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1. Introduction

The LIGO quad suspensions contain 3 sets of maraging steel blade springs. These springs are Top, Middle and Bottom springs, attached to the Top Stage, Top Mass and Upper Intermediate Mass respectively.

The Blade springs are all intended to be of similar design, with each set designed using the same guide lines. This note is intended to capture these design guide lines, and highlight the important areas of consideration in the blade design, as well as documenting the actual design used for the controls prototype (CP) suspension.
2. Design requirements

Norna Robertson uses the MATLAB suspension simulation to produce a conceptual design for the full suspension, within this various blade properties are generated. During this process she selects dimensions for the blade which give the required spring constant whilst keeping the internal stress sufficiently low and the internal modes sufficiently high. Clearly the blades must physically fit into the suspension and so this is an iterative process with the rest of the suspension design. At the end of this initial stage, the MATLAB model includes length, thickness, root width,  natural frequency, and  maximum stress. 

Basic beam theory has been used to develop a number of calculators to find the remaining essential blade parameter this is the bend radius which will allow the blade to adopt a flat shape under load in use.. At this stage it is usual to involve other blade experts to vet the basic design.
Once the basic mechanical dimensions have been decided, the blade must be extended to interface to both a blade and a wire clamp. This will require the addition of material and holes for various mountings. In addition to the blade clamps, provision must be made for eddy-current damping of the blade. 

All of the above has to be incorporated in to the CP blades, the specifics of which are detailed below.

2.1 Suspension parameters

Norna provided the Excel spread sheet in Appendix A via email to the design group on Wed 21st April 2004.

The most relevant part of this is the last 3 lines, reproduced here:
	i) top blades: length 48 cm width 9.5 cm, thickness 4.3 mm, f = 2.33 Hz, internal f = 70 Hz, stress 981 MPa

	ii) middle blades: length 42 cm, width 5.9 cm thickness 4.6 mm f = 2.48 Hz, internal f = 98 Hz, stress = 990 MPa

	iii) bottom blades: length 37 cm, width 4.9 cm, thickness 4.2 mm, f = 1.81 Hz, int f = 115.5Hz, stress = 983 MPa


2.2 Bend Radius

Taking the parameters from Norna the Bend radius was calculated via another Excel calculator, this is shown in appendix B, here an iterative solver is used for this calculation. This Excel workbook is included in Appendix B, where the 3 blades are worked through. The important numbers are highlighted in red, and are summarised here:
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480 95 4.3 186 1.35 61 11 2.33 70.26 981.1 0.4007 398.53 0.2544

420 59 4.6 186 1.35 50 11 2.48 98.17 990.1 0.4451 442.81 0.1837

370 49 4.2 186 1.35 39 19 1.80 115.50 982.6 0.4127 410.56 0.1550
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22

22

38.4

39.6


It should be noted that the numbers quoted for the mass refer to the main chain. The reaction chain is as follows: - 22

    22

    39.6 

    38.4 kg. This does not have an effect on the blade design.

Following tests on the blade test facility with blades near the size of the CP top blades, it was decided to use alpha = 1.36 and E=186GPa in the design of the blades, even though the blades are pseudo-triangular in shape. In fact alpha=1.35 had already been used to make provisional drawings and the differences are so small that we stuck with that figure.
2.3 Interfaces

The blades interface with clamps at their root and tip. Since neither of these have yet been developed it is quite hard to tie down the interface. Some provisional work has been done which gives a basic design of blade and wire clamp. In addition to this, past experience from the 2001 Quad, and ALIGO Mode-cleaner, was employed as a benchmark design. 

A few important dimensions have been developed for the blade interfaces, these are listed below.

Wire break off:
 

5mm from end of blade (so that the blade is 5mm shorter than the “ideal” length of the triangle).
Blade tip width


10mm

Clamping length 

along the blade:


40mm 30mm for blades on suspended masses,  

50mm for blades on top stage

Blade clamp width:
 

As blade

Wire clamp hole pattern:

2off 8-32 holes along the length of the blade.

Bolt sizes:



sizes are defined by a simple moment calculation max allowable stresses are 66% of Yield of bolt core diameter.

Bolt clearances


The bolt holes are 0.002” over the nominal bolt size with a +0.001/-0.000 tolerance

To ensure that the blade design is not going to be a problem the blade designs have been fitted to the conceptual masses and Top stage in SolidWorks. 

Interface issues were reviewed by Mike Perreur-lloyd. He concurs that for revision C of the blades that they fit within the expected area in the top and upper intermediate masses.
2.4 Eddy-current damper

To damp the internal modes of each blade provision is made to install an eddy-current damper. FE analysis of the blade’s internal modes gives the most effective position for this to be 21/32 from the root of the blade to the tip. 

Although this was initially schemed the eddy-current damper was moved to ensure that the hole in the blade had minimal affect on the blades stiffness. Hence the hole for eddy-current damper was eventually placed halfway along the blade.

Appendix A
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3. Appendix B
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		Investigation of Internal Mode Peak Heights for Blades in ETM Quad Design

		NAR		20th April 2004

		uncoupled vert freq. of final stage, fo (Hz)						6.1

		X-coupling factor						1.00E-03

		active platform residual noise (m/rtHz)						3.00E-14

		Blade		freq of mode		peak height		transmissibility		X-coupling factor		platform residual		long. noise		target		target		factor below

				fm (Hz)		(transmissibility		of final stage		(vert. to long.)		vert. noise		at test mass		sensitivity*		sensitivity		target s'tivity

						of blade stages)		(fo/fm)^2				(m/rtHz)		(m/rtHz)		h (1/rtHz)		per test mass

																		(m/rtHz)

		top		69.4		6.45E-03		7.73E-03		1.00E-03		3.00E-14		1.49E-21		4.00E-24		1.60E-20		1.07E+01

		middle		96.6		9.32E-03		3.99E-03		1.00E-03		3.00E-14		1.11E-21		3.00E-24		1.20E-20		1.08E+01

		bottom		113.6		2.53E-03		2.88E-03		1.00E-03		3.00E-14		2.19E-22		2.50E-24		1.00E-20		4.57E+01

																* taken from Fritschel SPIE paper 2002

		Blade design

		1) Assume alpha = 1.35 as a working value , as per discussion Calum and I had with Mike Plissi last week (late March).

		2) Assume  we can use a slightly higher stress  - set upper value at 1000 MPa

		Justify for  two reasons. a) Longer heat treatment can improve strength and b) we might move to maraging 300 in later prototypes

		which has higher yield strength than 250 (~ 2000 MPa).

		3) Put in realistic masses ( sapphire with flats and ears 39.6kg, SF2 as penultimate mass also with flats and ears, 38.4kg), top two masses at 22kg each.

		3) Keep the length and width of upper two sets approx. as in conceptual design, aim to gain some improvement in isolation by increasing length of lowest set.

		4) Keep the internal frequencies reasonably separate ( at least by 15 Hz) to avoid chance of overlap.

		With all these criteria I came up with the following:

		i) top blades: length 48 cm width 9.5 cm, thickness 4.3 mm, f = 2.33 Hz, internal f = 70 Hz, stress 981 MPa

		ii) middle blades: length 42 cm, width 5.9 cm thickness 4.6 mm f = 2.48 Hz, internal f = 98 Hz, stress = 990 MPa

		iii) bottom blades: length 37 cm, width 4.9 cm, thickness 4.2 cm, f = 1.81 Hz, int f = 115.5Hz, stress = 983 MPa
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				length mm		root width mm		thickness mm		E GPa		alpha		mt		m		f		fint		sigmax		Radius A		rad to surface		lambda		Radius B

		Top blade		480		95		4.3		186		1.35		61		11		2.33		70.26		981.1		0.4007		398.53		0.2544		0.4075872503

		Middle blade		420		59		4.6		186		1.35		50		11		2.48		98.17		990.1		0.4451		442.81		0.1837		0.4320847143

		Bottom blade		370		49		4.2		186		1.35		39		19.2		1.80		115.50		982.6		0.4127		410.56		0.1550		0.3975029087

				Mass kg

		Top mass		22

		UI Mass		22

		PU		38.4

		Test		39.6



&L&F&R&A

&L&D&R&T



top

		constants		Value		Units

		l (length)		0.48		m

		a (root width)		0.095		m

		h (thickness)		0.0043		m

		E (young's modulus)		1.86E+11		Mpa												0.024

		alpha (shape factor)		1.35														R		lambda

		mt (total mass on spring)		61		kg												0.24		0.3398752408

		m (mass of next stage, per spring)		11		kg												0.264		0.3286456501

		g (gravitational acceleration)		9.81		m/s^2												0.288		0.3155683818

		elastic limit of Marval 18		1.60E+09		Mpa												0.312		0.3019133039

																		0.336		0.2883733785

		calculated values																0.36		0.2753144736

		I (2nd moment of area)		0.0000000006														0.384		0.2629162128

																		0.408		0.2512522098

		lambda (tip deflection)		2.54E-01		m		(derived stiffness =				2.35E+03		)				0.432		0.2403362786

																		0.456		0.2301492945

		k (spring constant)		2352.4718987108		n/m		(derived frequency =				2.3274802863		Hz)				0.48		0.2206548932

																		0.504		0.2118086516

		f (uncoupled vertical frequency)		2.3274802863		hz												0.528		0.2035634164

																		0.552		0.1958723406

		SigmaMAX (max blade stress)		9.81E+08		Mpa												0.576		0.1886905474

																		0.6		0.1819759744

		does SigmaMAX exceed elastic limit?		NO														0.624		0.1756897298

																		0.648		0.1697961634

		ratio of elastic limit to SigmaMAX		0.61														0.672		0.164262775

																		0.696		0.1590600366

		undeflected radius (read from graph)		0.4006809418		m		(derived lambda =				2.55E-01		)				0.72		0.1541611722

								(Error =				-3.55E-04		)				0.744		0.1495419249

		Internal mode																0.768		0.1451803242

		Measured result length		0.37		m				theta		1.1979606464		rad				0.792		0.1410564651

		Measured result thickness		0.002		m						68.638089063		degrees				0.816		0.1371523022

		Measured frequency		55		Hz												0.84		0.1334514607

		Inferred result for this design		70.26		Hz												0.864		0.1299390657

																		0.24				2.54E-01

		Method B gives		0.40759		m												0.864				2.54E-01
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middle

		constants		Value		Units

		l (length)		0.42		m

		a (root width)		0.059		m

		h (thickness)		0.0046		m

		E (young's modulus)		1.86E+11		Mpa												0.021

		alpha (shape factor)		1.35														R		lambda

		mt (total mass on spring)		50		kg												0.21		0.2973908357

		m (mass of next stage, per spring)		11		kg												0.231		0.2875649438

		g (gravitational acceleration)		9.81		m/s^2												0.252		0.2761223341

		elastic limit of Marval 18		1.60E+09		Mpa												0.273		0.2641741409

																		0.294		0.2523267062

		calculated values																0.315		0.2409001644

		I (2nd moment of area)		0.0000000005														0.336		0.2300516862

																		0.357		0.2198456835

		lambda (tip deflection)		1.84E-01		m		(derived stiffness =				2.67E+03		)				0.378		0.2102942438

																		0.399		0.2013806327

		k (spring constant)		2669.9112166913		n/m		(derived frequency =				2.4795461677		Hz)				0.42		0.1930730315

																		0.441		0.1853325701

		f (uncoupled vertical frequency)		2.4795461677		hz												0.462		0.1781179894

																		0.483		0.171388298

		SigmaMAX (max blade stress)		9.90E+08		Mpa												0.504		0.165104229

																		0.525		0.1592289776

		does SigmaMAX exceed elastic limit?		NO														0.546		0.1537285136

																		0.567		0.148571643

		ratio of elastic limit to SigmaMAX		0.62														0.588		0.1437299281

																		0.609		0.139177532

		undeflected radius (read from graph)		0.4451088136		m		(derived lambda =				1.84E-01		)				0.63		0.1348910257

								(Error =				-1.67E-04		)				0.651		0.1308491843

		Internal mode																0.672		0.1270327837

		Measured result length		0.37		m				theta		0.9435894935		rad				0.693		0.123424407

		Measured result thickness		0.002		m						54.0636955721		degrees				0.714		0.1200082644

		Measured frequency		55		Hz												0.735		0.1167700281

		Inferred result for this design		98.17		Hz												0.756		0.1136966825

																		0.21				1.84E-01

		Method B gives		0.43208		m												0.756				1.84E-01



&L&F&R&A

&L&D&R&T



middle

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0



lambda

R

lambda

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



bottom

		constants		Value		Units

		l (length)		0.37		m

		a (root width)		0.049		m

		h (thickness)		0.0042		m

		E (young's modulus)		1.86E+11		Mpa												0.0185

		alpha (shape factor)		1.35														R		lambda

		mt (total mass on spring)		39		kg												0.185		0.2619871648

		m (mass of next stage, per spring)		19.2		kg												0.2035		0.2533310219

		g (gravitational acceleration)		9.81		m/s^2												0.222		0.2432506277

		elastic limit of Marval 18		1.60E+09		Mpa												0.2405		0.2327248384

																		0.259		0.2222878126

		calculated values																0.2775		0.2122215734

		I (2nd moment of area)		0.0000000003														0.296		0.2026645807

																		0.3145		0.1936735784

		lambda (tip deflection)		1.55E-01		m		(derived stiffness =				2.47E+03		)				0.333		0.1852592148

																		0.3515		0.1774067478

		k (spring constant)		2468.6411466251		n/m		(derived frequency =				1.8046729093		Hz)				0.37		0.1700881468

																		0.3885		0.1632691689

		f (uncoupled vertical frequency)		1.8046729093		hz												0.407		0.1569134668

																		0.4255		0.1509849292

		SigmaMAX (max blade stress)		9.83E+08		Mpa												0.444		0.1454489636

																		0.4625		0.1402731469

		does SigmaMAX exceed elastic limit?		NO														0.481		0.1354275001

																		0.4995		0.1308845426

		ratio of elastic limit to SigmaMAX		0.61														0.518		0.1266192224

																		0.5365		0.1226087782

		undeflected radius (read from graph)		0.4126617119		m		(derived lambda =				1.55E-01		)				0.555		0.1188325703

								(Error =				-7.54E-05		)				0.5735		0.1152719005

		Internal mode																0.592		0.1119098333

		Measured result length		0.37		m				theta		0.8966181969		rad				0.6105		0.1087310252

		Measured result thickness		0.002		m						51.3724385146		degrees				0.629		0.1057215663

		Measured frequency		55		Hz												0.6475		0.1028688343

		Inferred result for this design		115.50		Hz												0.666		0.1001613631

																		0.185				1.55E-01

		Method B gives		0.39750		m												0.666				1.55E-01
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