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Some very brief fundamentals of LDV
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Some of
laser Doppler vibrometry
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How does a laser vibrometer P eamepiter B
measure target surface vibration, _2da® I N A
- PTa | 3
In an interferometer arrangement: > f+fh f+ fr
Split laser into target and reference beams “w éﬁ
Back-scattered light collected on photodetector Photodetector Doppler signal
What turns it into a vibrometer: 1
Introduce a known reference frequency shift l
211, cos[27y‘Rt—2ka(t) + (¢, —¢T)] C— |, - %;—ta(t)|

Some further important points:
Any path length changes lead to Doppler signal, c.f. “Refracto-Vibrometry”
Will work in other fluids, e.g. underwater (noting different «...subject to absorption)
Other interferometric optical arrangements (e.g. D-LDV)
Other Doppler signal demodulation techniques (e.g. signal diversity)
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Ok, but what do we really measure with LDV?!

N
Fundamentally, /o = ZU’”/A | Ny
where U is the (arbitrary target) velocity Un =V_pf - —
in the direction of the beam: ~> | | ©&
....»-~---~-""'cozsﬁcosy
But...

...iIf the target vibration is complex (e.g. 6DoF vibration), is U still what we expect it to be?
And...
...what happens if the beam orientation changes with time, e.g. scanning LDV?

...or, if the instrument itself or a device used to steer the beam vibrates, does this
motion/vibration also appear as U?

Yes, of course — it all does!
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Base vibration correction challenges

Instrument vibration measurement sensor locations/orientation w
' +«—— Target Shaker

Geometrical model shows us where to put them! Ref. Acc.
Sensors must deliver flat amplitude and phase freq. response

Choose a rigid location on the sensor head! Corr. Acc. }DV / Laptop

13 H ” . . . —A lf
Accels. “easiest” but must be integrated and time-aligned A FADHHETS
Base Shaker DAQ

Early attempts used frequency domain processing Signal - /

Easier to implement, including “jo” integration Condltl\oinng _ |

Contemporary approaches use time domain processing

Application to transient signals
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Base vibration correction procedure...

...frequency domain based approach

n
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Base vibration correction procedure...

= ...time domain based approach
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Scanning LDV measurements
from
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Scanning LDV base motion

: |
correction

‘AccTar’
Remember, LDV measures
velocity in direction of laser beam: e
Vibrating /
~ N ‘ , stationary
— y-scan
Un bn(t). Vpr (t) mirror < target
Pacey
We can correct for the non-scanning case: AccR xescan
Use AccR; same as for single beam N ™ Yiov

> > Fixed mirror /K
But what about when the laser beam moves? Zipy XLpv

SLDV local
coordinate system

~

Vibrating /
stationary SLDV
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Correction during scanning

How does changing the beam angle affect the correction performance?

Top view (x-scan shown)

‘y-scan’
mirror

> Q
Fixed ZT
mirror

X

‘x-scan’
mirror

Vibrating SLDV Vibrating target
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Example results during scanning -
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6 DoF correction for

= scanning LDV measurements

I A\/ibrating
ll M & At ( |

‘AccZ’ |

6 DOF vibrating /
stationary SLDV
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Frequency domain processing
for scanning LDV correction

Ucorr = —Uy cos(@oye) sSin(Byye) + Uy sin(@oyt) — Uz cos(@oye) cos(Boye)

LDV
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LDV measurements using
a
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Compensating for -

= steering mirror vibration

Measurement inherently sensitive to steering mirror/optic vibration

Sensitivity can be predicted from knowledge of geometry ...

U = B2 TG (b = B) T

...measure the mirror vibration independently then we can compensate the measurement
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Experimental validation | —
lab-based scenario
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Experlmental valldatlon Il —
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Experimental validation |l —
“Flyable Mirror” project

Stationary
loudspeaker retro-reflector

Transducer
er supply |

Power

Function
rato

L Mirror
Vibrometer “ o - 7 R acc.
controllers : SR .

\ ; P
D) 3‘1‘ o
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ackross an aperture/opening
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Wide Area Refracto-Vibrometry u

= (to replace a microphone array)

Remember, LDVs measure path length fluctuations...which includes refractive index changes!

16x14 Microphone array

Accelerometers

VS.
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Experimental arrangement -
and (some) signal processing
- y'"  R(x', 0, w)
Scan lines
¢ ,
X
0
>
X

Sound field
P(x, y, o)
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Results -

Simulation vs. microphone array vs. refracto-vibrometry:

Simulation Microphone array Refracto-vibrometry
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ANC at a window opening

Secondary
Sources
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Experimental setup

n
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Sound Field Reconstruction @ 2 kHz (two sound fields)

Microphone array (14 x 16)
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ANC Performance with 15 Secondary Sources @ 2 kHz -

No. of errors Noise reduction level 1 nq: o O i OZ%OQ
Microphone array Refracto-vibrometry [ mossmAe Cvatuation ponts

15 ~11.2dB ~10.1 dB ! J .o
21 —4.2 dB —-5.8 dB - . . (rgtizerletf:]zaczr)
30 —-3.6 dB -3.4 dB PR Ok
56 _2.5dB _2.2dB Seconden/| 4% % ¥ ® 3 | losm

224 0.8 dB 0.2 dB Ny 7

9216 - 0.1dB e

Primary source Tm
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Acoustic Radiation Force

_ (ARF)

A .
Scattering waves

Interaction
between
Incoming and ARF
scattering
acoustic waves

Incoming acoustic waves
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Experimental demonstration —
object trap change and chaos
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Laser vibrometry etc. in

relsearch
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LDV measurements of bee wing dynamics -
a P C d
| — Outer Clamps — MSA-100-3D
= [ Bee Wing // |
/_ \ Inner Clamps/

Laser Vibrometer —

Laser Beam //_‘[t
Bee Wing 7 L]

Bee Wing Holder

Accelerometer //]_I\

Shaker ——
r K2004E1 '—‘
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Laser intensity causing

n damage (when focusing)
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Laser Power (UWW)

|
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Normalized Intensity (%)

o

o

Damage to the bee wing occurs at
above 30% intensity ~ 0.25 mW
(green line)

LDV system used is MSA-100-3D
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UCT scans of termite leg and its subgenual organ (SGO
A

Thorax

Abdomen

Antenna

Rostrum

/
Tibi
ola Tars{Js

yd
Cercusl 500 um-
' ' SGO’

Maxillary palp
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Channel
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Summary and conclusions -
N

Modelling LDV velocity sensitivity allows prediction of (some) measurement “uncertainties”

Predictions can be used to determine which correction measurements are required for scenarios
where additional velocity contributions are present

Correction can be done in both frequency and time domain processing

Vibrating scanning LDV, even for 6DoF sensor head vibration!

Vibrating steering mirror, applicable to “Flyable Mirrors”!
Refracto-Vibrometry can be used for effective active noise control at an opening

Acoustic levitation for manipulation of lightweight structures

Insect biomechanics
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