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Adaptive manifold-mapping using multiquadric
interpolation applied to linear actuator design

ABSTRACT
In this work a multilevel optimization strategy based on manifold-mapping combined with
multiquadric interpolation for the coarse model construction is presented. In the proposed
approach the coarse model is obtained by interpolating the fine model using multiquadrics in a
small number of points. As the algorithms iterates, the response surface model is improved by
enriching the set of interpolation points. This approach allows to accurately solve the TEAM
Workshop Problem 25 using as little as 33 finite element simulations. Furthermore is allows a
robust sizing optimization of a cylindrical voice-coil actuator with seven design variables. Further
analysis is required to gain a better understand of the role that the initial coarse model accuracy
plays the convergence of the algorithm. The proposed allows to carry out such analysis by
varying the number of points included in the initial response surface model. The effect of the
trust-region stabilization in the presence of manifolds of equivalent solutions is also a topic of
further investigations.
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©R��©R��©R�}©lQGd�O�x�L�KAT;d]i+KGb�bXO�Z�KGxgdmWh{l¤MWPO�bXdmYmdR\+L�bto���Z�J	KAQGd�O�x�L�KUT;dqi	KGb�efVtZ�J}Z�J	K
L�KGQ�dmW	i�VXW�Z�KGx�VcdRxHNrdmVXW�ZnO�bXdmW	Y�K�ORQ�J�O�pkVcLnO�i+i	KGi�Z�dEZ�J+KAL�KGZHdRzyVXW�Z�KGx�NrdmbXO�Z�VXdRW�NrdmVXW�Z�L
efVXbcb�vrK�O�v	v	x�KGskVXO�Z�KGi�ORL Z�J	K�«1�A«¾�A«1�A«�QGd�O�x�L�K�Tndqi	K�b�{�|~WAZ�J	K�s�dmVXQGK�S1Q�dmVcbrORQGZ�\+O�Z�d�x
N	x�dRv+bXKGTÖZ�J	K�x�K�L4NrdmW	L�K�L�\kx�z�O�Q�K�VcLfQGdmW	L4Z�x�\+Q�Z�KGiEz$dRx�!gNrdmL�VtZ�VXdmW	Lfdmz�Z�J	K�Q�dRVXb/{

I
J+KMvP\	bt��dRz9Z�J	K�Q�dmO�x�L�K�T;dqi	KGbhQ�dRTnN+\	Z�O&Z�VXdmW+ORbhQGdmL4ZyVXW�s�dmbts�K�LyL�dRbcskVcW+YHZ�J	K�bXVcW+K�O�x
L4okL4Z�KGT Ô !mÕ�z$dRx K ORW	i�VXLHL�TUORbXb%Q�dmTHN�O&x�K�i�efVtZ�J�O��+W	VcZ�KjK�bcK�TnK�W�Z;ORW+ORbtokL�VXLG{�I
J	VXL

�



ORbcbXd#efL�OAL4Z�dqQ�J+ORL4Z�VcQnORbXYRdRx�VcZ�J	T°Z�dAvrKH\	L�K�i�z�d�x�OAQ�d�O&x�L�KHT;dqi	K�b�dRN	Z�VcT;VXw�O�Z�VXdRW Ô 5m5&Õ�{
¦+dRxHZ�J	VXLuNP\kx�NrdmL�KAe%K�\	L�Kji	Vt¡hK�x�KGW]Z�VXORb%K�s�dmbc\kZ�VXdmWÌ^t5m5�`/{�¯�KAL�KGZgZ�J	KANPO�x�ORT;K�Z�KGx�LgVXW
dm\kx�QGdqi	Kg\	L�K�i�L�\	Q�JCZ�JPO&Z�O�ZMK�ORQ�JCTUORW	VXz$dmbXikS1TUO&N+N+VcW+Y�VtZ�KGx�O&Z�VXdmWh��Z�J	KgQ�dmO�x�L�KgT;dqi	KGb
dRN	Z�VXTnVXwGKGx x�K#[]\	Vtx�K�L%O�Z�dRZ�ORbPdmz�5#©R�	 gORW	il�	 	 , gz$\	W+Q�Z�VXdRWjK�sRORbX\+O�Z�VcdmW	L%VXWUZ�J	KMz�dR\	x
O�W+i
L�K�s�K�Wli+VcT;KGW+L�VcdmW+ORbaN	x�dRv+bXKGT;LG�+x�KGL4NrK�Q�Z�VcsmK�bto�{

|~W�dm\kx
W]\	T;KGx�VcQ#O�brZ�KGL4Z%e%KMYmVts�K�K�skVci+KGW	Q�KMdRzavrdRZ�JUZ�J+KML4Z�O�v+VXbcVcZ~ojORW	ijKG�UQGVXKGW	QGoUdmz
dm\kx=O�N	N	x�d�ORQ�JgORW	iue%K?NhdRVXW�Z�dm\kZ�efJ	VcQ�JgORbcYmdRx�VcZ�J	T;VcQ QGdmTnNrdmW	KGW�Z�L�O�x�K�x�KGL4NhdRW+L�Vtv+bXK z�d�x
Z�J	VXL%K��UQ�VcK�W	Q�o�{=¤ML
dR\	xyORbcYmdRx�VtZ�J+T²QGdmW�Z�ORVcW+L
OgL4Z�dqQ�J+ORL4Z�VXQMQ�dRTnNrdmW	K�W�Z��qe%Kmü s�K�Q�J	dmL�K�W
Z�d�x�K�NrdRx�ZndRW �	 �QGdmW	L�K�QG\kZ�Vcs�KAx�\	W	L;dRzyZ�J	K�ORbcYmdRx�VcZ�J	T \	W+i	K�xnZ�J	KjL�ORT;K�QGdmW	i+VtZ�VXdmW	L
ORW	ijZ�dgQ�dmTHN�O&x�K�Z�J	KMT;VXW	VXT;ORbhQGdmL4Z�S1z$\+W	Q�Z�VXdmWjsRORbc\+KGL
ORW	ijZ�J	KMWq\	TuvrK�xfdRza�+W+K�S1T;dqi	KGb
K�smORbc\+O�Z�VXdmW	Lydmz�Z�J	KGL�K�x�\	W	LG{

¿ Y\[ ]_À�§�a ÁÂh¯��Ã&�¡^�h¯o�Ä}��hkÅ4j�`¬« � ¿wÆ½Ç fu`Èadhkj\lQÄ}��`r�¡�
|~W§Z�J	K�I
®�¤M�ï©R�}N	x�dRv+bcK�Tl�fe%K�x�\	W��; �Z�VcT;KGLE©	 �VcZ�K�x�O�Z�VXdmW	Ljdmz�Z~e%d�smO&x�V�ORW�Z�L�dmz
TUORW	Vcz�dmbci	S1T;O�N	NPVcW	Y�efVcZ�J	dm\kZjZ�x�\	L4Z�S/x�KGYmVXdmW§L4Z�O&vPVcbXVcw#O�Z�VcdmWh{�¯ÌVtZ�J	dm\kZjZ�J	VcL�L4Z�O�v+VcbXVXw�O�S
Z�VXdRWa��K#O�Q�JCTUORW	VXz$dmbXikS1TUO�N	N+VXW	Y�VtZ�KGx�O�Z�VcdmWCx�K�[]\	Vcx�KGL�dmW	bcoEdmW	Ku�+W	KHT;d]i+KGb�K�smORbc\+O�Z�VXdmWh{
¤ML�J	d#e%K�s�KGx�Z�J	KUQGdmW�s�K�x�YmK�W	QGKUdRz Z�J	KAO�bXYmdRx�VtZ�J	TÙVcLuVXW�YmK�W	K�x�ORb�W	dmWkS1T;dRW+d�Z�dmW	Km��Z�J	K
T;VcW+VcTUORbhQ�dmL4Z�S1z$\	W+Q�Z�VXdRWjsmORbc\	K�VcWEOgL�VXW	YmbXKMx�\+W�dmz�©	 HVcZ�K�x�O�Z�VXdmW	L
Q�ORWjvrK�z�dm\	W	ilVcWlbcK�L�L
Z�J+ORW�©	 ��PW	K�T;dqi	KGbrK�sRORbX\+O�Z�VcdmW	LG{�I�O��qVXW	YgVXW�Z�dHORQGQ�dm\	W�Z Z�J+O�Z Z�J	KMQGdmL4Z%z$\+W	Q�Z�VXdmW Ô QGz$x�{
^t5�©&`�Õ�Q�O�x�x�VcK�LuZ�J	KU\+W	VtZHdmz%Z�J+KUL�[]\+O�x�KAdmz%Z�J+KUTUORYmW	K�Z�VXQÉ³+\kp Ô I / Õ��?dR\	xux�K�L�\	bcZ�LuQ#ORW
vrKfL�\	T;TUO&x�VXwGK�ijORL�z$dmbXbcd#efLG{=¯�VcZ�J	dm\kZ ORi+O�N	Z�Vcs�KfQGd�O�x�L�KfT;dqi	KGb+x�K��+W+KGT;KGW�Z��]Z�J	K�ORbcYmdRS
x�VcZ�J	TË�+W	i	L�dmWUO�s�K�x�ORYmK�O�TnVXW	VXTUO�bPQGdmL4Z�S1z�\	W	Q�Z�VXdmWnsmO�bX\	K Þ Ó]Ô Â ×Ï
Ï ÕkàUÍ Þ ÚÌ� ê �,Ê�S~«=I /
efVcZ�JnOML4Z�ORW	i+O�x�iHi+K�skVXO�Z�VXdmWHdRzr© ê 5ËÊ�S�«=I / {=I
J+K
ORi+O�N	Z�Vts�K%x�K��PW	KGT;KGW]Z?J+ORL?OMKGW+d�x�T;dm\	L
VXTHN�O�QGZ
dmWAvrdRZ�J�[]\+ORbcVcZ~oAORW	ijZ�J	K�sRO�x�V�O�Z�VcdmWjdmzhZ�J	KML�dmbc\	Z�VcdmWjz�dm\	W	ih{ � W�OGs�KGx�O�YmKMZ�J	K
T;VcW+VcTUORb
QGdmL4Z�S1z$\+W	Q�Z�VXdmW�i	x�d�NPLHv]o�O�z�ORQ�Z�dRxndmz�©	 �Z�d Þ Ó]Ô Â ×Ï
Ï Õ à Í Þ ÚÄ© ê 2 Ê�S1¬�I /
ORW	i§Z�J	KCL4Z�ORW	iPO&x�i�i	KGsqV�O�Z�VcdmW�v]o§O�z�ORQ�Z�dRxjdmzg©R��Z�d£¢ ê � Ê�S��=I / { � W	QGK�Z�J	KCVXW	VcZ�VXORb
QGd�O�x�L�K;T;dqi	K�b?J+ORL�vrKGK�W�Q�dRW+L4Z�x�\	Q�Z�K�ih�9Z�J	KUO�iPO&N+Z�Vts�K;TUO�W+Vcz�dmbcikS1TUO�N	N+VXW	Y�ORbXYRdRx�VcZ�J	T
�+W	i+L L�\	Q�JAJ	VXYmJj[]\+ORbcVcZ~oUL�dRbX\kZ�VXdmW	L \+L�VcW	YgdmWUZ�J	KMO�s�K�x�ORYmK�dmW	bco;L�K�s�K�W�Z�KGK�WU�+W	K�T;dqi	KGb
K�smORbc\+O�Z�VXdmW	L<Ì�|~W�Z�d�Z�ORb Z�J+KlORbXYRdRx�VcZ�J	T x�K�[]\	Vcx�KGL;dRW�Z�J	KlO�s�K�x�ORYmKE«m«C�+W	VcZ�K�KGbXKGT;K�W�Z
L�VXTu\+bXO�Z�VXdRW+LyZ�d;L�dmbcsmK�Z�J	K�N+x�d�vPbcK�T�{

¤�i	KGZ�ORVcbkdmz	Z�J+K%dRN	Z�VcTUORbkYmKGdmT;K�Z�x�oHORW	i�³P\kpgi	VXL4Z�x�VtvP\kZ�VcdmW;O�x�K%L�J+d�efWnVXWH¦=VXYR\	x�K�5R{

¿ Y�� ®½¢Zjuf\e�l��Hf\q�c¯j¾Í}h=fuq�`.®_hkf\j�§�q"��v�c ��h¯�
I�dEL�dmbts�KUZ�J	Kns�dmVXQGK�S1Q�dmVcb�ORQGZ�\+O�Z�d�xuN	x�dRv+bXKGTl��e%KAORi	dRN	ZHO�N	x�dmYRx�KGL�L�Vcs�KAO�N	N	x�d�ORQ�J�dmW
Z�J	K�W]\	TuvrKGxEdmz�i	KGL�VXYmW�sRO�x�VXO�v+bXKGLG{ û%o Z�J	VXL�e%K�T;K�ORW§Z�J+O�Z�e%K�VXW	VtZ�V�ORbcbco§L�KGKG�§ORW
dRN	Z�VXT;ORbfL�dmbX\kZ�VXdRW v]o�smO&x�okVXW	Y�Z�J	Kl�+x�L4ZjO�W+i£Z�J+Kl�	x�L4ZUZ~e%d�i	KGL�VXYmW£smO�x�VXO�v+bXKGLUdmW	bcom�
��KGKGN+VcW+YUORbcb9d�Z�J+K�xysRORbX\	KGLy�	pkKGiCO�ZyZ�J	K�VtxfVXW	VcZ�VXORbhsmO�bX\	Km{�|~WCOnL�KGQ�dRW+iCORW	ilZ�J	Vcx�ilL4Z�ORYmK
e%KlY�x�ORi	\PO�bXbco�VcW	QGx�K�ORL�K�Z�J	K�QGdmTnN+bXK�pkVtZ~o�dmzyZ�J	KjN	x�dRv+bXKGTív]o�bXK�Z�Z�VXW	Y�Z�J	Kj�+x�L4Z;z$dm\kx
ORW	i�ORbXbyL�KGsmK�W�smO�x�VXO�v+bXKGL;Z�d�Q�dmTnKEVXW�Z�d�N+b�OGo�� x�K�L4NrKGQGZ�Vts�K�bto�{�I
J	VXLAO�N	N	x�d�ORQ�J dR¡rKGx�L
Z�J	KCL4Z�x�O�VXYmJ�Z�z�d�x�e
O�x�i§L4Z�O&vPVcbXVtZ~o£Z�KGL4ZAdmW Z�J	K�ORbcYmdRx�VcZ�J	T dmzMs�K�x�VXz$oqVXW	Y�Z�J+O�ZUZ�J	KCQ�dRL4Z
z�\	W	Q�Z�VXdmWui	K�Q�x�K�ORL�K�L�ORL�K�pqNrK�Q�Z�K�iuORL�T;dRx�K i	KGYRx�KGK�L�dmzkz$x�KGK�i	dmT�O�x�K VcW�Z�x�dqi	\+QGKGia{�|~W�Z�J	K
z�dRbXbXd�efVXW	YnL�\	T;TUO&x�VXL�KMZ�J	K�W]\	T;KGx�VcQ#O�b�x�K�L�\	btZ�L
z�dRx%Z�J	K�Z�Jkx�K�K�O�z�dRx�KMT;KGW�Z�VXdmW	KGi�L4Z�ORYmKGLG{
¤ML��+W+KAT;d]i+KGb�e%KAQGdmW	L�VXi	KGxHOl�PW	VtZ�KjKGbXKGT;KGW�ZHTndqi	K�b�efVcZ�J�OEbXVcW+K�O�xHz$KGx�x�dRTUORYmW	K�Z�VXQ
QGdRx�Km{
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Ô�Õ�Ö�Õ�× ØyÙ¡ÚËÛ ÜÞÝßÚ Ó�à"áyà�â Ù½ã â¬ä Ý�å à­ä Ù¡ÚËæ�ç â�è ã á æ�ãsé Ü�Ù¡Ú
|~W�^ � `9Z�J	Kuz�dRbXbXd�efVXW	YUZ~e%d;x�K�L�\	bcZ�Lye%KGx�K�L�J+d�efWa{wêML�VXW	Yyx9õ�ORL�L�VXW	YmbcKui+KGL�VXYRWCsRO�x�V�O�v+bcKm�
Z�J	KCTnVXW	VXTg\	T¥QGdmL4Z�S1z�\	W	Q�Z�VXdmW£sRORbX\	KEK#[]\+ORbcL Þ Ó]Ô Â ×Ï%Ï Õyà§Í Þ Ú � ê �,Ê�S�©]{NêML�VcW+Yëx9õ
ORW	i�x / ORLui	KGL�VXYmW�smO�x�VXO�v+bXKGLG��Z�J	KUQGdmL4Z�S1z�\	W	Q�Z�VXdmW�QGdmW�Z�dm\kxuN+bXdRZuL�J	d#efL�Z�J+O�Z�Z�J	KC5 � SdRN	Z�VXTu\+TèbXVcK�L�VcW�O;bcdmW	YAORW	iCL4Z�KGK�NCsRORbXbcKGo�dmz�NrdmVXW�Z�LfefVtZ�JCO�N	N	x�d#pkVcTUO�Z�KGbco�Z�J	KuL�ORTnK
QGdmL4Z�S1z�\	W	QGZ�VcdmWlsRORbX\	KR{

Ô�Õ�Ö�Õ�Ö ØyÙ¡ÚËÛ ÜÞÝßÚ Ó�à"ájÓ�à Û áìä Ù¡ÚËæ�ç â�è ã á æ�ãsé Ü�Ù¡Ú
¦+dRx;Z�J	KjN	x�dRv+bXKGTíefVcZ�J�z�dR\	x;i	KGL�VXYmW�sRO�x�V�O&vPbcK�LG��e%K�x�\	W��	 �Z�VXTnK�L;¬, �VcZ�K�x�O�Z�VXdmW	Lndmz
TUORW	Vcz�dmbci	S1T;O�N	NPVcW	Y}efVcZ�J ORi+O�N	Z�VcsmKEQ�dmO�x�L�KCTndqi	K�b
x�K��+W+KGT;KGW�ZjORW	i£efVcZ�J	dm\kZ;Z�x�\	L4Z�S
x�KGYmVXdmW�dmW�ORW�©í��©É��©É��©AVcW+VtZ�V�ORb�QGd�O�x�L�KHT;d]i+KGb/{ � W�O�smKGx�ORYRKgZ�J+KgT;VcW+VcTUORb=QGdmL4Z�S
z�\	W	Q�Z�VXdmW�sRORbc\+K�z$dm\	W	iÌVXLlK�[]\+ORbMZ�d Þ Ó]Ô Â ×Ï
Ï ÕfàÌÍ Þ Úø5 ê � Ê�S�©]�MefVtZ�J�O�L4Z�O�W+i+O�x�i
i	KGsqV�O�Z�VcdmW�dmzf« ê 2 Ê�S�¬	{}��O�skVXW	YCv+\	VXbXi}Z�J	KjVXW	VcZ�VXORb QGd�O�x�L�KjT;d]i+KGb/��ORi+O�N	Z�VcsmKjTUORW	VXz$dmbXi
TUO�N	N+VXW	Y��+W+i	LgZ�J+KGL�KjL�dmbX\kZ�VXdRW+LH\	L�VXW	Y�dRW£OGs�KGx�O�YmKE« 2 �+W+VtZ�K�KGbXKGT;KGW�ZnL�VXTg\	b�O&Z�VXdmW	LG{
I
J	KAz�ORQGZ�Z�J+O�ZuZ�J+KU¬ � S1dRN	Z�VXTg\	TÙVXLgL�VcYmW	Vc�+Q#O�W]Z�bto�vrK�Z�Z�KGx�Z�JPO�W�VtZ�Ln© � Q�dm\	W�Z�K�x�N�O&x�Z
N	x�d#skVci+KGL�O�WEVXW	i	VXQ�O�Z�VXdRWEz�dRxyZ�J	K�L4Z�O�v+VXbcVcZ~o�dmz�Z�J	K�ORbXYmd�x�VcZ�J	Tl{

Ô�Õ�Ö�ÕÞî ØyÙ¡ÚËÛ ÜÞÝßÚ Ó�à"á Ú<Ù è Ù âLä Ù�ÚËæ�ç âLè ã á æ�ãsé¨Ü�Ù�Ú
¹M\	T;K�x�VXQ�ORbrZ�K�L4Z�L
VXW	i	VXQ�O�Z�KGi�Z�J+O�ZfO�WlVXW	VtZ�V�ORbhQGd�O�x�L�K�Tndqi	K�brefVtZ�JC©uNrdmVXW�Z�LyORbXdmW	YnK�ORQ�J
O�pkVcL�e
ORL�W	dRZ�L�\k�UQGVXKGW�Z�bco�ORQGQ�\kx�O�Z�KgZ�d�L�dmbcs�KHZ�J	KnL�K�s�KGWkS1i+VcT;KGW+L�VcdmW+ORb?N	x�dRv+bcK�Tl{u¯}K
Z�J	KGx�KGz�d�x�K�x�KGL�dRx�Z�K�iEZ�d;vrdRZ�J�O;�+W	KGxMVXW	VtZ�V�ORb9Q�dmO�x�L�KgT;dqi	KGb�O�W+i�O;Z�x�\	L4Z�S/x�KGYmVXdmWCL4Z�O�v+VcS
bXVcw#O&Z�VXdmW�dmz�Z�J	KUORbcYmdRx�VtZ�J+T�{U¯}Knx�\	W��	 �Z�VcT;K�Lg�; lVcZ�K�x�O�Z�VXdRW+L�dRz TUORW	VXz$dmbXikS1TUO�N	N+VXW	Y
efVcZ�J�ORi+O�N	Z�VcsmKnQGd�O�x�L�KnTndqi	K�b�x�KG�+W	KGT;K�W�Z�dmW�ORW}©É��©É��©É��©É��«y��«y��«AQ�d�O&x�L�K
T;dqi	KGb/{�I
J	K�O�smKGx�ORYRK�Q�dRL4Zfz$\+W	Q�Z�VXdmWjx�K�i	\	QGK�L
v]ojT;dRx�K�Z�J+ORWEOHz�O�QGZ�dRx
Z~e%dnQ�dRTnNPO�x�K�i
efVcZ�JEZ�J	Kgz$dm\kx�S1i	VXT;KGW	L�VXdmW+ORb9x�K�L�\	bcZ�L�O�W+iCVXL�K#[�\PO�b9Z�d Þ Ó�Ô Â ×Ï
Ï Õ?à}Í Þ Ú � ê «,Ê�S~«;efVtZ�JOlL4Z�ORW	i+O�x�i�i	KGsqV�O�Z�VcdmW�dmz
© ê 5�ÊGS~«q{AI
J	KnZ�x�\	L4Z�S/x�KGYmVXdmW�L4Z�O�v+VcbXVXw�O�Z�VcdmW�TUO���KGL�Z�J	KUORbcYmdRS
x�VcZ�J	T TndRx�K�K�pqNrKGW+L�Vts�KANrK�xnVtZ�KGx�O�Z�VcdmW�O�W+i�VXW�Z�J	VcLHKGpqNrK�x�VXT;KGW�Z;ORW�OGs�KGx�O�YmK�dRz�5 �,�
�+W	VcZ�K�K�bcK�T;KGW�Z�L�VcTg\	b�O�Z�VcdmWENrK�xyx�\	WCO�x�K�x�K#[]\	Vtx�K�ih{

¤ÖL�K�s�KGWkS1i+VcT;KGW+L�VcdmW+ORb%d�N+Z�VcTUORb YmKGdmT;K�Z�x�o}ORW	i}Z�J	KAz$dRx�Q�K�S1i	VXL4N+b�O�Q�KGT;KGW]Z�LgQG\	x�smK�L
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