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bidirectional	Microelectromechanical	systems	(MEMS)	and	with	3D	printed	legs	in	bridge	resonators.	The	structures	consisted	of	piezoelectric	aluminum	nitride	film	(ALN)	at	the	top	of	rectangular	silicon	bridges	of	the	size	of	millimeters	and	two	electrode	stains.	The	position	and	size	of	the	patches	were	optimized	analytically	for	generating	traveler	or	standing	waves,	while	the	addition	of	3D
printed	legs	allowed	a	controlled	contact	and	amplified	displacement,	another	step	in	the	manufacture	of	efficient	linear	motors.	These	hybrid	devices	have	recently	demonstrated	the	transport	of	sliders	several	times	the	motor	weight,	with	speeds	of	1.7	mm/s	per	travel	waves	generated	at	6	V	and	19.3	kHz.	In	this	article,	the	travel	engines	and	stun	waves	are	compared.	By	optimizing	various
aspects	of	the	device,	such	as	vibrational	modes,	the	placement	and	excitation	signals	of	the	legs,	speeds	up	to	35	mm/s	and	useful	loads	over	10	times	the	weight	of	the	engine	were	demonstrated.	Devices	displayed	a	promising	positional	resolution	while	triggeringonly	a	few	sinusoidal	cycles	in	an	open	mesh	configuration.	Discrete	steps	likeas	70	nm	were	measured	in	carrying	2	mg	sliders.
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potential	based	on	their	inherently	high	density.	An	optimization	problem	related	to	deflection	and	curvature	was	identified	based	on	memory	so	that	the	bimorph	MEMS	were	identified,	formulated	and	resolved.	The	thicknesses	of	the	SU-8	and	nickel-titanium	alloy	(NITI)	were	identified,	which	produced	maximum	deflections	and	curvature	radius	based	on	a	relationship	between	individual
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osu	ed	edadilicaf	avitaler	aus		Ã	odived	laedi	lairetam	mu	©Ã	8-US	O	.zHk	1	sonem	olep	©Ãta	saicnªÃuqerf	me	,]53[	eluoj	ed	rodatit	e	]43[	resal	a	o£Ã§Ãaidarri	odnasU	used	to	remove	parts	of	the	movie	NiTi	on	wafer.	The	SU-8	2000.5	is	coated	by	rotation	(where	the	RPM	is	used	to	control	the	SU-8)	thickness	and	another	mask	plate	is	used	to	model	the	SU-8	on	top	of	the	cantilever	NiTi.
Finally,	the	device	is	released	by	etching	the	substrate	Si	away	in	xenon	difluoride	(XeF2)	gas.	In	practice,	the	thickness	of	SU-8	would	be	controlled	by	the	variable	rotation	speed,	and	the	thickness	of	NiTi	based	on	the	spray	time.	The	project	problem	is	to	maximize	the	deflection	of	a	MEMS	bimorph	cantilever	beam	based	on	the	non-linear	memory	alloy	(SMA)	as	the	acting	mechanism.
Deflection	is	largely	dependent	on	the	parameter	called	recovery	stress.	The	higher	the	stress	of	recovery,	the	greater	the	deflection.	We	may	also	wish	to	reduce	the	total	mass	or	the	volume	of	the	actuator,	to	minimize	the	bending	radius.	The	objectives	are	competing	in	this	reduction	in	the	thickness	of	the	memory	alloy	in	a	way,	usually	leads	to	reduction	of	recovery	stress.	The	bimorphic
actuator	could	consist	of	SU-8	on	top	of	the	NiTi	thin	film,	but	this	optimization	model	would	be	easily	extendable	to	other	cases	of	interest.	We	should	consider	that	the	equation	that	describes	the	deflection	induced	by	the	stress	of	recovery	in	the	form	of	the	MEMS	actuator	memory	alloy	is	(Eq.	1).	Initially,	the	contour	plots	of	the	SU-8	and	NiTi	thickness	showed	that	the	optimization	problem
was	not	interesting	for	the	simplest	case	of	constant	recovery	stress	over	the	NiTi	thickness	range.	For	our	advantage,	NiTi	recovery	stress	is	a	parameter	that	depends	on	NiTi	thickness,	which	makes	the	optimization	problem	more	interesting.	The	equation	that	describes	stress-induced	deflection	in	the	form	memory	alloy	(SMA)	MEMS	actuator	is:d=3ENiTiσrectNiTitSU‐8tNiTi+tSU‐
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¬​â	usT	;itin	adamac	ad	arussepse	ed	olud³Ãm	=	itinT	;8-US	adamac	ad	ocits¡Ãle	olud³Ãm	=	8	¬​â	;itin	adamac	ad	ocits¡Ãle	olud³Ãm	=	itinE	;SMEM	rodautA	which	there	is	a	sharp	drop	off.	Therefore	the	tendency	for	increased	deflections	for	thinner	materials	reaches	a	point	of	diminishing	returns	due	to	the	effect	of	decreasing	recovery	stress.	Below	100¢Ã​Â​Â150​Ã	Ânm,	shape	memory
properties	have	been	shown	to	drop	off	completely,	so	we	impose	constraints	for	NiTi	thickness	to	vary	between	150	and	1300​Ã	Ânm.Relation	between	recovery	stress	(MPa)	and	NiTi	film	thickness	(nm).Based	on	the	curve	fitting	equation	(third-order	polynomial),	the	single-objective	optimization	problem	can	be	written	as
following:d=3ENiTi​Ã​ÂrectNiTitSU¢Ã​Â​Â8tNiTi+tSU¢Ã​Â​Â8l2ENiTi2tNiTi4+ESU¢Ã​Â​Â8ENiTi4tNiTi3tSU¢Ã​Â​Â8+6tNiTi2tSU¢Ã​Â​Â82+4tNiTitSU¢Ã​Â​Â83+ESU¢Ã​Â​Â82tSU¢Ã​Â​Â84E2subjected	to::​Ã​Ârec=5.36E26tNiTi3¢Ã​Â​Â2.15E21tNiTi2+2.45E15tNiTi¢Ã​Â​Â2.58E08SI	unitsE7Covert	to	standard	form	in	SI
units:minimize:f=¢Ã​Â​Â3ENiTi​Ã​ÂrectNiTitSU¢Ã​Â​Â8tNiTi+tSU¢Ã​Â​Â8l2ENiTi2tNiTi4+ESU¢Ã​Â​Â8ENiTi4tNiTi3tSU¢Ã​Â​Â8+6tNiTi2tSU¢Ã​Â​Â82+4tNiTitSU¢Ã​Â​Â83+ESU¢Ã​Â​Â82tSU¢Ã​Â​Â84E8subjected	to::h1:​Ã​Ârec¢Ã​Â​Â5.36​Ã​Â1026tNiTi3+2.15​Ã​Â1021tNiTi2¢Ã​Â​Â2.45​Ã​Â1015tNiTi+2.58​Ã​Â108=0E16According	to	the	toolbox	(and	as	shown	in	Figure	4),	optimal	solution	is:
tNiTi=359nm,tSU¢Ã​Â​Â8=824nm,l=300​Ã¼Âm.Optimization	contours	for	the	case	where	SU-8	elastic	modulus	is	2​Ã	ÂGPa.	Variables	considered	are	individual	layer	thicknesses:	NiTi	(x-axis)	and	SU-8	(y-axis).The	curvature	of	a	bilayer	elastic	material	[46]	is	given
asK=¢Ã​Â​ÂESU¢Ã​Â​Â8¢Ã​Â²ÂtSU¢Ã​Â​Â8ENiTi¢Ã​Â²ÂtNiTitNiTi+tSU¢Ã​Â​Â8GESU¢Ã​Â​Â8¢Ã​Â²ÂtSU¢Ã​Â​Â8+ENiTi¢Ã​Â²ÂtNiTi​Ã​Â​ÃµÂE17G=ESU¢Ã​Â​Â8¢Ã​Â²ÂtSU¢Ã​Â​Â82tNiTi2¢Ã​Â​ÂtSU¢Ã​Â​Â86¢Ã​Â​Â​Ã¸Â¢Ã​Â​ÂENiTi¢Ã​Â²ÂtNiTitSU¢Ã​Â​Â8tSU¢Ã​Â​Â8+tNiTi2+tNiTi26+​Ã¸Â2tSU¢Ã​Â​Â8+tNiTiE18​Ã¸Â=tNiTitSU¢Ã​Â​Â8ENiTi¢Ã​Â²Â¢Ã​Â​ÂESU¢Ã​Â​Â8¢Ã​Â²Â2ESU¢Ã​Â​Â8¢Ã​Â²ÂtSU¢Ã​Â​Â8+ENiTi¢Ã​Â²ÂtNiTiE19​Ã​Â
is	the	curvature	radius	generally	expressed	in	units	of	​Ã¼Âm.	​Ã​Â​ÃµÂ	is	a	strain	differential	term	resulting	from	CTE	mismatch	and	temperature	difference	experienced	during	the	processing.	​Ã¸Â	is	a	correction	factor	used	in	the	placement	of	neutral	plane.	E¢Ã​Â²Â	is	the	biaxial	modulus	defined	as	E/(1​Ã	Â¢Ã​Â​Â​Ã	Âv)	where	v	is	ratio	and	E	is	the	Young	module.	Poisson's	reasons	are	assumed	as
0.22	for	SU-8	and	0.3	for	NiTi.	α_SU-8	are	reported	to	be	52	×	10–6/°C.	α_NiTi	(depending	on	the	austenite	phase	or	martensite)	is	reported	as	6.6	or	11	×	10–6/°C.	For	simplicity,	we	assume	an	intermediate	value	of	α_NiTi	=	9	×	10–6/°C.	Units	for	the	term	theta	is	nm	or	m.	Units	for	the	term	G	is	Pa	×	nm3	or	Pa	×	m3.	Therefore	the	units	for	curvature	are	in	nm	or	m.	Δε	term	is	unit	less.	The
objective	number	2	is	to	maximize	the	curvature	radius.	We	determine	the	border	of	the	pareto	and	the	strengths	of	the	parato	using	the	restricted	method	of	the	epsilon.	In	this	restricted	method	of	epsilon,	we	minimize	f1	by	keeping	f2	smaller	or	equal	to	different	epsilon	values.	As	the	first	step	for	objective	function	2	(bimorph	curve)	we	encode	the	MATLAB	script	to	generate	contour	plots
as	a	function	of	the	two	main	design	variables	(i.e.	NiTi	thickness	and	SU-8).	The	formulation	of	the	problem	for	objective	function	2	is	the	following	(and	the	contour	plot	is	shown	in	Figure	5).	MATLAB-generated	contour	curve	radius	plot	(m),	against	the	primary	project	variables	(i.e.,	tNiTi	and	tSU-8).	The	curvature	radius	is	maximized	for	the	thickest	values	of	NiTi	and	thinner	values	of	SU-
8.	The	result	is	intuitive	because	this	is	the	hardest	beam	(from	the	thickest	NiTi	perspective	with	much	larger	Young	modulus	compared	to	the	SU-8).	Thinner	SU-8	means	that	the	effect	of	the	voltage	differential	and	desmatch	CTE	is	minimized	and	contributes	less	to	the	curvature	radius.	Overall,	this	means	that	the	upper	limit	in	the	thickness	of	the	NiTi	and	the	lower	limit	in	the	thickness	of
the	SU-8	are	active	restrictions	for	the	objective	function	2.	The	curvature	is:	K=−ESU‐8′tSU‐8ENiTi′tNiTi+tSU‐8′tSU‐8+ENiTiΔεE21Maximize:ρ=1K=−GESU‐8′tSU+ENiTi·tNiTiESU‐8′tSU8Multi-objective	optimization,	the	radius	of	deflex	and	curvature	of	the	Smabimorph	actuator	is	maximized	simultaneously.	The	problem	of	multi-objective	optimization	can	be	indicated	as	follows:	due	to	the
conflicting	nature	of	the	two	objective	functions,	the	contour	plot	for	multi-objective	function	has	changed	substantially.	Maximize	the	radius	is	favored	by	a	larger	tniti	in	opposition	to	a	minor	thickness	required	to	maximize	deflex.	The	ideal	solution	of	multi-objective	function,	as	shown	in	Figure	6,	has	a	higher	Tniti.	radius	of	curvature.	Since	we	set	the	ideal	objective	values	​​for	deflex	and
curvature,	we	perform	a	sensitivity	dwarf	on	the	following	variables,	for	which	it	could	experimentally	be	varied	with	relative	ease.	These	values	​​of	thickness	x1	and	x2,	corresponding	to	niti	and	su-8	thicknesses,	can	be	changed	by	varying	the	speed	of	rotation	for	the	Su-8	coating:	harsher	turns	corresponding	to	thinner	films	of	sud	8	and	vice	versa.	For	Niti,	the	longest	spraying	time	would	be
used	for	thicker	films	and	vice	versa.	Young	modulus	can	be	varied	by	deposition	conditions	for	Niti	and	temperatures	and	healing/baking	conditions	for	Su-8.	To	perform	the	sensitivity	handbook	for	objective	1,	we	keep	fixed	the	ideal	thickness	to	SU-8	and	varies	the	thickness	of	Niti	to	see	how	it	changes	and	betray	a	function	Owt	FO	GNITSINOC	Maeb	Revelinac	EtospmochPreyal	8-us	fo
etc8â€â€âusâ0â¢¢€¢Kž	See	Fo	Etcitinâ£žnnesitrevd.S.	cirtemarap	a	,yllaniF	.nocnimf	gnisu	ti	devlos	dna	dohtem	noitazimitpo	evitcejbo-itlum	a	detalumrof	eW	.noitazimitpo	evitcejbo-itlum	rof	elbatius	erofereht	dna	,)ylsuoenatlumis	snoitidnoc	htob	yfsitas	ot	redro	ni	ffoedart	a	ylraelc	saw	ereht	,.e.i(	gnitcilfnoc	erew	snoitcnuf	evitcejbo	eht	Taht	denimreted	ew	.suidar	eartavruc	eht	ezet	esimixam
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