not demand the use of markers, i.e. a fringe pattern
is projected onto the wing surface. Displacement’s
resolution was about 250 µm.

Regarding the update procedure to follow, some
work was developed and tested for complex struc-
tures which had models to be updated. Its finite el-
ement model was divided into substructures, mean-
ing that the design parameters are updated by re-
gions, and proved to be a useful method for large
and intricate structural finite element model updat-
ing [9].

2. Test Planning
2.1. Preliminary Analyses

Figure 2: Preliminary analysis quantitative sum-
mary.

Several candidates were analysed which account
for the different possible options on how and where
to apply the concentrated loads. Candidate 1 was
the case study to begin with, being the simplest one
to carry out on ground. Results were not satisfac-
tory. Candidate 2 allows a big improvement in both
displacements and twist angle, being it not as signif-
icant for strain. Results stagnate and remain sim-
ilar for candidates 3 and 4. A small improvement
is achieved for candidates 5, 6 and 7. Candidate 8
represents the best case scenario, however with the
highest associated complexity. A summary is shown
in figure 2. Results are presented as relative errors
for the three different measurands considered: dis-
placements (∆z), twist angles (θ) and strains (εxx).
These relative errors calculate de difference between
the desired measurand when the sensorcraft under-
goes the distributed loads and when it undergoes

the equivalent concentrated loads. Candidate 2 was
chosen as the one to be used in the GSLT, because
it provides a considerably good approximation to
the 2.25 g maneuver’s deformation with a high sim-
plicity associated.

2.2. Test Rig Preparation

The first step is to determine how the sensorcraft
is being tested on ground. As previously said, the
goal is to update it through a displacement based
on a 2.25 g pull-up maneuver, which is the opera-
tional limit. The respective associated loads that
the sensorcraft undergoes are known from ASWing
interface after simulations are carried out, given the
interdependence between structural and aero mod-
els. These are complex distributed moments and
loads which require simplification to be applied on
ground.

The comparable static deformation will be ap-
plied using pseudo equivalent punctual loads across
the structure. A simple method will be used to de-
termine those loads which consists in constraining
(with pin supports only in z direction) the points
where punctual loads shall be applied. These con-
straints are applied in the FE model that is un-
dergoing all the appropriate aerodynamic and iner-
tial loads already known from ASWing, associated
to the maneuver. An analysis is carried out with
these boundary conditions and the respective reac-
tion forces at each constraint are retrieved, which
are the desired simplified loads, only with a single
vertical component being then easy to apply exper-
imentally. There are several possibilities on how
many loads to use and where to apply it. Eight
different cases were tested and the following data
represented on figure 3 was elaborated. Each line
represents the relative error between the framework
undergoing pseudo equivalent and the original com-
plete loads for the quantity in question. In terms
of displacement and twist, starting with four loads
results become good and for strain, satisfactory.

Figure 3: Relative errors achieved for the different
number of loads applied.
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Aircrafts deformation occurs upwards in aircraft
referential. If it is being held to the ceiling, grav-
ity (which is distributed along all the structure) is
contributing for deformation as a distributed load
and therefore, adding precision to the punctual
loads being applied, in the positive flight load direc-
tion. Therefore, this will be the set-up of the test.
Hence, after several analyses and thoughtful con-
siderations, the best case scenario both in terms of
simplicity and acceptable results is having only one
load being applied at each side, exactly at the junc-
tion between the aft and forward wings, with the
sensorcraft being fixed to the ceiling. Final loads
are calculated and they are 5.659 kg on each wing.

Figure 4: Sensorcraft support rig.

The sensorcraft is being fixed along the interface
between fuselage and wings as might be seen in fig-
ure 4. These boundary conditions are equally ap-
plied between the test and FE model. Loads should
be applied with any device which does not damage
the structure. The idea found was to have a small
sample from a ’T’ aluminium extrusion glued to alu-
minium tape with epoxy. The tape is applied at the
desired location onto the respective surface. After
some experimental tests, the size of both the tape
and the fixture where determined to safely apply
the desired loads.

Figure 5: Loads’ fixture.

2.3. Data Acquisition System

Displacements were measured by determining the
coordinates of certain a priori chosen points, us-
ing a coordinate measuring machine (CMM). From
what was previously done by other researchers and
as referred in section 1 the maximum precision
achieved was around 0.04 mm and the minimum
around 0.25 mm. With the chosen CMM model,
the precision annunciated by the manufacturer is
0.1 mm, which is between both precisions already

achieved with photogrammetry work. CMM tool
will identify predefined targets which will be high-
lighted with fiducial markers placed on top of sen-
sorcraft’s surface. The dots location was chosen
based on the criteria that they should be well dis-
tributed, along the sensorcraft, which might be then
sufficiently represented as the dots are plotted in a
3D graph. Also, they must have a simple correlation
with FE models nodes. Strains were measured us-
ing conventional foil strain gages. They were placed
on top and bottom surfaces of each spar to collect
bending strain. Twist angle was measured based
on displacement measurements. There are the main
points along the wings whose displacements are be-
ing measured and further back, auxiliary dots were
placed (on the same streamline) so that twist an-
gle along the streamline on those main points might
be calculated. Knowing their coordinates the twist
angle is automatically determined.

Figure 6: Coordinate measuring machine.

2.4. Testing Procedure
Given the highly non-linear response of the struc-

ture, the fact that it will be updated based on lin-
ear deformations, and also the troublesome model
updating procedure, the static load test and conse-
quent model update will be divided into easier and
simpler steps, which are being explained as follows
and also presented in figure 7. There are three dif-
ferent FE models which will be updated in chain.
These are the individual spars models, the sensor-
craft tailless model (with no aft wing) and the com-
plete sensorcraft model. 1: Spars are individually
statically tested, like cantilever beams, with a wide
range of loads. 2: Displacements from one specific
load case (within linear range) are measured and
introduced in the spars update interface. 3: Spars
FE models are updated based on measured displace-
ments and new stiffnesses are retrieved. Forward
spar new Youngs modulus is introduced in the tail-
less and complete sensorcraft models. Rear spar
new Youngs modulus is introduced in the complete
sensorcraft FE model. 4: Tailless sensorcraft is
statically tested, with a wide range of loads. 5:
Displacements from one specific linear load case are
measured and introduced in the updating tool in-
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terface. 6: FE tailless model is updated based on
measured displacements and new stiffnesses are re-
trieved. which are also introduced in the sensor-
craft FE model. 7: Complete sensorcraft is stati-
cally tested, with fractional loads, being the 2.25 g
equivalent to the highest load. 8: Displacements
from one specific linear load case are measured and
introduced in the FE updating tool. 9: Sensorcraft
FE model is updated based on measured displace-
ments and final stiffnesses are retrieved.

Figure 7: Testing procedure.

2.5. Linear Benchmark
The test to the complete sensorcraft is carried out

in steps. Loads are being incrementally applied up
to the maximum previously determined. The main
objective is to update the FE model based on linear
deformations and using a linear solver. The biggest
reason behind that is the fact that a linear update is
quite less time consuming than doing it using non-
linear solver and deformations. Therefore, there is
a need to set a benchmark such that the FE model
can be updated based on these linear steps. To
get a full idea of the linearity of the structure, dis-
placement on the wing tip must be observed and
compared to the reference wing span. Estimations
were done based on FE simulations. The Linear
Benchmark Factor (LBF) is calculated for the fol-
lowing load cases, knowing that half-wing span is
1.5 m and that the displacement is measured at the
wing tip:

LBF =
∆zwt

1.5
(1)

• Sensorcraft undergoing 10% of the maxi-
mum load. From the FE analysis, it is known
that at the wing tip ∆z ≈ 0.097 m, therefore
LBF = 0.097

1.5 ≈ 6.4%.

• Sensorcraft undergoing 5% of the maxi-
mum load. From the FE analysis, it is known
that at the wing tip ∆z ≈ 0.071 m, therefore
LBF = 0.071

1.5 ≈ 4.7%.

As calculated, for the 10% load factor to be
applied to the sensorcraft, the validity of linear-
ity is not safe to be assumed as such. Hence,
sensorcraft’s deformation when undergoing

5% load factor might still be considered lin-
ear, considering that the displacement up to
5% of the reference wing span (LBF previ-
ously calculated) may be considered negligi-
ble. Thus, a linear solver may then be used to anal-
yse the FE model, in those circumstances. Also, the
linear update might be based on smaller deflections
originated from small load factors.

3. Results

The model was updated based on stiffnesses only.
This is due to the fact that geometries were not
desired to be changed or remodelled, because the
FE structural model has a direct influence on the
ASWing aero framework. The update procedure is
carried out using Dynamic Design Solutions FEM-
tools software.

Regarding spars’ test, results are presented in fig-
ures 8 and 9, where it is observable the deformation
at each load step applied and a plot for displace-
ment at the farthest lengthwise measurement point
for each applied load. As it is clearly observable, ex-
perimental data is unquestionably close to the one
retrieved from the FE non-linear solver. The pre-
dictable non-linearity for the behaviour, given the
large deflections, is confirmed in the spars them-
selves, and the FE NL solver keeps up well with
reality.

Figure 8: Aft spar test results.

Figure 9: Forward spar test results.

There are different groups of elements within the
FE model that intend to represent the several logi-
cal different sections of the real aircraft. It was up-
dated globally which is the update procedure based
on changing the stiffnesses of those groups in order
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to achieve the desired displacements. All elements
within a group have the same properties. Therefore,
a global parameter represents a coincidental change
of physical properties of a set of nodes/elements.
These different groups can be seen in figure 10.

Figure 10: Sensorcraft update groups.

Table 1 presents the tests carried out for the tail-
less and complete sensorcrafts.

Test Clamping Loads Undergone

1 Table Gravity
2 Ceiling Gravity
3 Ceiling Gravity + 5% of Max Load
4 Ceiling Gravity + 10% of Max Load
5 Ceiling Gravity + 20% of Max Load
6 Ceiling Gravity + 40% of Max Load
7 Ceiling Gravity + 60% of Max Load
8 Ceiling Gravity + 80% of Max Load
9 Ceiling Gravity + 100% of Max Load

11 Table Gravity
12 Ceiling Gravity
13 Ceiling Gravity + 5% of Max Load
14 Ceiling Gravity + 10% of Max Load
15 Ceiling Gravity + 20% of Max Load
16 Ceiling Gravity + 40% of Max Load

Table 1: Experimental tests.

Figure 11: Complete model experimental and FE
data.

A picture of the tests carried out for the sensor-
craft is presented.

Figure 12: Complete sensorcraft test.

Some examples of the obtained results are next
presented in the following figures, where it is pos-
sible to observe the improvement achieved with the
update done to the framework. Regarding the plots,
the darker green line represents the obtained lin-
ear FE solution whereas the light green one shows
the non-linear FE results. This example shows how
important the non-linear solver is for this kind of
framework. The blue line represents the experimen-
tal twist angle and the thinner red line accounts for
the relative error between the light green and blue
lines.

It is important to understand how well the up-
date procedure (done with linear displacements) ex-
trapolates to the maximum displacement non-linear
case. Therefore results are shown for the maximum
load case, equivalent to the desired 2.25 g pull-up
maneuver. The first two figures present displace-
ment for the aft wing. Figure 13 shows that there
is a slight difference between linear and non-linear
solvers and, it is possible to see how the latter is
the closest to the experimental results. Neglecting
the peak happening at the root, the error is around
35% for the left side and 20% for the right one. On
the other hand, figure 14 demonstrates that dis-
placements are considerably better, being the error
now around 18%. However, it does not have the
ideal shape, which was impossible to achieve with-
out causing a dramatic change in either twist or
strain, being this the best achieved result for the
several different options tried. The FE aft wing
does not buckle as much as the as-built one. This
fact might also be due to the way the spar was ge-
ometrically modelled.

Figure 13: Aft wing’s original displacement.
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Figure 14: Aft wing’s updated displacement.

The second group of pictures presents forward
wing displacements. Figure 15 shows that the rel-
ative error is around 15%. Besides, the linear so-
lution method proves to be still a good approach,
which demonstrates that even with a load of this
magnitude and high displacement, forward wing’s
behaviour might be well reproduced by means of
a linear solver. Experimental and FE non-linear
results match almost perfectly in figure 16. The
relative error between both drops to an average of
4%, which is a really good result. The plot for ∆z

along wings span shows how the light blue and light
green lines are almost overlaid.

Figure 15: Forward wing’s original displacement.

Figure 16: Forward wing’s updated displacement.

The fifth and sixth plots illustrate strain on the
aft wing. The trend for the FE analysis non-linear
εxx shown in figure 17 is similar to the one observed
experimentally, however results are off by around
100%, this is explained by the fact that strain is

being taken out of the computational model in the
edges of the plate elements. Given the way the aft
spar was modelled, this was the only place equiva-
lent to where strains are measured experimentally.
Therefore, results are already expected to be consid-
erably off in terms of magnitude, however the trend
is similar, which is important. Strain presents well
why a linear solution method is not advisable for
such a flexible structure It clearly does not follow
the experimental trend. Figure 18 shows that the
shape was corrected and it is now similar to the ex-
perimental measured one, although with a consider-
able difference in magnitude. Once more, the huge
error is due to the lack of accuracy of the model as
far as strains is concerned, in the aft wing.

Figure 17: Aft wing’s original strain.

Figure 18: Aft wing’s updated strain.

The last set o graphs present the twist angle
along both aft wings. θ data presented in figure
19 strengthens more the fact that linear and non-
linear analysis have totally different results and this
is where an appropriate non-linear solution method
becomes important. The twist relative error be-
tween FE and experimental is around 25%. Figure
20 shows that twist was also improved, having now
an error of around 13%.
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Figure 19: Aft wing’s original twist angle.

Figure 20: Aft wing’s updated twist angle.

The FE model is now more flexible, displacing
and twisting more, accordingly to the as-built air-
craft. Both twist and strain, in this case, show how
important it is to approach this problem with an
accurate non-linear solver, being the difference be-
tween linear and non-linear solutions hugely differ-
ent. Being the sensorcraft updated based on mea-
sured displacements, it was expected for this mea-
surand to be the most precise one, which could pro-
vide a better insight over the update procedure, i.e.
FE models Youngs moduli were updated using the
measured displacements, and for the sake of the
update procedure itself, this is the only quantity
that can tell if the update procedure was success-
ful. Although the good improvement achieved for
both strain and twist, they are not a major fact
when assessing the feasibility of the update proce-
dure. Table 2 presents a summary of relative er-
rors (RE) between FE solutions and experimental
results, for all quantities measured throughout the
process: displacement in the vertical direction (∆z),
bending strain (ε) and twist angle along stream line
(θ). ’F’ accounts for the forward wing and ’A’ for
the aft one. On the left side, results are presented
for the 5% load case (the one used for the update
procedure), and on right side the maximum load
case is shown.

4. Conclusions
The goal was to understand the behaviour of the

structure when undergoing significant loads, that
induced a non-linear response of the structure in

5% RE [%] 100% RE [%]

Initial Updated Initial Updated

F

∆z 14.5 4.1 16.2 4.3

ε 30 18.3 18.1 7

θ 28.1 10.1 26.2 5

A

∆z 32.4 15.9 30.1 18

ε 64.3 53.6 92.8 145.6

θ 71.7 50.1 24.3 12.7

Table 2: Results summary.

terms of the twist angle on the aft wing. The sig-
nificant conclusions from this research can be sum-
marized as follows:

• The MSC Nastran 400 non-linear solution
method provided results that agreed well with
the experimental data.

• The aft wing presents clear evidence of non-
linear behaviour. If the forward wing is be-
ing considered alone, a linear solver might still
be accurate, however considering also the exis-
tence of the aft wing, a non-linear solver must
necessarily be used.

• Overall, a reduction of more than half the orig-
inal error between experimental and compu-
tational results was achieved. For the maxi-
mum load case, the average error is around 10%
for all measurands (excluding strain in the aft
wing).

• It was found that the aft wing spar geomet-
ric modelling is inadequate, in terms of strain
measurement, for this specific case. A new
modelling is suggested, either with CQUAD
elements in a different layout or using 3D el-
ements instead, as it might be seen ahead.

• Experimental static test procedure proved to
be successful and an adequate approach to up-
date the finite element model of the non-linear
aerostructure.

4.1. Future Work
The initial model was built with the purpose of

being simple and parametric and easily adjusted for
development of a design space, to better understand
sensorcrafts behaviour. It was arguably a good ap-
proximation, from what static load test results tell.
However, improvements could be carried out as fol-
lows:

• Some joints are modelled as rigid elements, not
allowing then as much freedom for the update
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procedure as it could. Also, the freedom of
different sections against each others becomes
compromised. A joint parametrisation for the
several interfaces within the structure would be
an improvement. These main interfaces are the
forward wing with the fuselage, the aft wing
with the boom and the forward wing with the
aft wing.

• Adapting the aft wing to better represent the
interfaces where it was decided to measure
strain from, i.e. to remodel its geometry and
constituent elements. Some suggestions are
given:

– The simplest way of remodelling would
be to maintain the plate elements, al-
though changing their position so that
strain could be measured in the middle
of the surface and not in the edge. This
solution might be seen in figure 22.

– Aft spar could have a hybrid modelling
with 2D shell and 3D solid elements. For
instance, the same modelling with hori-
zontal shell elements in the middle sec-
tion could be kept, with the two protu-
berances being changed to 3D solid ele-
ments. Hence, strain would be measured
in the side of a solid element. This can be
seen in figure 23.

– Lastly, aft spar could be integrally mod-
elled with solid 3D elements, reliably
recreating the as-built spar, as repre-
sented in figure 24.

Figure 21: Original modelling.

Figure 22: 2D elements alternative modelling.

Figure 23: Hybrid elements alternative modelling.

Figure 24: 3D elements alternative modelling.
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