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Delay equations arise in mechanical systems...

.. by the information system (of control), and
by the contact of bodies.

- Linear stability & subcritical Hopf bifurcations
- Force control and balancing — human and robotic
- Contact problems
Shimmying wheels (trucks and motorcycles)
Machine tool vibrations
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Shimmy damper on a Honda

Violent shimmy — ‘tank slapper’

Shimmy damper — manual tuning

Shimmy damper — controlled

Shimmy on airplanes
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Shimmy on airplanes

Shimmy on airplanes

Concorde
2001

Articulated bus, trailer, RV, jeep
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Early publications on shimmy
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Mechanical model

Contents

Stability and bifurcations in RFDEs
Shimmy (motorcycles, airplanes...)

Mechanical modeling with and without delay
Single contact point model without delay
Nonlinear vibrations in the non-delayed model
Stability chart for the delayed model of shimmy
Quasi-periodic oscillations — experiments

Stretched-string like tyre model — experiments and
analyses




Single contact point model — rigid wheel
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Viscous damping at king pin
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Nonlinear vibrations — without delay
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Stability chart & |
bifurcation diagrams \
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Sliding at large oscillation — transient chaos
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Transient chaos

Non-conservative system —
even without viscous damping!

—y
Contents e =
- Stability and bifurcations in RFDEs )

- Shimmy (motorcycles, airplanes...) :ab =

- Mechanical modeling with and without delay

- Single contact point model without delay

- Nonlinear vibrations in the non-delayed model

- Stability chart for the delayed model of shimmy
- Quasi-periodic oscillations — experiments

- Stretched-string like tyre model — experiments and
analyses

Creep force — Pacejka’s Magic Formulae
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Rigid king-pin, elastic tyre — brush model
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Expenments on conveyor belt
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Experiments on lateral stiffness

Stretched-string tyre model
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Stretched-string tyre model and delay
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Stability chart — experiments & theory
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Long caster — stretched-string model
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Stability charts — analytical
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Acceleration signal at quasi-periodicity
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Sticking-sliding in the contact-patch

Coefficient of static friction 0.7 does not provide
large enough friction forces for sticking

When tread points sliding, friction force is limited
by coefficient of dynamic friction 0.2

Simulation of sliding as nonlinearity
Transient motion (almost no sliding)
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Experiments and simulation
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Takacs,Stepan (ASME J Comp & Nonlin Dynamics, 2009)

Nonlinear RFDE for shimmy

V23(1) + (t) %r_""(f] =

=1 i
A (/ (L —1=20%0(t + )i + fvy) + gl r.',..'_',])
J-1

L2+1/3
f = =300 [0 (L - 1-20)¢(t + 9)dv
—2:-[r]_;"'i:.f. — 11— 2t +N)do
--%_f'l_llli. -1- t',r)}f_"‘“ + ),
gl ) L) 2 (L — 1= 20)2(t + 0)do
—r(t) [ (L — 1= 0)(L — 1 — 20)(t + D) (t + 0)d)
ML= 1) [ (L = 1= 20)02(t + D) + 0)dd).

It is likely to be subcritical, again — video
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Conclusion
Quasi-periodic oscillations and tyre
micro-slips/warming is explained with
nonlinear, delayed, low (mechanical)
DoF wheel models.
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