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

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

Self-Organized Criticality



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
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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

Brass Mount

Stepper Motor
Test Wire Stainless Steel Tube

Eddy Current Brake

CCD Microscope Camera
Target
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Frames and Mounts
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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: 

T
1

= 71.21 ± 0.06 oC

T
2

= 75.32 ± 0.05 oC

(50 oC ⇧ T
room

) 

Thermalization (5") within 

34.7 - 35.2 minutes. 
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Brass Mount

Stepper Motor
Test Wire Stainless Steel Tube

Eddy Current Brake

CCD Microscope Camera
Target
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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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High carbon steel, copper-beryllium, tungsten 
and maraging steel were chosen to study first 
because they exhibit excess losses



The Experiment

Brass Mount

Stepper Motor
Test Wire Stainless Steel Tube

Eddy Current Brake

CCD Microscope Camera
Target
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Eddy Current Vibration Damper

Image Credit: Wikipedia

Image Credit: physbot
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Achieve almost 
critical damping!

 T[s] dT[s] w [Hz] dw [Hz] Dw [Hz] 
No damper 0.257910 0.000006 24.362 0.004 ---- 
Half damper 0.260 0.002 24 1 -0.36 
Full damper 0.2644 0.0007 23.8 0.4 -0.60 

 

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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5.5 pixel position error = 
151!m position error 



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
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!"#$% = '() ⁄+ ,

( = !"#$% -

Image Credit: LIGO

• Styrofoam Box, isolate experiment
• Heat Sink, draw heat away from experiment
• Water-cooling system, keep the system at a 

stable temperature

Will remove the problem with the glue



Future Improvements 

• Eddy Current Brake 
Modifications
• Move to a higher 

quality steel 
(Maraging)
• Tracking Program
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2 mm diam 1 mm diam

10 mm 10 mm60 mm

0.5 mm r

material   maraging

Design for the Maraging test wires.

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

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



Tracking Program (In the works)

74% success rate with a 94% correlation threshold 
using stop motion tracking of a single daisy 25



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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