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Abstract. In this work, a smart composite struéture with damping and stiffness
control ability is proposed. The multilayered arrangement has a shape memory core,
whose damping and stiffness aré tuned by temperature control. The structure is divided
in several zones, each of them can be heated in real time using temperature regulation
to reach the expected mechanical properties provided by the strong temperature and
frequency dependency of thewstiffness and loss factor of the viscoelastic core. The heat
flux, which is used to tune the mechanical properties, is provided by copper tracks
printed on an electronic board used as skin of the sandwich. The paper presents a
model-based design process, including thermal and mechanical simulations, providing
the gradient temperaturerfields which are required to obtain a specific damping and
stiffness. Experimental testshare finally presented, considering three configurations
with various tempe&ature sets corresponding to three different compromises between
static stiffness and dynamic damping.

Keywords: adaptive damping, adaptive stiffness, temperature based vibration control,
shape memory polymer

1. Introduction

The combination of materials in composite structures can provide new properties which
are not easy, or even impossible, to obtain with classical materials. Among others,
high stiffness and low mass composite structures are widely used in transports industry.
They can however exhibit quite poor vibroacoustic performances. In order to increase
their damping properties, viscoelastic materials are good candidates, because of their
lowneost and robustness [1, 2]. They are typically used in multilayered composites [3],
in particular as cores in order to maximise the shear strain, hence inducing increase
of dissipation [4]. A lot of research efforts have been devoted to the optimization of
the design of multilayered composites [5, 6, 7, 8, 9]: geometry, materials and boundary
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conditions may have strong impact on the energy dissipation and should be properly
chosen. In particular, glass transition of polymer materials can be a key facter for high
damping performances: viscoelastic materials that exhibit a fast transition between
the rubbery and the glassy states are particularly interesting because ofheirshigh loss
factor values at glass transition [10, 11]. However, since the viscoelastie properties are
dependent on both frequency and temperature [12, 1, 13], it is of first importance to
take into account the temperature effects for the design of composite structures whose
damping properties are provided by polymer materials [14, 15; 16,&7, 18], and the
materials have to be chosen in adequacy with the operating temperature ranges in order
to guarantee the robustness of the design [19].

In this work, it is proposed to take advantage of the temperature dependency
of the viscoelastic properties in order to control the stiffness jand the damping of
composite structures. This concept has been proposed in {20], in‘which an homogeneous
temperature field is imposed: the structure is placed in a thermal chamber to this end.
Very high damping levels are then obtained when the temperature is close to the glass
transition of the core material. However, a reduction of the static stiffness is induced
by the homogeneity of the temperature field, because of the fall of stiffness around the
glass transition, which affects the whole strueture. The same strategy has been applied
in [21] to obtain a metamaterial with two statesiby controlling its stiffness, but also
in [22] to enhance the absorption ‘in anvagoustic black hole through damping control.
In the work presented in this paper, the.concept is improved first, by integrating the
heating technology at the heart,of the compeosite material, in order to avoid the use of
any external device for the control of the mechanical properties and provide adaptivity
in the simultaneous control of the damping and stiffness, and secondly, by providing the
ability to control independently, several zones in the structure, so that not only static
stiffness (as proposed in [23])but@lso dynamic damping can be controlled at the same
time.

The designed compesite structure hence falls in the adaptive structures family, that
comes from activefeontrel strategies [24, 25]. Here the concept may rather be qualified
as semi-active [26, 27| or simply adaptive, since the characteristic time required to
pass from ones€onfiguration to another (a few seconds) is much larger than the periods
associated to the dymamieal effects to be controlled. Recent works on damping control
of sandwieh,structures based on magneto-elastic couplings [28, 29], or smart honeycomb
composite corestbased on shape memory polymers [30] can also be considered as related
to the investigations reported here.

The paper is organized as follows. Section 2 introduces the concept of stiffness and
damping control through thermo-mechanical couplings. Section 3 presents the practical
implementation of the temperature field in the composite structure. Section 4 presents
thestrategy which has been developed in order to define the optimal configuration for
given performances. Section 5 finally illustrates the applicability of the concept through
experimental validations, and conclusions are drawn.
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4
5 2. Control of stiffness and damping
6
7 In this section, the core material which provides the tunability of the structureis first
g presented, then the layered composite is described.
10
11 2.1. SMP properties
12
13 The methodology which is presented in this paper may be applied with any viscoelastic
1;‘ material that exhibits temperature and frequency dependencies. For.this purpose,
16 Shape Memory Polymers are very good candidates since their shape memory properties
17 generally induce a fast transition between the glassy and rubbery states, inducing high
12 loss factor properties during the transition. The viscoelastic material used in this work
20 to tune the structure stiffness and damping is the tBA/PEGDMA polymer (named SMP
21 in the following since it is a Shape Memory Polymer){ This SMP has been characterized
;g on a wide band of frequencies and temperatures in"{31] and a representative model has
24 been identified in [20]. The temperature and frequency deBendencies of the mechanical
25 properties are illustrated in Figure 1. It can be ngticed that the loss factor can reach
;? 2.4 at the glass transition which is reallyisignificant for damping applications. This
28 figure illustrates the possibility to tune the stiffness and damping properties of the SMP
29 through the temperature, according to the frequency of interest. In the following, this
2(1) material is used as tunable core in a ecomposite structure.
32 10* ~@)
33 1Hz
34 10 Hz
55 £ mie | |
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38
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20 30 40 50 60 70 80 90 100
40 25 T
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42
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46
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48 temp. [°C]
49
50 Eigure 1. Storage modulus E’ and loss factor n of SMP at various temperatures and
51 frequencies
52
53
54
55 2:2.. Composite structure: damping and stiffness properties
56
57 As illustrated in [20], the dynamic behaviour of a simple aluminium-SMP-aluminium
58 sandwich structure can be modified using a homogeneous temperature field: a huge
59

vibration level reduction (up to 80 dB) can be obtained on a very wide frequency range
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(from 100 to 10000 Hz) by heating the structure from 20°C to 80°C. The damping
capacities of the SMP are then really impressive, but the reduction of thedvibration
level is obtained at the price of a loss of static rigidity. In order to overcomenthis
limitation, it is proposed here to apply a non-homogeneous temperatuze field in the
SMP core [32] in order to obtain a compromise between the static and the dymamic
behaviours: depending on the local temperature, some zones will provide high static
stiffness, while some other zones will bring some damping. Moreover, thé technology
that is used in this work provides real-time capabilities: the temperature/field can be
changed according to the expected stiffness and damping distdibution.

For illustration purpose, a reduced scale aircraft model is proposed’as a composite
structure (see Figure 2). The main body of the aircraft model'and the brackets used
to assemble the components are made of aluminium alloy.,. The wings are made of
multilayered composite: the base skin is made of stainless steel, the core is constituted
by the SMP [20] and the top layer is a FR4 composite which is typically used for
electronic cards (glass-epoxy composite).

In the next section, the practical implementation of the ngn—homogeneous temperature
field on the aircraft wings is presented.

Figure 2. Mesh of the model used for finite elements simulation

3. Practical implementation of the temperature field

In order to generate a non homogeneous temperature field in the SMP core, some copper
tracks printed on the FR4 board are used to heat the material by Joule effect. This
strategy.provides the ability to control the spatial distribution of the temperature field:
some zones can be designed and printed on the electronic card with independent circuits,
each of them being powered by an electric source. The expected temperature field is
then constant by zone, and it becomes possible to tune the stiffness and the damping
in both space and time. An alternative approach would have consisted in using a single
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: Property Thermal Specific heat Density kgim=3

6 conductivity Jkg LK1

; Wt K1

9 SMP 0.12 990 1700

10 Aluminium alloy 238 900 2700

}; Heating wire 11.3 450 8400

13 Copper 390 360 8960

14 FR4 0.3 1369 2. 4900

12 Stainless steel 16.3 500 8000

1; Table 1. Physical properties used for thermal simulation

19

;? source and designing the track with varying width/to locally change the resistivity
22 and the resulting heat flux, which is simpler to imaplement but does not confer any
;i adaptivity property to the structure. An alternative teéchnology to generate the heat
25 flux could be the use of embedded micro fluidie channels {33], but it is probably more
26 intrusive and complex to elaborate. Here, in order to/obtain the temperature field of
27 interest, electronic components allowing regulation of the temperature on each zone are
;g embedded on the FR4 board. The heating deviceisidesigned according to the procedure
30 defined below, while the definition‘of theszones will be presented in Section 4.

2 o

33 3.1. Model calibration

gg Numerical simulations are used towndesign the heating system that controls the
36 temperature field in the structure. The heat transfer problem is solved for both steady
37 state and transient conditions %ing the finite element method.

gg In order to get predictive results, some parameters need to be calibrated. The main
40 material parameters (8ee Tableil) are obtained using material datasheets (for aluminium
41 alloy and FR4 compesite)ior experimental testing (for the SMP).

jé A two layers composite beam is first manufactured, and used for model calibration.
44 A 0.5 mm thick aluminium alloy layer is sticked on a 3 mm thick SMP layer. The
45 heating sourge is a wire.integrated in the SMP and Joule effect from an electric current
23 is used as power source. The imposed constant current intensity and voltage are used
48 to compute the dissipated power by the thermal source.

49 The temperature field is measured on both sample sides using an infra-red camera.
g? Thestime evelution of the temperature distribution is then used as reference data for
52 model calibration. In these conditions a 1.15 W source power leads to a temperature in
53 the range from 30°C (far from the source) to 70°C (upon the source) on the SMP side
gg and 28 to 33°C on the aluminium side.

56 A"2D finite element model of this sample is then used for calibration. A volume
57 power source is considered in the wire and flux exchanges with the environment are
gg described by a convection law. The convection coefficient with surrounding air, that is
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dependent from the operating environment, together with the location of the source in
the wire and its diameter, are used as model updating parameters. This updating i3
performed on the basis of the temperature distribution on the two sides of the sample.
The convection coefficient is calibrated at the value of 5 W.m=2.K~! and leads to a
confident model which can be used to design the heating system.

3.2. Temperature field in the composite thickness

Simulations are performed using the calibrated properties to/verify the capability of
the proposed system to impose the temperature in arbitrary zones of the structure.
Because of the composite nature of the structure, the temperature is not constant
neither in the thickness of the composite, nor in its transverse direction. Since the
mechanical properties of the core material are strongly'dependent on the temperature,
the temperature gradients must be taken into account in thexdesign process.

35 40 45 50 55

Figure 3. Temperaturefield computed to determine temperature gradient

Thermal gradient shapes are computed for the composite panel on a reference
configuration (see Figure 3) and_polynomials functions are used to approximate the
temperature field in the thiekness awvhile linear transition is assumed between the heating
zones. Polynomials funetions are then used as inputs in the mechanical model in order
to describe the mechanical properties gradients.

4. Optimal design for'damping and static stiffness control

This section déscribes the methodology for the definition of the zones on which the
temperature is imposed to tune the mechanical properties of the SMP core.

4.14 Design-based on strain enerqgy localisation

Aceording /to [32], a first approach consists in defining zones on the basis of strain
energy localisation. Here, the field of interest is 2D, hence using a threshold-based
automatic approach is not straightforward. A more qualitative approach is used here
and completed by a parametric analysis in order to confirm the ability of the zoning to
reach the expected compromise.
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4

5 A 3D finite element model using 10 525 hexadron elements and 158 304/degrees

6 of freedom is used for the simulations. The large number of elements comesifrom the

; necessity to have 6 elements in the SMP thickness in order to account,for thermal

9 gradient in the wing, which has an impact on the mechanical propertiesof the.core.

10 An aluminum alloy with a Young’s modulus of 70 GPa, a Poisson’s ratio of 0.3, a

:; density of 2700 kg.m =3 and a constant loss factor of n = 0.001, is«ised for. the main

13 aircraft body. A stainless steel alloy with a Young’s modulus of 210 GPaj a Poisson’s

14 ratio of 0.27, a density of 8 000 kg.m™ and a constant loss fagtér = 04001, is used
~

12 for the bottom layer of the wings. The top layer of the wing is & ER4 composite with a

17 Young’s modulus of 22 GPa, a Poisson’s ratio of 0.15, a density of 1 900 kg.m =2 and a

18 constant loss factor n = 0.005. The mechanical properties and the model used for the

;g description of the viscoelastic properties of the SMP core layer of the wings are detailed

2 in [20].

22 An eigenfrequency analysis is performed at ambient temperature and the strain

;i energies are post-processed on the wings for modes, whese frequency are in range of

25 interest (four modes in the range from 0 to 500 Hz 4n this Case and the fifth one that is

26 close outside the range) in order to definézones on the/wings. As the zones are defined

;273 in a 2D top view of the wings, the strain energy. is averaged over the wing thickness and

29 a qualitative monitoring of energy localisation is used to define the zones. The definition

30 of the zones is finally shown in Figure'Spaccording to the technical requirement that

g; only straight lines have to be used to beund the zones. Using this zoning, all modes

33 shown in Figure 4 are expectedito be controlled since their strain energy distributions

34 are maximum in some areas correspending roughly to one of the zones.

35

36

37

38

39 "

40 g anl H

41 Ill’ ST

42 HH

43 ]

44 ’

45 n

46

47

48 HH

49 JSSESSEEE T

50

51 Figure 4. Strain energy (averaged on the thickness) localisation for the first five

52 modes

53

54

55

56 4.2. Performance criteria

57

58 In order to check the validity of the zoning for controlling the static and dynamic

59

behaviours of the structure, and then to find an optimal temperature for each zone,
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2 3 5

Figure 5. Location of zones IDs on the wings

some performance criteria must be defined. First, the criterion that quantifies the
static stiffness is described, then, the criterion associated tenthe dynamic behaviour is
presented.

In order to quantify the static stiffness of thé “model, ' a static simulation
corresponding to a three-point bending test is considereds, The'load is applied on the
main body of the structure and the end of the wings are simply supported. The deflection
at the loading point divided by the value of the appliediforce is then used as criterion.
A low value for this criterion ensures a high static/stiffne8s. As static simulations are
performed using a linear solver a unit force loading can be considered and numerical
indicator can be expressed as the flexibility at,the applied point in mm/N.

As far as the dynamic behaviour is concerned, free-free boundary conditions are
considered, and a frequency response function is computed for a unit point force applied
at the end of one of the wings. The associated objective consists in reducing the vibration
level on a wide frequency bandTo this end; the criterion used in the work is the averaged
transverse displacement amplituderof the wings.

This choice has been done after,investigation of three other indicators: the
amplitude of the peaks insthe response function, the damping factor for each peak
evaluated using a -3dB bandwidth approach and a global equivalent loss factor based
on strain energy repartitionsThe two first indicators provided interesting results because
they can be used to focus on a specific set of modes and to analyse separately the effect
of a temperature field on each mode. However, in order to obtain reliable results, the
computation of the maximum values requires an adaptive refinement process to find the
exact location.efithepeaks, which results in an increase of the computation time for each
temperature set./ Another limitation of these two methods is linked to the very good
dissipating capability of the SMP at some temperatures that leads to very flat curves
(see red curve in Figure 9) where peak amplitude computation and bandwidth method
used for damping evaluation are not significant anymore. The last method consists in
computing an equivalent loss factor for the wing:

(1)

/. ws(2,y, 2)n(x, y, 2)dedydz
Neq = < wing >

/ ws(z,y, z)dedydz
wing Af

where w; is the strain energy density and (-) , s Is the average over the frequency
range of interest Af. Whereas the two first criteria are dependent of the modal
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4

5 behaviour of the structure, this criterion is independent and requires less evaluations

6 over the frequency range: a refinement study of the sampling in the frequen¢y range

; shows that only a reduced number of evaluation points are necessary to reach stability

9 of the criterion: in the considered case, only 13 evaluations over the frequency range

10 were required, while 80 to 100 were needed for the two first criteria (due to refinement

:; near the peaks to perform precise calculation).

13 A comparative study of all dynamic criteria shows similar evolution patterns with

14 temperature. The one which is reported here is based on the'equivalent loss factor
~

1 2 defined by equation (1). In order to have a value which is/minimal for an optimal

17 configuration, the criterion equal to —log(neq) is considered 4m,the analysis.

18

19 1 ‘ ‘ ‘ 2.5

20 — Dynamic.criterion

21 | — Static criterion

22 E 08 2

23 k=

24 E£067 » 15 %3

25 > \;_:/

26 = i e}

7 _g 0.4 1 ,

28 e

29 “ 0.2 105

30

31 0 : : ‘ 0

gg 20 40 60 80 100

34 Temperature (OC)

35

36 Figure 6. Evolution of the stiffness and the damping of the wing according to the

37 temperature of the SMP core.

38

23 The evolution éf the static and the dynamic criteria with temperature is presented

41 in Figure 6: here, thé same temperature is imposed on all zones (a temperature gradient

42 in the thickness of'the wing is however considered). As expected, the static and dynamic

Zi criteria are conflicting: the static stiffness decreases when damping capability increase.

45 A kind of compromisesbetween the static and the dynamic behaviour can be observed

46 between 60 and/0°C. In the next section, independent temperatures are considered on

47 . .

48 all zonesginr order to reach a better configuration.

49

50 4.3. Parametric investigation

51

52 Intorder to cover the whole temperature range for each zone, a design of experiment

gi (DOE)wis” performed using a latin hypercube sampling algorithm. 500 sets of

55 temperatures are used to compute both static and dynamic responses and evaluate

56 the criteria presented above. The ambient temperature is considered to be 25°C and

57 . . ..

=8 temperatures of each zone are sampled in a ratio from 1 to 3.5 (giving zones temperature

59 in the range from 25°C to 87.5°C).
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A first post-processing of the results of the DOE consists in analysing the
scatterplots shown in Figure 7, where T# refers to the temperature of zonel#. Each
plot shows the value of the two criteria (dynamic in blue, static in green) versusnthe
value of temperature of one zone. For a single value of the temperature of a given zone,
several points appear since the temperatures of the other zones are varied. This'is an
easy way to identify the global effect of a given parameter (the tempeérature.of a given
zone) on a given criterion.

From these scatterplots, it can be concluded that the temperature in zones 2, 3
and 4 are important parameters: whatever is the temperature in the other zones, if
temperature in zone 2 is in the upper values of the range, then the dynamic criterion is
in the minimum zone and if the temperature is in the lower values of the range, then the
static criteria is in the minimum zone. As this observation isitrue for 3 zones, alternating
high and low temperatures in zones 2, 3 and 4 may lead to solutions that minimize both
criteria and then satisfy both high damping and high static stiffness.

T T2 T3 T4 5 T6

Figure 7. Criteria as a function of temperature in the different zones (blue: dynamic,
green: static). Linear scales from 25°C to 87°C are used for all temperatures.

This preliminary analysis confirms, that the zoning should be able to reach the
expected compromise.

This is confirmed by the Pareto front (see Figure 8), where the dynamic criterion
is plotted as a function of.the static one. Samples corresponding to the best static
behavior (highlighted inred in Figure 8) are found for temperature values corresponding
to the glassy statedorzones 2, 3 and 4, while samples minimizing the dynamic criteria
(highlighted in blue in Figure 8) are found for temperature above the glass transition for
T2, T3 and T4sA common characteristic is found for samples minimizing both criteria
(highlighted/in greensin'Figure 8): temperatures T2, T3 and T4 are toggling between
both states while temperatures for zones 1, 5 and 6 vary in the full range.

To/move toward experimental validation, 3 temperature sets (see Table 2) were
chosen among the 33 configurations: high static stiffness and low damping capability
(oné of the blue sets in Figure 9), low static stifness but high damping capability (one
of the red sets in Figure 9) and a compromise in the Pareto front (one of the green sets
in Figure9). These 3 sets will be experimentally studied in the following section. The
precise location of the sets on the Pareto front is shown in Figure 9. In this figure, the
dynamic response of the three sets is also presented (the static deflection can be directly
extracted from the Pareto front). The peak corresponding to the first mode is the
more difficult to reduce due to similar deformation shape between the first mode shape



Page 11 of 17

oNOYTULT D WN =

QuuuuuuuuuubdbbdDDdDDDDMDMNDEDMNDWWWWWWWWWWRNNNNNNNNNN= =2 2 29299230999
VWO NOOCULLhAWN-_rOCVONOOCTULDWN—_,rOCVOONOOCULDDWN=—_,rOUOVUONOOCULPMNWN—_ODOVUONOUVPSD WN =0

AUTHOR SUBMITTED MANUSCRIPT - SMS-109635.R1

In-core heat distribution control for adaptive damping and stiffness tuning of compo

—
w

Dynamic Criterion
5
L )
Temperature (° C)

\{:. ;“,:j;.f. o °..
i:.%... “r =

50 . ., (3
G - T R
*

0.3 0.4 0.5
Static Criterion

0.1 0.2 0.6

Set

der to ensure good results when uncertainties
field.

Set 1
Set2
Set 3

-
<
<)

Dynamic Criterion
5
Mean amplitude Y. dir
=
S

—_
<
&

—_
<,
>

200 300 400
Frequency (Hz)

100

o

0.3 0.4 0.5 500
Static Criterion

0.6

Figure 9. Sets of temperatures in the features space, with highlighted implemented
ones (left) and associated dynamic responses (right), mean amplitude of transverse
displacement on the wings

structuresll



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - SMS-109635.R1

Page 12 of 17

In-core heat distribution control for adaptive damping and stiffness tuning of composite structures12

5. Experimental validation

In order to validate the concept, the three sets of temperature chosen during the.optis
mization procedure presented in section 4 are reproduced experimentally in this section.
For each configuration, two experimental runs are performed: a static test to cheek the
stiffness of the aircraft model, and a dynamic test to verify the damping behaviour of
the structure. The temperature field on the wings is monitored during the experiments
to check the quality of the regulation.

5.1. Temperature field measurement

The temperature of the 12 zones is measured at the center.of each zone with an embedded
sensor (DS1822), a PID regulation is performed with an Aeduino™ system located in
the fuselage (see Figure 10), and the heating is obtained by a power supply (24 Volts,
10 A). The temperature field on the wings is checked by irxfrared thermography using a
CEdip Jade IIT MWIR camera. The measurements are done on the external surface of
the FR4 board.

The time evolution of the temperature measured by the embedded sensors is shown
in Figure 11. In this case, the expected temperature field corresponds to set 3 (see Table
2). The PID regulation is efficient, since thesthermal target in the critical zones (2 and
4 in particular) is reached in a few secomds: in less than 2 seconds, the steady state
is reached on zones 2 and 4, while 10 seconds are necessary for the other zones. The
regulation of the temperaturedn zome 1 is slower because of its smaller size, while for
zones 5 and 6, the proximity to the main body of the structure implies more thermal
conduction which also slewers he fegulation. However, the expected temperature
distribution is obtained in all cases, as seen in Figure 12. It can be observed that
the homogeneity of‘the temperature field is quite good and that the zones are heated
as expected. The time required to change from one set to another is dependent on the
relative temperature field target: heating is quite fast (a few seconds), while cooling
may take few minutes since no specific device is embedded in this system to this end.

ie
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Figure 10. View of the aircraft model: 6 zones identified on each wing and controlled
by an Arduino™ system inside the fuselage.
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22 Figure 11. Temperature control for thedset 3 for each zone, measured from the
23 Arduino™ controler.
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Figure 12. Temperature field measured for the three sets (Table 2).

N
5.2. Static experimental validation

In order to measureithe stiffnessf the structure for each set of temperatures, a static
41 bending test is used. “Anuniversal testing machine MTS is used. A displacement at
42 1 mm/min is applied in'the middle of the fuselage and the structure is supported at the
end on the wingg as shown in Figure 13. For each set the deflection is measured with
45 a Micro Epsilon triangulation laser sensor, located under the fuselage. The maximum
46 force applied on the strueture is 2 N (load cell K25 from Scaime). The linearity is
verified andrthe results in terms of flexibility are provided in Figure 14.

49 The model presents a higher rigidity than the experimental setup, this can be
50 explained by the assumption of a perfect assembly between the wings and the fuselage
in the model. Nevertheless the experimental tests and the numerical results are coherent
53 and the measured relative properties of the structure for the three investigated sets are
54 in accordance with the expected ones. Set 1 provides the highest static stiffness. Indeed
for this set, the temperature on each zone is smaller than the SMP glass transition
57 temperature, and then the storage modulus of the sandwich core is high. Regarding
58 Set 2, the temperature is mainly above the SMP glass transition temperature and the
stiffness of the structure is lower. Set 3, which corresponds to the compromise between
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Figure 13. View of the static experimental setup
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Figure 14. /Flexibility (mm/N) for the three temperature field sets, comparison
between the model and the experimental tests.

static and dynami€¢ behaviours according to the optimization procedure, has a static
stiffness criterion which s only increased by 20% compared to the best single-criteria
configuration,

5.3. Dynamiecexperimental validation

The experimental setup for the vibration tests is shown in Figure 15. The structure
is suspended with springs and wires. An electrodynamic shaker is used to excite the
structure, docated at the end of the wing. An impedance head is used to measure the
inputhforce and the acceleration at the input point. A scanning vibrometer is used to
measure the velocity of the aircraft model, based on a mesh of 36 points (15 on each
wing and 6 on the fuselage).

The measured FRF's are presented in Figure 16. The computation of the mean
transverse displacement is performed on the 30 measurement points located on the



Page 15 0of 17 AUTHOR SUBMITTED MANUSCRIPT - SMS-109635.R1

In-core heat distribution control for adaptive damping and stiffness tuning of composite structureslb

oNOYTULT D WN =

. » J
- L2 04 02 \ a
15 . FEMTO=ST 2949 o \\.‘»

16 ' " 3
i o

19

20

21

22

23

24 Figure 15. View of the dynamic experimental setLg)

25

26

27 wings, which is slightly different from the averaged wvalue computed with the model
28 that considers the whole volume of the wings. »Some discrepancies can be observed
;g between the model and the experimental tests which can be due to some assumptions
31 in the model (perfect gluing of the sandwich, perfect fuselage-wings assembly) on the
32 one hand, and to the experimental defectsy(boundary conditions, shaker attachment)
gi on the other hand. However, the experimental results are in strong coherence with the
35 numerical predictions. The vibration levels at resonances are dramatically reduced for
36 Set 2, while the best compromis&between the dynamic behaviour and the static stiffness
;7; is obtained with the temperature field corresponding to Set 3. The effect on the first
39 mode is clearly visible, with‘only/a small reduction of the amplitude compared to Set
40 1. The static tests are fully in‘accordance with this observation.

41

42

43 6. Conclusions

44

22 In this work; a smart ecomposite structure with damping and stiffness control ability
47 is proposed ‘and illustrated on a reduced scale aircraft. The multilayered arrangement
48 of the gompositerstructure includes a shape memory polymer core, whose damping
‘S‘g and stiffness are tuned by temperature control. The structure is divided in six zones,
51 eachof themscan be heated in real time using temperature regulation to obtain a
52 non-homogeneous temperature field inducing spatial distribution of the mechanical
gi properties: The heat flux is provided by copper tracks printed on an electronic board
55 used as skin of the sandwich. The application of the model-based design process
56 described above, which includes thermal and mechanical simulations steps, results in
;73 the definition of several temperature distribution sets that correspond to very different
59 dynamical behaviours. When the wings’ temperature is kept under the glass transition



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - SMS-109635.R1

Page 16 of 17

In-core heat distribution control for adaptive damping and stiffness tuning of composite structures16

102 ‘ e
F Set1| 1
Set2| |

10°

10° F

mean(abs(H1)) [m/N]

100 £

1 0—7 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450 500

Frequency [Hz]

Figure 16. Experimental results: measuredsEFRF's for the three sets.

temperature of the SMP core, the composite strugture hz:s a very high static stifness,
while the resonances are highly marked bécause of the low resulting structural loss factor.
The damping and the stiffness can be changediin less than 10 seconds, by heating the
wings. In this case, the static stiffness is reduced but the dynamic response of the
structure is drastically damped. A eompromise between static and dynamic behaviours
is found with a non-homogeneous field of temperatures. The prototype which has been
used for the tests has the ability te be controlled in real time, and the three configurations
of interest have shown to be well correlated with the models, leading to the validation

of the concept.
N
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