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Abstract 

At present, a new generation of high-performance elastomeric materials is 
introduced in modern rotor systems. 
The field of application ranges from low damping elastomers for layered high­
capacity elastomeric bearings to high damping elastomers for lead-lag dampers. 
All such materials show a significant nonlinear and almost incompressible 
material behaviour, which can be described in the static range by hyper­
elastic material models and in the dynamic range by viscoelastic constitutive 
equations. Ultimate values and dynamic mechanical properties are highly 
dependent on parameters such as frequency, temperature, amplitude and pre­
load. In addition mechanical property changes are due to aging and dynamic 
fatigue. 

An optimized structural design for the whole range of application, requires 
a solid knowledge of the mechanical material characteristics. This paper 
describes some representative results of the theoretical and experimental 
work which is done at MBB in developing viscoelastic lead-lag-damper in 
bearingless main rotor systems. 



1. General Outlines 

High damping elastomeric materials with profound viscoelastic material be­
havior find increasing application in the modern helicopter design. The 
basic principle lies in the fact of the conversion of kinetic energy into 
·internal heat by hysteresis effects. By use of such elastomers in the lead­
lag damping of bearingless rotors, natural in-plane frequencies, damping be­
havior and thus, the stability of the rotor system (ground and air resonance) 
are deceisively influenced by the material properties and damper design. The 
successful! application of elastomeric dampers depends to a great deal on the 
following important factors: 

- Exact knowledge of structural dynamics of the considered rotor system 
- Properties of the damper materials at various environmental and load con-

ditions 
- Optimized damper design for following requirements 

o static and dynamic spring rates 
o rate of dissipation 
o lifetime 
o compression set 
O· damper stability etc. 

under consideration of permissible values of strength and heat built-up. The 
material properties are highly nonlinear dependent on the outer parameters 
such as load, temperature, frequency and service time, therefore, the sensi­
tivity of this material in view to the given environmental conditions must be 
critically examined during the design phase. For providing such information, 
a thorough knowledge about the properties of the applied elastomers is neces­
sary. 

•· Since stiffness, damping and strength behavior are not constant over a wide 
range of load and environmental conditions, the dampers are optimized for the 
point with the highest probability of occurence (design point) under consi­
deration of permissible strains, maximum loss factor (versus strain) and re­
quired dynamic spring rates. 



2. Notes on the Design Principles of Lead-Lag Dampers in Bearingless Soft­
Inplane Rotors 

The lead-lag damping concept for a bearingless rotor system, presented in 
figure 1.1, has eight discrete pair-like arranged viscoelastic lead-lag 
dampers. As shown in figure 2, a periodic in-plane motion of the rotor 
blade about the lead-lag hinge causes on the point of damper installation 
a relative displacement between flexbeam and cuff. The resulting shear 
deformation of the bonded elastomeric material produces the damping forces 
and corresponding dissipation energy to prevent air or ground resonance of 
the considered rotor system. The conversion of kinetic lead-lag energy into 
internal heat is a direct function of damper shear displacements (or shear 
forces) and the corresponding frequencies. 

I Cuff 
Homogenous Blade i.:; 

Figure 1: Bearingless Soft-Inplane Mainrotor for a Light Helicopter 

An optimized damper design requires therefore an appropriate tuning of dynamic 
characteristics of blade, cuff and dampers under consideration of maximum 
loss power, load and environmental conditions, damper stability and acceptable 
operating stress and strain values. 
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Figure 2: Principle sketch of Lead-Lag Damper and Inplane Blade Kinematic 

3. Design Parameters 

The large number and the complicated dependence of the influence factors is 
characteristic for all problems with which we are confronted in the design 
of high damping elastomers. The possibility to describe the most important 
influence factors plays a deceisive role in damper optimization and rotor 
system tuning. Some important design parameters can be summarized as follows: 

o Material Point of View 

- Hyperelastic and viscoelastic material properties 
- Drift characteristic 
- Thermodynamic properties, ·heat build-up characteristic 
- Permissible stresses and strains 
- Bond strength etc. 

o Damper Point of View 

- Companion dimensions, elastic stops, weight 
- Static and dynamic lateral and axial spring rates, working range 
- Dissipation rate, temperature distribution, low temperature stiffening 
- Stress and strain distribution 
- Lifetime, strength and stability at combined loads 
- Compression relaxation, axial preload 



o Rotorsystem Point of View 

- Rotor geometry and kinematic, structural damping, weight 
- Ground and air resonance stability bounds, coupling effects 
- Static and dynamic characteristic of blade and cuff system 
- Load and motion spectrum,limit loads, permissible strength values 
- Natural lead-lag frequencies and blade damping as a function of damper 

characteristic 
- Appropriate tuning of the system blade-cuff-damper under consideration 

of the total load spectrum and the given wide range of environmental 
conditions 

- Optimal working range and therefore the required range of damper, spring 
rate and loss factor 

4. Optimization Steps 

There are two main steps in the preliminary damping optimization stage: 

A) Optimization of rotor system damping (lead-lag damping) by means of an 
_appropriate tuning of blade, cuff and damper. 

B) Optimization of the discrete viscoelastic damper corresponding to the 
results of the first step and other technical requirements. 

A suitable design diagram for the first optimization step is shown in 
figure 3. This diagram represents the variation of the first lead-lag 
frequency (GJ!) and modal blade damping (Ds) with respect to the elastic 
damper spring rate (K'). The ideal linear viscoelastic material is modelled 
as an equivalent viscous damping coefficient, which provides the same energy 
dissipation (NDiss) and dynamic spring rate (K*, K') as the elastomeric 
damper (2-parameter model). 
There is no difference between the viscose and the elastomer damper at a 
constant frequency with respect to the dynamic behavior. 
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Figure 3: Modal Lead-lag Domping and Lead-Lag Natural Frequency as a Function 
of Elastic Damper Spring Rate 

·As far as·· stability boundaries of the rotor system are concerned, the 
predesign diagram of figure 3 provides the required damper characteristic, 
such as the appropriate range of spring rate and damping (loss power). It is 
important to note that damper loss factor and stiffness vary highly with 
temperature, strain and axial precompression. 
With respect to the divergent design goals, such as spring rates, damping and 
lifetime, the optimization procedure requires a thorough knowledge of all 
·influence parameters. 
In the following, priority is given to the second preliminary design step, 
especially to the basic questions of material and damper characteristics. 



5. Stiffness and Dissipation Characteristics of Elastomer Dampers 

5.1 Basic Principle 

In general, the stiffness characteristic of elastomer dampers depends on 
the static preload, dynamic amplitude, frequency, temperature etc. A 
typical load-deflection curve for an arbitrary load direction is given in 
figure 4. 
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Figure 4: Spring Rate Characteristic of Elastomer Damper 

The static work points (mid loads or deflections) are represented by the 
nonlinear elastic equilibrium curve. The complete static curve is des­
cribed by the secant stiffness Ks,A = (F/X)A; the tangent stiffness 

_ KT,A = (dF/dx)A represents the linearised spring rate in the vicinity 
of a nonlinear prestrained state. 



In the case of periodic loading, a viscoelastic hysteresis loop is super­
posed to the equilibrium curve at the working point. The resulting absolute 
dynamic spring rate is defined by !K*I = F/~ with F and x as the dynamic load 
and deflection amplitude, respectively. I K*l is always greater than the 
corresponding tangent spring rate and increases with an increase in frequency. 
The hysteretic loops can be represented as a combination of different material 
properties, such as hyperelasticity and viscoelasticity. 
Figure 5 shows the linear and nonlinear individual elements of the dynamic 
characteristic of the damper and two derived hysteretic loops. 
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Figure 5: Hyperelastic and Viscoelastic Elements of a Nonlinear Hysteresis Loo~ 



5.2 Static Spring Rate 

Linearisation of the hyperelastic equilibrium curve at a given working point 
(A) provides the differential spring rate K for the selected load direction. 
The linearized static tangent stiffness matrix for a typical damper as 
shown in figure 6, can be expressed by 

V\11 0 0 0 0 0 

0 Kzz. 0 ! 0 0 K16 
I 

0 0 K~:. 1 0 K35 0 
-- - - -- - - - !. - - - - - - - -

J where . ---
I 

0 I K4Lt 0 0 
I 

0 0 

0 0 Ksa; 0 
0 K6z. 0 ! 0 - UeHed:ions 

static tangential stiffness rno.trix 

axial spring rate 
lateral spring rates: 
couple terms 

K11 

K22' K33 
K26' K62; K53' K35· 

or, in short, £. = K A • X 

Elastomer 

torsional sp_ring rate: K44 
cocking spring rate : K55 ,K66 

F1 M 5 

c:;:~~-~~'1 -;;-
/ 

Figure 6: Coordinate System of a Typical Multiaxial Loaded Elastomer Damper 

The static components Kij depend on preload (rsp. predeflection) and 
temperature: Kij = Kij ( ~ .~). 



5.3 Dynamic Spring Rate and Definition of Damping 

The dynamic spring rate is defined by the shape of the measured hysteretic 
loop at a given working point. A typical test arrangement for dynamic stress 
or strain controlled shear tests at low frequencies (0 ••• 20Hz) is shown in 
figure 7; test parameters are frequency, amplitude, predeflection, axial com­
pression and temperature. The measured hysteresis loop gives important 
information on the dynamic damper characteristics for the steady state 
cyclic behavior [1]. 

In this case, two different suitable methods are used to describe the damper 
behavior: the mathematical and the physical modelling. 
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The hysteresis loop is a representation of steady state periodic behavior. 
The corresponding damper characteristic for strong nonlinear elliptic 
hysteresis loops can be written mathematically in a general force-displace­
ment Jaw (without inertial forces): 

Flx)- Kax +¢1 6() 

F(x)- Kax- ¢Lex) 
This pair of equations, which occupies different parts of the time-domain, 
can approximately be solved by the method of the Harmonic Balance (phase plane 
analysis). Figure 8 shows measured hysteresis loops with different amplitudes 
and their mathematical approximation (dotted lines). 
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Figure 8: Direct Mathematical Description of Nonlinear Hysteretic Loops 

Physical models of dampers are based on the description of the measured 
material behavior with appropriate constitutive equations. In the damper 
characterization we have to differentiate between conservative (hyper­
elastic) effects and dissipative (viscoelastic) effects. Hyperelastic 
constitutive equations are represented by a strain energy potential 
function W. Viscoelastic material properties are given by the equilibrium 
constants and an appropriate dissipation function H*. 



In the frequency domain, the cyclic spring rate characteristic of visco­
_elastic dampers can be suitably described by the complex modulus approach, 
see figure 9. 
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Figure 9: Vector Diagram for Complex Modulus and the Effect of Frequency 
on the Dynamic Damper Characteristic 

Generally, the complex spring rate is defined as 

K*(l.w) = 1/x" = K'+ i.Kn = Ke+ H"(lw) 

where Ke: equilibrium modulus; ti~H(i~): dissipation function. 
In .case of multiaxial periodic loadings the damper characteristic can be 
written in an appropriate complex form: 

Flf = K* ·X"" 
- =A -

where f*: complex force vector, ! *: complex displacement vector and 

~\=!'A+ i·~~: complex stiffness matrix. " " 
Based on the traced hysteresis loop the dynamic spring rate IK*I = F/x and 

. the damping parameters are determined. There are two fundamental definitions 
of the mechanical loss factor tandr. 



The first definition is given by 

-~ (Adiss ) h 6 = sin ~ ,., J w ere 
if·F·;x. 

2.'% 

Ad;56 = 1~="dx - J Fxdt 
0 

and F: maximum load; X: maximum deflection; J: loss angle 

The second definition is given by 

c:f ~ +an-~ ( Adiss ) 
1 

where the strain ener9~ Us"" 1 K' X 2. ts 
2:Tr· Us 

represented in figure 10 of the area 0-1-2-3-0. 
The determination of strain energy by an nonlinear-elastic "mid-force" curve 

US, mid = 1' Ftnicj dx (area 0-4-2-3-0) has the disadvantage of inconsistence 
together with the other viscoelastic relations. 
The mechanical loss factor tanS and therefore all related parameters are 
dependent on shape factor, amplitude, frequency and temperature. It is noted· 
that tan t! and .A/11" can diverge markedly, (.A.= logarithmic decrement). 
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Figure 10: Definition of Damping in Terms of Hysteretic Loop 



For the description of real damper properties by the methods of visco­
elasticity, nonlinear hysteresis loops are suitably linearized. 
The dynamic spring rate \ K*! and the loss factor tanJ in the two types of 
loops are constant. 
Figure 11 represents this linearization by an elliptical loop. 
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Figure 11: Linearization of a Nonlinear Hysteresis Loop 
(Equivalent Damping Method) 

The main influence parameters on shear stiffness and loss coefficient are 
amplitude, frequency, temperature and axial compression. Figure 12 represents 
qualitatively the performance graphs for stiffness and damping in dependence 
on these parameters. 
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Figure 12: Performance Graphs for Spring Rate and Loss Coefficient 

Two measured hysteretic loops at different frequencies are given in 
figure 13. The strong dependency of the investigated high damping materials 
on the dynamic amplitude is demonstrated in figure 14. 
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Figure 15 shows in a qualitative manner the typical temperature characteristic 
of high damping elastomers. 
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Figure 15: Dynamic Stiffness as a Function of Ambient Temperature and 
Heat build-up 

The vibration response and the dissipation characteristic of viscoelastic 
dampers under double-frequency input excitation have been analytically and 
experimentally investigated. 
An example is shown in figure 16. Various test results show good agreement 
between measured and theoretical response data. 
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Figure 16: Multifrequency Response (Calculated Result, Silicone Rubber) 

The most frequently used representation of the damper characteristic in the 
time domain is given by the linear differential equation form: 

, •• ... (n) (IYI) 

F -+ ~ F + 'P2 F-+ 1'2> F -t ··· + lfnf = Kex + Q1x + Q}<-+ ... +~m,X 
\Jnere ( )' = did~. 

It is possible to transform this equation into the frequency domain by means 
of integral transformations. The damper identification parameters P, Q, Ke 
can be determined in the frequency domain and then be transformed back. 



6. Determination of Material Parameters 

6.1 Hyperelastic Material Behavior 

Most of elastomer materials can be described in the equilibrium state by means 
of can hyperelastic constitutive equation. The mechanical properties of these 
Green-elastic materials are characterized by the strain energy function (hyper­
elastic potential): 

W = W (I8, II8, III8), dependent on the 3 invariants of the left 
Cauchy-Green deformation tensor. 

For an incompressible material is (Irr8 = 1) and (W) depends only on the 
. two deformation invariants, (!8) and ( II8). 

This strain energy density function can be approximated by a power series 
expansion of (!8-3) and (II8-3): · 

1<,1. A. i 
W(IBI1Ip,) =IC~·(IB-3)(1Il'>-3) = W(Cij) 

ll a-
The coefficients c10 , c01 , c11 , c20 , c02 , ..• are material constants 
which are obtained from experimental data. 
The .constitutive equations for an incompressible material can be written in 
the following form: 

where: P =arbitrary pressure, c\j = 'Kronecker delta' 

Gij (Gij- 1) =right (inverse) Cauchy-Green deformation tensor. 

eiij =Cauchy-stress tensor (true stress). 



The equations, derived from the expansion of the strain energy density, are 
linear in the coefficients, Cij. Therefore, they can be obtained by least 
squares fitting of experimental data on a computer. For example, figure 17 
represents the determination of hyperelastic material parameters (Signorini­
potential) from tension and compression tests. 
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Figure 17: Determination of Hyperelastic Material Coefficients 

6.2 Viscoelastic Material Behavior 

The usual frequency-domain formulation of the three-dimensional viscoelastic 
constitutive equation can be expressed by 

and 

Sir ( i.w) = 2.G "'(Lw) ej 
o,t ( L(J) = 313" (iw) E.1 

= 2.· ( G' -+ i.· G") e4'~ ( dilato.tion) 

= 3-(B' + L · B11
) C..:~ ( distortion) 

where s~tfl (eis) 

Oit I ( E.u:~) 

C3~',(B"): 

* .. 
complex s+r-e.s.s ( sh-<:lin) tensor <;le.vio.-lor 

1 
0 'J. = 2 eij 

tro..ce of the stress ( s+roin) -lenscr 

complex shear ( ~ll<) mod.ulus 



The complex shear modulus is defined as 

G"(Lt.:l) = 1::/0,. = G' +t:G" = Ge + h"(Lw) 

where Ge: equilibrium shear modulus, h*(i6J): dissipation function. 
Based on a linear dissipation function, the complex shear modulus can be 
approximated by 

The viscoelastic material coefficients Ge, qi' pi can be obtained by 
fitting the nonlinear equations G' ~), G"~) or G*(GJ) , 'k[_(GJ) to measured 
curves by means of appropriate numerical methods (least-squares fitting a.o.). 
These material parameters correspond to those in the following differential 
equation of the time domain (equivalent form): ( sg ~ 'Lij) 

• •• en> • •• (mJ 
't~ + ?1 'tij' + P2. '\::~· + · ·· + Pn l:~· = Ge· 0~ -t <11 D~ + Ci2.D~+ ... +9rn0j· 

Figure 18 shows the.approximation of measured storage modulus G'(w) and loss 
modulus G"(Col) by means of models of a different number of parameters: 

o 4-parameter-model: 
•• 

'L+p, ~ = Ge ·If+ q1 '{ + ql.'Q 

o 10-parameter-model: 

• •• ••• • ••• 
'L + P, -c + P2. -c + P.3 'L. + P<+ 1::. 

• •• 
- G~· 0 -r g1 D -t Ch 0 + q3 0 -t ••• 

•••• • •••• 
+qq 0 + qs 0 



The dynamic characteristic for the total frequency range can be represented 
by means of the polar frequency response locus for a particular dynamic 
shear strain 'Q (figure 19). 
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Figure 18: Storage Modulus and Loss 
Modulus as a Function of Frequency 

Figure 19: Polar Frequency Response Locus 
of a Viscoelastic Damper Material 
(J*G Complex Compliance) 

Non-linearities of the dynamic stress-strain behaviour arise from two sources: 
- modes of deformation and geometries 
- inherent nonlinearities due to material behaviour 

In the second case, the material coefficients are dependent on amplitude, 
temperature etc. Figures 20 and 21 show an example of the influence of shear 
strain on the dynamic modulus and the loss factor at a constant frequency. 
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Alt~rnatively, the equivalent convolution integral equation can used for the 
description of isotrope linearized viscoelastic materials; for example: 

J
1: de·· 

- 2·e~·(o) · GR(-1:) + 2. GR.(t-'t:) d~ d-e 

0 

(relaxation integral form) 



In the time domain, the relaxation (creep) modulus is experimentally deter­
mined by means of uniaxial relaxation (creep) tests. The relaxation modulus 
GR(t) can, for example, be approximated by the finite Prony-Dirichlet series: 

.A. k -ti-c.: 
GR(t:)= Ge-+ Gl-1:) = Ge + L_G.:·e 

_.{,~ 

For a given relaxation experiment, the material parameters can be computed by 
using least-squares techniques or a simple collocation. These material para­
meters are related to all other material coefficients in the time and fre­
quency domain. 
Figure 22 represents this fitting method by means of an uniaxial tension-re­
laxation test. The selected Prony-Dirichlet serie (k = 7), shows good agree­
ment with experimental data. 

- ~ (t) Stress relaxation modulus 

" I "o 1\ -, 
A, 

• 
" relaxation ~ dl'C 

~ I I 
( I I 

experimental result ----·_ f.-
approximated curve - _ L. 

I I I I I 

" 
" 
" 

"il--+-+--+---jf--+-+-1---J.-l-+-+--l 
" \ 

~If f-..... 

· ·ttr·-··tt· mw:t ~ 
.E If •··· ••••• • 

•1--+-+-+~1--+--l--+--+-t--+--l-.....j 

" f-+-+--+---jf--+-+-1---J.-l-+-+-1 
" •f-+-+--+---j'--+-+-1---J.-f-+-+--i 
" " • • • • • • • • •• "' , . •• , . ,. t n n • n • • • c D a • 

time [secl time [min} 

Figure 22: Determination of the Viscoelastic Material Parameters from a 
Relaxation Test 



In addition figure 23 represents an uniaxial creep-tension test and its 
numerical approximation (k = 7). 

- Jl{l) Creep compliance . 
•JE(t) Creep compliance 

w " 
• ! ' l I ~ I I u0 .. canst. 

I ; ! • ' I I RT 
; I I I I 

D 
; I 

! I i ____., ! I I I 
D -··· ----· ... 

i / i ' experimental result ·------n 
approximated curve -- -/ ' 

• 
' i ' ' -

I i ' ' I ' " 

/ 

/ _J,•V[e 

II (short time test) 

i ' ' ! ! 
" i ' I ! u ' • 

! ! i i i ' I i ' ' • • • • •• .. , . "' - "' ~ " • • • • • • .. • ,. 
time[min] time [h) 

Figure 23: Determination of the Viscoelastic Material Parameters from a 
Creep Test 

-
-

"' , . 



Conclusions 

Optimization of viscoelastic dampers requires an accurate knowledge of 
spring rates, strength and dissipation characteristic at varios load 
and environmental conditions. 
This paper presents experimental and theoretical results on the identi­
fication and analysis of elastomeric lead-lag dampers in terms of appro­
priate model constants. 
The determined nonlinear-elastic and viscoelastic material coefficients 
are the base for the calculation of spring rates, loss power, strain­
and temperature distributions. 
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