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The Problem
• Recent measurements using highly sensitive instruments have shown

increased dissipation and the appearance of random low frequency
noise in metal flexures.

• These devices include, but are not limited to, seismic attenuators for
Gravitational Wave Observatories, seismometers and perhaps
instruments measuring of the gravitational constant.

• Hindering the measurements made with these flexures and seismic
isolation systems

[1] Unaccounted source of systematic errors in measurements of the Newtonian gravitational constant G. R. DeSalvo, Phys (2015) 
[2] Passive, Nonlinear, Mechanical Structures for Seismic Attenuation. R. DeSalvo, Journal of Computational and Nonlinear Dynamics (2007) 

Image Credit: Kossi Physics
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LIGO (Laser Interferometer 
Gravitational Wave Observatory)

Image Credit: LIGO

Image Credit: LIGO/MIT/Caltech/Virgo

Capable of measuring changes in the
length of the 4 km cavity arm a
trillion times smaller than the width
of a strand of hair.
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Where is this dissipation coming from?
The source of low frequency noise detected in gravitational wave seismic
attenuation systems is thought to originate from the dislocations in the
metal’s crystalline structure at the microscopic level.

[3] A. Granato and K. Lücke. Theory of Mechanical Damping Due to Dislocations. Journal of Applied Physics 27, 583 
(1956); https://doi.org/10.1063/1.1722436 
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Edge Dislocations

Dislocation is a defect in the
crystal’s atomic structure. Here
we discuss edge dislocations,
represented by the half plane
in the image.

[5] W. D. Callister and D. G. Rethwisch, Materials Science and Engineering: an Introduction, Wiley, 2014. 

[4] The role of Self Organized Criticality in elasticity of metallic springs: Observations of a new dissipation regime. R. DeSalvo, A. DiCintio, M. 
Lundin, Eur. Phys. J. (2011) 6



Self-Organized Criticality

“The canonical example of SOC is a pile
of sand. A sand pile exhibits punctuated
equilibrium behavior, where periods of
stasis are interrupted by intermittent
sand slides. The sand slides, or
avalanches, are caused by a domino
effect, in which a single grain of sand
pushes one or more other grains and
causes them to topple. In turn, those
grains, not gradual change, make the
link between quantitative and
qualitative behavior, and form the basis
for emergent phenomena”

[6] Per Bak. How Nature Works: the science of self-organized criticality. Springer, New York (1996). 7



Summary of Theory

• These microscopic defects have macroscopic effects
• Dislocations are highly prominent in all metals
• High carbon steels and maraging steel are to be
explored first because studies have already been
conducted on these materials and shown
equilibrium point fluctuations below 0.5 Hz where
the dislocations are able to entangle and create a
complex structure.
• On the macroscopic side this would appear as a
shift in flexure’s equilibrium point.
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The SOC Experiment

9



Kimball and Lovell:
Measurement of Loss Angle

Flexure 

Deflection of Center 
of Rotation Due to 
Internal Friction

[5] Internal Friction in Solids. A. Kimball, D. Lovell, Phys. (1927)
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The Experiment
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Target
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Main Frame
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Stepper Motor Mount
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Camera Mount
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Eddy 
Current 
Disk Brake 
Mount
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Stepper Motor

Trinamic MODEL QSH2818-51-07-012 

MODEL TMC5130-EVAL 

• 200 steps/turn
• 256 microsteps/step 
• stepping noise : 51,200 X 

rotational frequency 
• Operating the motor at 0.08 A, 

creates only 60 mW of power 
dissipation on the motor 
resistance of 9 W. 
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Thermalizes to: 
T1 = 71.21 ± 0.06 oC
T2 = 75.32 ± 0.05 oC
(50 oC ⇧ Troom) 

Thermalization (5") within 
34.7 - 35.2 minutes. 

Stepper Motor Heating
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Rod Design

The flexure stress level can be changed multiple ways:
• Changing the mass of the copper disk
• Changing the length of the tube
• Tilting the frame, thus changing the angle of the 

force applied by gravity
• Changing the flexure diameter
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Rod Design

High carbon steel, copper-beryllium, tungsten and 
maraging steel were chosen to study first because 
they exhibit excess losses
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Eddy Current Vibration Damper

Image Credit: Wikipedia

Image Credit: physbot
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Minimal Frequency 
Shift with Damper
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Initial Results
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Tracking the Target

4.75mm 
Metal Ball
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Tracking Error

5.5 pixel position error = 
151!m position error 

Box always stays inside the circular template, so the 
maximum distance the center can move is 5.5 pixels.
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Suspicion: Contact with Eddy Current Brake and Noise 
from Gluing Sample in Brass Bushings

The Raw Data
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Finding the Center of Rotation
Fit in Python to obtain ellipse centroids

Blue = Fit, Red = Data

Polynomial Curve Fit using Bootstrapping Method
Centroid Positions

and 
! error
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Initial
Results
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Almost a trend, which may be due to the 
heating of the test wire from the motor.

Average: 9.9 ± 0.3 mili-radians
Expected: 9.42 ± 0.02 mili-radians

Difference of 5%

Mild Steel, Cold Rolled 
(Kimball and Lovell): 1.57 mili-radians
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Future Improvements 

• Suspend from a GAS Filter
• Stabilize Temperature
• Position Measurement 

Precision
• Move to a collet mount for 

fastening the test-wire
• Eddy Current Brake 

Modifications
• Move to a higher quality steel 

(Maraging)
• Tracking Program
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GAS (Geometric Anti-Spring) Filter

! = #$%&' (

#$%&' = )!* ⁄, -
Image Credit: LIGO Image Credit: DeSalvo
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Stabilize Temperature

Image Credit: AliExpress

• Styrofoam Box, isolate experiment
• Heat Sink, draw heat away from 

experiment
• Water-cooling system, keep the 

system at a stable temperature
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Position Measurement Precision

CCD Microscope LEDs

49!m glass bead in 
wax-glued sample

Slice through 
Daisy Shape

Gaussian Fit

Improves to 40 nm precision!
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New Collet Mount Design

Will remove the problem with the glue
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Eddy Current Brake Modifications

-120

-100

-80

-60

-40

-20

0

20

-135 -115 -95 -75 -55 -35

y-
po

sit
io

n 
[p

ix
el

]

x-position [pixels]
-130

-80

-30

20

70

120

-70 -20 30 80 130

y-
po

sit
io

n 
[p

ixe
ls]

x-position [pixels]

Nuts as Spacers Stainless Steel Tube as Spacers

Already given the disk more space to rotate. Next step, 
testing Aluminum vs. Copper to damp vibrations. 40



New Test Wire

2 mm diam 1 mm diam

10 mm 10 mm60 mm

0.5 mm r

material   maraging

Design for the Maraging test wires.
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Tracking Program (In the works)

74% success rate with a 94% correlation threshold 
using stop motion tracking of a single daisy 42



Glassy Metals as a Possible 
Replacement Material

Chose to study Vitreloy 105 

Glassy metals have no crystalline structure and 
therefore no dislocations.  Therefore, they are 
free of all dislocation-mediated loss mechanisms, 
both the traditional Granato-Lücke and the 
anomalous mechanism investigated here.

[7] Towards a commercial metallic glass technology. W. L. Johnson, TMS BMG-Symposium, Nashville (Feb. 2016) 

Failure! Both sets of glassy blades shattered.

• The two remaining blades were taken back
to the grinding company and ground to a
smaller thickness. Tests were performed at
lower load, but the data has yet to be
analyzed. While the thinner blades do not
carry the desired load, the measurements
may give insight into the material’s low
frequency behavior.

• Different kinds of glassy metals, including
lab grade vitrelloy 105 are being
considered.
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Conclusion

Have shown that the measurement of loss angle is
possible with the current experimental set-up,
however, our results are most likely from the glued
sample. With the improvements outlined and
funding, we should be able to see the strange effects
caused by SOC behavior of the dislocations within the
crystal structure.

Although testing the Vitreloy 105 blades along side
the Maraging blades was a failure, the experiment is
ready for future testing and should provide useful
information for determining the low frequency
behavior of the glassy material in comparison with
the Maraging Steel.
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Section 2: Glassy Metals as a 
Possible Replacement Material

Chose to study Vitreloy 105 

Glassy metals have no crystalline structure and 
therefore no dislocations.  Therefore, they are 
free of all dislocation-mediated loss mechanisms, 
both the traditional Granato-Lücke and the 
anomalous mechanism investigated here.

Image Credit: Bill Johnson

[7] Towards a commercial metallic glass technology. W. L. Johnson, TMS BMG-
Symposium, Nashville (Feb. 2016) 
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The Goal
The research and development goal for this project was:

to test the low frequency behavior of commercially
produced LM105 blades alongside maraging steel
blades to determine if this material removes the low
frequency instability noise in the GAS filter set-up.
If fruitful, this research will provide a replacement material to produce a new
generation of sensitive devices able to detect gravitational signals from more
massive black-hole mergers.

49



The Experiment
Blades Under Test

Suspended Mass

Beat Frequencies when
resonant frequency of
the blades matched the
resonant frequency of
the pendulum

Studied the Q-Factor of the 
blades as they were tuned.
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Results

Maraging Vitreloy 105 (LM105)

Failure! Both sets of glassy blades shattered.

We were able to obtain some data with one set before 
removal to insert spacers to allow for further compression.
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Why They Broke
Two Possibilities: 
• The LM105 purchased was not good quality 

(the fracture toughness was much less than 
predicted).

• Impurities (i.e. crystals, cracks, pockets of 
gas) formed during the casting process were 
larger than Rcritical (the smallest a defect can 
be before causing catastrophic failure) and 
caused the material to shatter before 
reaching its yield point.

Evidence of gaseous pockets in the material when 
studying the crack surfaces under a SEM microscope. 
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Future Testing
• A PID loop was optimized for the tuning of the blades
using an electromagnetic voice coil and it was able to
tune the blades to frequencies below those achieved
with the Reynold’s Fixture alone. Once fully optimized
and integrated this method will allow the exploration of
the behavior of the Q-Factor at even lower frequencies,
enriching the study already completed here.
• The two remaining blades were taken back to the
grinding company and ground to a smaller thickness.
Tests were performed at lower load, but the data has
yet to be analyzed. While the thinner blades do not
carry the desired load, the measurements may give
insight into the material’s low frequency behavior.
• Different kinds of glassy metals, including lab grade
vitrelloy 105 are being considered.
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