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•  Main research areas 

•  Summary of current research works 

–  Morphing Aircraft and Nonlinear dynamics 

–  Vibration energy harvesting 

–  Uncertainty quantification 

–  Model updating 

•  Future works 



Michael I. Friswell: Morphing Aircraft and Dynamics 

Automatic Rotor Balancing
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optimisation of engineering structures  
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DynamicsMorphing Aircraft

MORPHLET – Morphing Winglet 

FishBAC Active CamberFE Model Identification

Corrugated Skins

complete experimental rig is shown in Figure 6. The sta-
ble shapes of the tested specimen are shown in Figure 7.
The material properties of a single-ply of the prepreg
used in the tested specimen are given in Table 1.

Figure 8 shows the transverse displacement-to-
voltage FRF for a chirp input with a voltage amplitude
of 100 V for stable states 1 and 2 of a [90/0] 160 3 160-
mm specimen subject to clamped-free boundary condi-
tions. Several FRFs with different low voltage ampli-
tudes are obtained showing very low variation in the
modal frequencies, hence these results are omitted. The
frequency range presented focuses on the first cantilev-
ered modes for each stable state, which are associated

with minimum actuation snap-through for the chosen
experimental set-up. Two modes can be observed in
each stable state, mode ws1

1 at 28.4 Hz for stable state 1
and mode ws2

1 at 13.8 Hz for stable state 2.
It is observed that due to the asymmetry introduced

by the designed lay-up and the cantilevered set-up, the
dynamic response for each stable state has different
modal frequencies associated to the first cantilevered
modes. Sufficiently spaced modal frequencies prevent
constant snap-through chaotic oscillations between sta-
ble states to be triggered. This is an important result
given that by incorporating design asymmetries in the
structure, the likeliness of triggering complex beha-
viours is greatly diminished, allowing for the develop-
ment of a dynamic morphing strategy, as described in
the following section.

Morphing strategy

The objective of the proposed morphing strategy is to
exploit dynamic features of bi-stable composites, or in
an abstract way of any structure, in an attempt to maxi-
mise the authority of the used actuation systems. In this
case, the authority augmentation is demonstrated using
MFC actuators to induce resonance on the composite
structure resulting in dynamically induced controlled
changes between states. An offset direct current (DC)
voltage signal of 500 V is used in order to shift the
lower admissible voltage of the MFC actuators allow-
ing for a safe operational range of [21000, 1000] V,

Figure 7. Stable states of the tested cantilever bi-stable composite specimen with two symmetrically attached MFC 8528-P1 type
actuators: (a) state 1 and (b) state 2.

Figure 6. Experimental assembly.

Table 1. Material properties for a ply of the E022-T700 prepreg used to manufacture the bi-stable experimental specimens.

Fibre vol. (%) Exx (GPa) Eyy (GPa) Gxy(GPa) nxy = nyx (–) Density (kg/m3)

60 120 12 4.8 0.3 1500
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Bistable Plates

vibrations, whereas for the plain rotor A-E=R¼ 1" 10#4 as
O-1. By contrast, the ABB performs far worse than the plain
rotor when in the vicinity of the critical speeds. We note that as
w¼ 0 the conical resonances are not excited in the plain rotor,
however, the balls still become unstable with respect to these
modes. Also, the ABB seems to balance the rotor for a greater
range of speeds than is predicted by the section through Fig. 11.
This discrepancy occurs because the symmetry of the initial
conditions prevent the balls from destabilising as expected.
Therefore, we also present results for the case of a dynamic
imbalance with m=M¼ E=Rþ w,E=R¼ w and a constant phase
b¼ 1. Here, there is a better agreement with the stability results
of Fig. 11, and we find that the ABB still compensates for the
imbalance in the highly supercritical frequency range.

5. Device asymmetry

A real ABB device will always possess unavoidable errors that
arise during the manufacturing process. For example, the race
centre can never be made to coincide exactly with the rotation
centre and the resulting error is called the runway (or race)
eccentricity. The influence of imperfections in the race geometry
was investigated in detail by Huang et al. [4] and Olsson [28].
Here it was shown that the vibrational amplitude of an ABB is
bounded below by its runway eccentricity, therefore, it is impor-
tant that this error is minimised.

In this section we shall consider other such ABB asymmetries.
In a practical two-plane balancing procedure, design constraints
often dictate that the balancing planes are not chosen to be
equally spaced from the midspan, therefore, we will investigate
the case in which z1,2az3,4. In addition we shall consider a setup
where one ball is heavier than the others.

For ease of analysis, we will restrict attention to the isotropic
case with

KX ¼KY ¼K¼
1 0

0 9

! "
and CX ¼ CY ¼ C¼

0:02 0

0 0:18

! "
: ð44Þ

Thus, we can use the autonomous rotating coordinates model that
is given by (7) and (8). Also, unless otherwise stated, the values of
the other parameters will again be given by (10). When the
moments of inertia are such that Jt4 Jp, the rotor is termed ‘long’
and there exists a critical speed Ocon that is associated with the
conical whirl. For the present case we have Jt¼3.25, Jp¼0.5 and so
OconC1:81, see (11); these values correspond to a solid cylind-
rical rotor with a length of six times its radius.

Fig. 13 shows various stability diagrams for a static type
imbalance. As in Fig. 10, the eccentricity E=R is plotted against
O, whilst we also scale the ball mass so that the balanced state
ball positions do not change value. Panel (a) serves as the control
case and is the same (except for the aspect ratio) as that of
Fig. 10(a). By contrast, the results for a ‘disc’ type rotor in which
Jto Jp are shown in panel (b). Here, the influence of the gyroscopic
terms are such that the eigenfrequency corresponding to the
conical whirl is always greater than the rotor speed O. This means
that there is no conical critical speed Ocon and thus no associated
self-aligning process2; hence the ABB is not stabilised with
respect to conical motions. The method of direct separation of
motion has been used by Sperling et al. [14] to derive this result
and in addition they discuss how it relates to Blekhman’s general-
ised self-balancing principle [20, Section 8]. From a practical
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Fig. 13. Bifurcation diagrams showing stable regions of the balanced state (shaded) in the case of a static imbalance. The eccentricity e=R is varied against O, whilst m=M is
kept equal to e=R so that the balanced state ball positions remain constant. Panel (a) is a bifurcation diagram for a ‘long’ type rotor Jp4 Jt and panel (b) is for a ‘disc’ type
rotor Jpo Jt . Similar diagrams for the ‘long’ type rotor are shown in (c) where one of the balls has a mass 20% greater than the others and in (d) where z1,2 ¼ 1 and z3,4 ¼ 3 so
that the balancing planes are not equidistant from the midspan.

2 Self-aligning is the phenomena whereby a rotor will tend to rotate about its
principal axis of inertia at supercritical rotation speeds.

D.J. Rodrigues et al. / International Journal of Non-Linear Mechanics 46 (2011) 1139–11541150
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Hamed Haddad Khodaparast : Uncertainty analysis in aircraft structures 

Comparison of non-probabilistic and 
probabilistic stochastic model updating 
using the DLR AIRMOD test structure

Using non-probabilistic models for uncertainty 
analysis and robust design in aircraft structures 

Simplified AIRcraft MODel- AIRMOD 
(DLR-Germany)Surrogate modelling 

(Kriging and Polynomial 
Chaos Expansion)

Development of non-probabilistic 
Stochastic Model Updating techniques 

Variations in the fuel load and its 
effect on the aeroelastic behavior of 

the Semi-Span Super-Sonic Transport 
wind-tunnel model (S4T)

Uncertainty Quantification 
of Aeroelastic Stability

Probabilistic 

Non-probabilistic-Fuzzy 
Rapid perdition of worst case 

gust loads



0
5

10
15

20
25

30

0
5

10
15

20
25

30

0

1

2

3

4

5

6

7

8

9

Fi
tte

d c
oe

ffi
cie

nt 
ma

tri
x C

kj

Sondipon Adhikari: Structural dynamics across different length scales

Damping  identification  from 
experimental measurements

Uncertainty quantification and model validation

Nonlinear vibration energy harvesting 
under random ambient excitations 

Stochastic Structural 
Dynamics

Vibration Energy Harvesting

Nonlocal continuum method of 
vibration based nanosensors 

Dynamics of Nanoscale 
Structures

Atomistic  finite  element  method  for 
dynamics of general nano scale structures  
like DNA, Graphene sheets, Boron Nitride

Experimental  methods  for 
uncertainty  quantification  in 
structural dynamics

Novel computational methods for 
transient dynamic response of 
dynamical systems with uncertainty   
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Morphing Aircraft and Nonlinear 
dynamics 
 



Morphing Aircraft 

Camber morphing - FishBAC 

Morphing Winglet - MORPHLET 

Corrugated 
Skins 

Span 
Extension 



Nonlinear Structural and Rotor Dynamics 

Rotating machine analysis & diagnostics – 
breathing cracks, unbalance, rotor-stator 

contact, etc 

Bistable plates – applications, design, 
analysis, control 

Automatic ball balancers, 
bifurcation analysis 
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Vibration energy harvesting 



Vibration energy harvesting 

•  Wireless sensor network for structural health 
monitoring 

•  Self-powered sustainable sensors – vibration energy 
harvesting   
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The average harvested power due to white-noise 
base acceleration with a circuit without an inductor 
can be obtained as 

The optimal condition is 



Vibration energy harvesting 
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Uncertainty quantification 



Uncertainty in Structural Dynamics 

 
 
 
 
Stochastic dynamical systems across the length-scale



Uncertainty modeling in structural dynamics 

Uncertainty 
modeling 

Parametric uncertainty: 
mean matrices + random 
field/variable information 

Random field discretization 
  

Nonparametric uncertainty: 
mean matrices + a single 

dispersion parameter for each 
matrices 

Random matrix model 



Dynamic Response 

•  For parametric uncertainty propagation:  

 

•  For nonparametric uncertainty propagation 

•  Unified mathematical representation  

•  Can be useful for hybrid experimental-simulation approach for 
uncertainty quantification 



Plate with Stochastic Properties  

•  We study the deflection of the plate under the action of a point The 
bending modulus is taken to be a homogeneous stationary Gaussian 
random field with exponential autocorrelation function (correlation 
lengths L/5) 

•  Constant modal damping is taken with 1% damping factor for all 
modes.  

 

•  Thin plate with stochastic 
bending modulus (nominal 
properties 1m x 0.6m, 
t=03mm, E=2 x 1011 Pa) 

•  16 random variables 
approximating the random 
field 

 



Response Statistics 

Mean with σa  = 0.1 Standard deviation with σa  = 0.1 

Proposed approach: 150 x 150 equations 
4th order Polynomial Chaos:  9113445 x 9113445 equations  
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Plate with randomly placed oscillators 

10 oscillators with random stiffness values are attached at 
random locations in the plate by magnet 



Mean of a cross-FRF 
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Reduced diagonal Wishart
Experiment



Standard deviation of a cross-FRF 
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Model updating and inverse problems 



Model Updating 

Vibration measurement, modal 
analysis 

Improve FE models using 
measured data,regularisation 

Choose 
parameters: 
 car body, 
Lynx tail 



Stochastic model updating: DLR AIRMOD Structure 

FE NASTRAN MODEL

Physical structure

Identifying  joint  stiffness 
variability  due  to  assembling 
and reassembling process.
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Experimental mode shapes 



AIRMOD – Observed Variability 
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Correlation of visible in 
scatter diagram 

Monte Carlo 
Simulation 
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Stochastic model updating procedure 



Interval updating vs. perturbation method 
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Other research interests 



Stochastic multiscale mechanics 

•  New generation of structural materials 
•  Nano-composites, bio-composites  
•  Self-sensing, multifunctional, self-healing and sustainable materials – 

high strength to weight ratio 
•  We need to embrace new materials and develop next generation of 

analysis and design tools 
•  Requires multiscale and multiphysics approach 



Nano-scale stochastic mechanics 

•  Uncertainty in modeling (geometry, boundary condition, 
system parameters) 

•  There are defects which may not be known a-priori 
•  Analysis using the principles of structural mechanics, 

dynamics, stochastic finite element method  
•  Propagation of uncertainty across the length and time-scale 


