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Abstract. 
 In this paper a series of low boom adaptive structure hardware demonstrators are described. 
The designs are enabled by recent advances in SMA technology including improved high 
temperature materials, better design and modeling tools, and industry approved test methods. 
The test hardware replicates the centerline keel of a representative supersonic aircraft. An array 
of SMA based actuators are used to modify the keel structure resulting in a change to the 
geometry of the Outer Mold Line (OML). The shape changes are intended to maintain a low 
boom signature in response to changes in Mach, angle of attack, flight path, or atmospheric 
profile. A description of the hardware design, SMA control system, and integration into a 
supersonic flight simulator are shown. Test results showing real-time geometry changes 
minimizing the predicted boom are presented. The design, build, and test of the adaptive 
structure demonstrators was led by a team of undergraduate students, supported by university 
faculty and industry advisors. The results presented are outcomes of Texas A&M University’s 
Adaptive Aerostructures for Revolutionary Civil Supersonic Transportation project sponsored 
by NASA’s University Leadership Initiative (ULI). 

Keywords: Smart Structures, Supersonic, Adaptive Structures, Shape Memory Alloys, Sonic 
Boom, Actuators, Low Boom. 

1 INTRODUCTION 
 To enable the return to flight of civil supersonic aircraft, vehicle designs must move beyond 
traditional aerodynamic performance metrics to include the shaping of sonic boom signatures 
to minimize perceived loudness across a wide range of conditions. A vehicle’s Mach, angle of 
attack, and atmospheric profile between the aircraft and the ground have all been shown to have 
a significant impact on perceived loudness. However, studies have shown that during these 
adverse boom circumstances small modifications to the geometry of the vehicle’s outer mold 
line (OML) can restore the vehicle to a low boom state [1-5]. In addition to low boom, numerous 
other applications have been identified where adaptive structures could enable optimized 
aircraft performance across all operating scenarios, some of these are shown in Fig. 1. 

A multidisciplinary team led by Texas A&M University is investigating commercially viable 
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FLYLO�VXSHUVRQLF� WUDQVSRUW�DLUFUDIW� WKDW�FDQ�PRGLI\� WKHLU�VKDSH�GXULQJ�IOLJKW�XQGHU�D� UDQJH�RI�
FRQGLWLRQV� WR� PHHW� QRLVH� DQG� HIILFLHQF\� UHTXLUHPHQWV� IRU� RYHUODQG� IOLJKW.� 7KLV� SURMHFW� LV�
VSRQVRUHG�XQGHU�1$6$¶V�8QLYHUVLW\�/HDGHUVKLS�,QLWLDWLYH��8/,��SURJUDP.�7R�EH�FRPPHUFLDOO\�
YLDEOH��D�VXSHUVRQLF�WUDQVSRUW�PXVW�EH�DEOH�PHHW�ORZ�ERRP�QRLVH�OLPLWV�IRU�DOO�IOLJKW�FRQGLWLRQV.�
7KLV�UHTXLUH�DLUFUDIW�WR�EH�DEOH�WR�DGDSW�DQG�UHFRQILJXUH�WR�FKDQJLQJ�IOLJKW�FRQGLWLRQV�WR�PDLQWDLQ�
D�ORZ�ERRP�VLJQDWXUH.��

7R� VXSSRUW� WKH�
RSWLPL]DWLRQ� RI� 20/�
VKDSHV FKDQJHV WKDW�
PLWLJDWH�SHUFHLYHG�QRLVH�DW�
RII�GHVLJQ� FRQGLWLRQV� D�
WRRO� FKDLQ� ZDV� GHYHORSHG�
WKDW�XWLOL]HG�UHGXFHG�RUGHU�
DQG� KLJK�ILGHOLW\�
FRPSXWDWLRQDO� IOXLG�
G\QDPLFV� �&)'�� IRU� QHDU�
ILHOG� HYDOXDWLRQ� RI� WKH�
SUHVVXUHV�DQG�VKRFNV��WRROV�
WR�HVWLPDWH�SURSDJDWLRQ�RI�

WKH�VKRFNV�WKURXJK�WKH�DWPRVSKHUH�EHORZ�WKH�YHKLFOH��DQG�WRROV�WR�WUDQVODWH�WKH�JURXQG�SUHVVXUH�
VLJQDO�WR�SHUFHLYHG�QRLVH�>2@.�7KLV�WRRO�FKDLQ�LV�VKRZQ�LQ�Fig 2.�
� 6KDSH�PHPRU\�DOOR\��60$��EDVHG�DFWXDWRUV�ZHUH�VHOHFWHG�IRU�WKLV�DSSOLFDWLRQ�DV�WKH\�FDQ�
SURYLGH�D�FRPSDFW�DQG�OLJKW�ZHLJKW�GLVWULEXWHG�V\VWHP�WKDW�HQDEOHV UHDO�WLPH�VKDSH�FKDQJHV WR�
WKH� RXWHU� PROG� OLQH� �20/�� RI� WKH� DLUFUDIW.� *HRPHWULF� UHFRQILJXUDWLRQ LPSDFWV WKH� ERRP�
VLJQDWXUH�DQG�PDLQWDLQV RSWLPDO�ORZ�ERRP�DQG�ORZ�GUDJ�FRQILJXUDWLRQV�DFURVV�DOO�HQYLURQPHQWV�
DQG�IOLJKW�FRQGLWLRQV�>6@.�

1L7L+I� +LJK� 7HPSHUDWXUH� 60$V� �+760$V�� ZHUH� VHOHFWHG� DV� WKH� EDVHOLQH� PDWHULDO.�
+760$V� SUHYHQW�
LQDGYHUWHQW� DFWXDWLRQ�� DV�
WKH� PDUWHQVLWH� ILQLVK�
WHPSHUDWXUH�LV�EHORZ�DQ\�
DQWLFLSDWHG� RSHUDWLRQDO�
DPELHQW� WHPSHUDWXUHV� IRU�
DLUFUDIW�SDUWV��VSHFLILHG�DV�
85 &.�,W�LV�DOVR�LPSRUWDQW�
WR�PLQLPL]H�WKH�$XVWHQLWH�
ILQLVK�WHPSHUDWXUH�WR�OLPLW�
WKH�SRZHU�QHHGHG�IRU�IXOO�
DFWXDWLRQ.�$GGLWLRQDOO\��D�
100�000� F\FOH� OLIHWLPH� DW�
DFWXDWLRQ� VWUDLQV� JUHDWHU�
WKDQ�2��ZDV�VSHFLILHG�WR�
VXSSRUW� SUDFWLFDO�

)LJXUH�1��$GDSWLYH�6WUXFWXUHV�$SSOLFDWLRQV

)LJXUH�2��7RRO�&KDLQ�IRU�$QDO\VLV�DQG�2SWLPL]DWLRQ�RI�$LUFUDIW�
*HRPHWULHV�IRU�/RZ�%RRP
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FRPPHUFLDO�DSSOLFDWLRQV..�
,Q�Fig. 3 WKH�SULPDU\�SDUDPHWHUV

GULYLQJ� GXUDELOLW\� DQG� RSHUDWLRQDO�
OLIHF\FOHV� DUH� VKRZQ RI� 60$�
DFWXDWRUV� DUH VKRZQ�� LQFOXGLQJ�
FRPSRVLWLRQ�� SURFHVVLQJ�� DQG�
RSHUDWLRQV.��

7R�UHDOL]H�WKH�PD[LPXP�EHQHILWV�
RI� DGDSWLYH� VWUXFWXUHV� � GHVLJQ��
LQWHJUDWLRQ�� DQG� RSHUDWLRQ� RI�
DGDSWLYH�VWUXFWXUHV�PXVW�EH�IHDVLEOH�
DQG� FRVW� HIIHFWLYH.� 7KLV� DGDSWLYH�
VWUXFWXUHV� PDWHULDO� GHYHORSPHQW��
PRGHOLQJ�� DQG� GHVLJQ� SURFHVV� LV�
VKRZQ�LQ�Fig. 4..�

3 HARDWARE DEMONSTRATORS
7R�IXOO\�YDOLGDWH�WKH�DGDSWLYH�VWUXFWXUHV�GHVLJQ�WRROV�DQG�GHPRQVWUDWH�SHUIRUPDQFH�D�VHULHV�

RI�KDUGZDUH�GHPRQVWUDWRUV�ZHUH�GHVLJQHG��EXLOW��DQG�WHVWHG.�(DFK�GHVLJQ UHSUHVHQWHG�WKH�NHHO�
VXUIDFH�RI�1$6$¶V�;�59�ORZ�ERRP�GHPRQVWUDWRU.��(DFK�DGDSWLYH�VWUXFWXUH�GHPRQVWUDWRU�KDG�
DQ�LQFUHDVHG�OHYHO�RI�FRPSOH[LW\�DQG�VKDSH�FRQWURO�FDSDELOLW\.��

3.1 1D Segmented panel demonstrator.
7KH�ILUVW�GHPRQVWUDWLRQ�RI�DQ�DGDSWLYH�JHRPHWU\�IRU�ORZ�ERRP�VXSHUVRQLF�YHKLFOHV�LV�VKRZQ�

LQ�Fig. 5 XWLOL]LQJ� D� VLQJOH� OLQHDU� 60$� EDVHG� DFWXDWRU� DFWLQJ� RQ� D� SDQHO� FRPSRVHG� RI� DQ�
HODVWRPHU�VKHHW�ZLWK�ULJLG�DOXPLQXP�SDQHOV�ERQGHG�RQ�WKH�RXWHU�VXUIDFH�WR�FRQWURO�VKDSH�DQG�
SURYLGH� LPSDFW� UHVLVWDQFH.�7KH� OLQHDU�DFWXDWRU�XVHV�DQ�60$�WRUVLRQDO� WXEH�FRPSRQHQW�PDGH�

)LJXUH����6KDSH�0HPRU\�$OOR\�'HYHORSPHQW

)LJXUH�4��6KDSH�0HPRU\�$OOR\�6\VWHP�/HYHO�'HYHORSPHQW�DQG�0RGHOLQJ
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IURP�QHDUO\�HTXLDWRPLF�1L7L.�$�UDFN�DQG�SLQLRQ�DVVHPEO\�FRQYHUWV�WKH�60$¶V�URWDU\�PRWLRQ�WR�
OLQHDU�GLVSODFHPHQW.�$�PLFUR�LQGXFWLRQ�KHDWLQJ�V\VWHP�ZDV�XVHG�WR�KHDW�WKH�60$�WXEH�DQG�VPDOO�
IDQV��QRW�VKRZQ��FRROHG�WKH�WXEH.�$�VSULQJ�ZDV�DWWDFKHG�WR�WKH�OLQHDU�RXWSXW�RI�WKH�UDFN�DQG�
SLQLRQ�DVVHPEO\�WR�SURYLGH�D�UHVWRULQJ�IRUFH�WKDW�VXSSOHPHQWHG�WKH�2�ZD\�VKDSH�PHPRU\�HIIHFW�
WKDW�ZDV�WUDLQHG�LQWR�WKH�60$�WXEH.�7KH�VHQVRU�DQG�FRQWURO�V\VWHP�ZDV�EDVHG�RQ�D�VPDOO��ORFDOO\�
PRXQWHG�� /LQX[� EDVHG� FRPSXWHU� WKDW� PRQLWRUHG� WHPSHUDWXUHV� XVLQJ� W\SH�.� WKHUPRFRXSOHV��
60$�WXEH� URWDWLRQ�XVLQJ�D�GLJLWDO� HQFRGHU�� DQG�3XOVH�:LGWK�0RGXODWLRQ� �3:0��RXWSXWV� WR�
FRQWURO�LQGXFWLRQ�SRZHU�DQG 60$�KHDWLQJ.�7KH�PHDVXUHG�WXEH�URWDWLRQ�ZDV�XVHG�IRU�IHHGEDFN�
FRQWURO� DQG� WR� GHWHUPLQH OLQHDU� PRWLRQ� RQ� WKH� SDQHO� VXUIDFH.� 7KH� HQWLUH� FRQWURO� V\VWHP� LV�
FRPSDFW�ZLWK�WKH�VHQVRUV��DFWXDWRU��DQG�FRQWURO�V\VWHP�FR�ORFDWHG�QHDU� WKH�DGDSWLYH�VXUIDFH.�
3RZHU�DQG�D�FRPPXQLFDWLRQV�OLQN�WR�FRPPDQG�VHWSRLQWV�DQG�UHFHLYHG�GDWD�DUH�WKH�RQO\�H[WHUQDO�
FRPSRQHQWV.�)XOO�FORVHG�ORRS�FRQWURO�RI�WKH�VXUIDFH¶V�PLG�SRLQW�KHLJKW�DQG�VXEVHTXHQW�VKDSH

ZDV� LV�VKRZQ�LQ�Fig. 6.� ,QGXFWLRQ�KHDWLQJ�HQDEOHV� UDSLG�UHVSRQVH� WR�FKDQJHV� LQ� WKH�SRVLWLRQ�
VHWSRLQW�DQG�PLQLPL]HV�RYHUVKRRW.�$V�ZLWK�PDQ\�60$�DSSOLFDWLRQV��FRROLQJ�LV�WKH�UDWH�OLPLWLQJ�
SURFHVV.� +RZHYHU�� SUHYLRXV� ZRUN� KDV� GHPRQVWUDWHG� DFFHOHUDWHG� FRROLQJ� PHWKRGV� VXFK� DV�
FRPSUHVVHG�DLU�URXWHG�GRZQ�WKH�LQQHU�GLDPHWHU�RI�WKH�WXEH.�

)LJXUH�5��6HJPHQWHG�3DQHO�0RUSKLQJ�6XUIDFH
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3.2 Five panel adaptive surface
%XLOGLQJ�RQ�WKH�VXFFHVV�RI�WKH�ILUVW�1'�SURRI�RI�FRQFHSW�GHPRQVWUDWLRQ��D�VHFRQG�YDULDEOH�

JHRPHWU\�VXUIDFH�ZDV�GHVLJQHG��EXLOW��DQG�WHVWHG.�7KH�GHVLJQ�DQG�DVVHPEO\�DUH VKRZQ�LQ�Fig. 
7. 7KH�HODVWRPHU�EDVH�ZDV�UHSODFHG�E\�SDQHOV FRQQHFWHG�ZLWK�ULJLG�KLQJHV�WR�UHGXFH�ZHLJKW�DQG
HOLPLQDWH� H[FHVVLYH� FRPSOLDQFH.� 0XOWLSOH� DFWXDWRUV� ZHUH� DGGHG� WR� LQFUHDVH� WKH� UDQJH� RI�

)LJXUH�6��&ORVHG�/RRS�&RQWURO�RI�6HJPHQWHG�3DQHO
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)LJXUH�7��1[5�3DQHO�$GDSWLYH�6XUIDFH.�7ZR�60$�7RUVLRQ�$FWXDWRUV�DQG�2QH�/LQHDU�6HUYR.�3QHXPDWLF�
$FWXDWRUV�WR�3URYLGH�6LPXODWHG�$HURG\QDPLF�/RDGV��
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FRQWUROODEOH�VKDSHV.�7ZR�60$�WRUVLRQDO�DFWXDWRUV�ZHUH�LQWHJUDWHG�LQWR�WKH�KLQJH�RI�WKH�HGJH�
SDQHOV�WR�FRQWURO�DQJOH�RI�WKH�SDQHO��ZKLOH�WKH�PLG�SDQHO¶V�KHLJKW�ZDV�FRQWUROOHG�ZLWK�D�OLQHDU�
HOHFWULF�VHUYR.�7KH�60$�WRUVLRQDO�DFWXDWRU�ZDV�DWWDFKHG�DQG�IL[HG�DW�RQH�HQG�WR�WKH�H[WHULRU�
IL[HG�VWUXFWXUH�DQG�WKH�RWKHU�HQG�ZDV�DWWDFKHG�WR�WKH�HQG�SDQHO.�:KHQ�WKH�WUDLQHG�WXEH�LV�KHDWHG
WKH�60(�FDXVHV�WKH�WXEH�WR�VKHDU�DORQJ�LWV�OHQJWK�UHVXOWLQJ�LQ�D�URWDWLRQ�DW�WKH�SDQHO�HQG�ZKLFK�
GHIOHFWV WKH� SDQHO� WR� WKH� GHVLUHG� DQJOH.�%RWK� WXEHV� KDG� EHHQ� WUDLQHG� LQ� 2�ZD\�60(�DQG�QR�
UHVWRULQJ�IRUFHV�ZHUH�XVHG�WR�UHWXUQ�WKH�SDQHO�WR�LWV�EDVH�SRVLWLRQ.�7ZR�SQHXPDWLF�DFWXDWRUV ZHUH�
LQWHJUDWHG�LQWR�WKH�WHVW�EHG�WR�SURYLGH�IRUFHV�WKDW�VLPXODWH�WKH�VXUIDFH�ORDGV�WKH�SDQHO�ZRXOG�VHH�
LQ�IOLJKW.

$�FRQWURO�V\VWHP�VLPLODU�WR�ZKDW�ZDV�XVHG�LQ�WKH�1'�SDQHO�ZDV�LQWHJUDWHG�LQWR�WKH�V\VWHP.�
60$�WHPSHUDWXUHV��SDQHO�DQJOHV��DQG�WKH�PLG�SDQHO�KHLJKW�ZHUH�PHDVXUHG�E\�WKH�/LQX[�EDVHG�
PLFUR�FRPSXWHU�XVLQJ�FXVWRP�S\WKRQ�FRGH.�6KDSH�FRPPDQGV�ZHUH�FRPPXQLFDWHG�WR�WKH�V\VWHP�
IURP�D�UHPRWH�3&��ZKLOH�DGGLWLRQDO�3\WKRQ�FRQWURO�FRGH�PDQDJHG�KHDWHU�SRZHU��FRPSUHVVHG�DLU�
FRROLQJ��DQG�OLQHDU�VHUYR�SRVLWLRQ.�0RWLRQ�EHWZHHQ�HDFK�RI� WKH�DFWXDWRUV�ZDV�FRRUGLQDWHG�WR�
DFFRXQW�IRU�WKH�XQLTXH�NLQHPDWLFV�RI�WKH�SDQHO DV�VHHQ�LQ�Fig. 8.�7KH�WHVW�EHG�UHSUHVHQWV�D�VHFWLRQ�

RI� WKH� NHHO� OLQH� RI� D� VXSHUVRQLF� YHKLFOH� DQG� LV� RULHQWHG� LQ� WKH� LQYHUWHG� SRVLWLRQ� IRU� WHVWLQJ�
SXUSRVHV.��7KH�ULJLG�KLQJHV�FRQQHFWLQJ�WKH�SDQHOV�FUHDWH�D�IL[HG�OHQJWK�IRU�WKH�5�SDQHOV�IURP�
HGJH�KLQJH�WR�HGJH�KLQJH.�,Q�WKH�OHIW�DQG�ULJKW�SLFWXUHV�VKRZQ�LQ�Fig. 8 WKH�DUF�RI�WKH�QHJDWLYH�
VXUIDFH�DQG�SRVLWLYH�VXUIDFHV�LV�D�VPRRWK�DUFK HTXDO�WR�WKH�WRWDO�OHQJWK�RI�WKH�SDQHOV�DQG�KLQJHV.�
+RZHYHU��WR�SDVV�WKH�VXUIDFH�WKURXJK�WKH�PLGSRLQW�WKH�WRWDO�OHQJWK�RI�WKH�SDQHOV�H[FHHGV�WKH�
IODW�GLVWDQFH�EHWZHHQ�RXWHU�KLQJHV DQG�WKH�SDQHOV�PXVW�EH�IROGHG�WR�VKRUWHQ�RYHUDOO�OHQJWK.�7KLV�
IHDWXUH� VLJQLILFDQWO\� OLPLWHG� WKH� DYDLODEOH� VKDSHV WKDW� FRXOG� EH� JHQHUDWHG�� LQFOXGLQJ�
DV\PPHWULFDO�VKDSHV.�

7HVWLQJ�ZDV�SHUIRUPHG�RYHU�D�UDQJH�RI�FRQGLWLRQV�LQFOXGLQJ�FRQVWDQW�VLPXODWHG�VXUIDFH�ORDGV�
DQG� VXUIDFH� ORDGV� WKDW�YDULHG� DV� D� IXQFWLRQ�RI� VKDSH.�7KH�YDU\LQJ� VXUIDFH� ORDGV� UHSUHVHQWHG�
H[SHFWHG�SUHVVXUHV�RQ�WKH�FHQWHU�NHHO�OLQH�RI�D�VXSHUVRQLF�MHW.�7KHVH�ORDGV�YDULHG�IURP�SRVLWLYH�
WR�QHJDWLYH�GHSHQGLQJ�RQ�ZKHWKHU�WKH�SDQHO�GHIRUPDWLRQ�ZDV�D�GHQW�RU�D�EXPS.�,Q�D�GHQW�VKDSH�
�OHIW�SLFWXUH�LQ�Fig. 8��WKH�VXUIDFH�ORDGV�DUH�QHJDWLYH�DQG�WHQG�WR�SXOO�WKH�VXUIDFH�RXW�DZD\�IURP�
WKH�YHKLFOH�DQG�DVVLVW�WKH�60$ DFWXDWLRQ.�:KHQ�WKH�VXUIDFH�LV�D�EXPS��ULJKW�SLFWXUH�LQ�Fig. 8��
WKH�VXUIDFH�ORDGV�DUH�SRVLWLYH�DQG�WHQG�WR�SXVK�WKH�VXUIDFH�WRZDUGV�WKH�YHKLFOH�FHQWHU�DQG�UHVLVW�
WKH�60$�DFWXDWLRQ.��

)LJXUH�8��1[5�3DQHO�5DQJH RI�$FWXDWLRQ
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7HVW�GDWD�RI�D�FRPSOHWH�WUDQVODWLRQ�RI�WKH�5�SDQHO VXUIDFH�IURP�GHQW�WR�EXPS�ZLWK�FRQVWDQW�
VXUIDFH� ORDGV� LV� VKRZQ� LQ�Figure 9.� ,Q� JUDSKV� $� DQG� %� WKH� HGJH� SDQHO� DQJOHV� DUH� VKRZQ�
IROORZLQJ� WKH�VHWSRLQWV�ZLWK�PLQLPDO�RYHUVKRRW�RU�RVFLOODWLRQV.�&RQWURO�ZDV�VLPLODU� IRU�ERWK�
QHJDWLYH�DQG�SRVLWLYH�VXUIDFH�ORDGV. ,Q�JUDSKV�&�DQG�'�WKH�WHPSHUDWXUH�RI�WKH�60$�LV�VKRZQ.�
,Q�JUDSK�&�WKH�VXUIDFH�ORDGV�ZHUH�SRVLWLYH�DQG�ZRUNHG�DJDLQVW�WKH�60$�DFWXDWLRQ�UHVXOWLQJ�LQ�
KLJKHU�60$�WHPSHUDWXUHV�WKDQ�DUH�VKRZQ�LQ�JUDSK�'��ZKHUH WKH�VXUIDFH�ORDGV�DUH�QHJDWLYH�DQG�
DVVLVW�WKH�60$ DFWXDWLRQ.��

5HVXOWV� IRU� WHVWLQJ� RI� WKH� ILYH� SDQHO� VXUIDFH¶V� DELOLW\� WR� KROG� VKDSH� ZKLOH� VXUIDFH� ORDGV�
FKDQJHG�DUH�VKRZQ�LQ�Figure 10.�7KLV�UHSUHVHQWV�WKH�HIIHFW�RI�D�VXGGHQ�FKDQJH�LQ�0DFK�RU�DQJOH�
RI�DWWDFN�WKDW�ZRXOG�FDXVH�D�VXGGHQ�FKDQJH�LQ�ORDGV.�7KH�XSSHU�JUDSK�LQ�Figure 10 VKRZV�WKH�
SDQHO�KHLJKW�DW��25PP��D�GHQW��DQG��25PP��D�EXPS�.�:KLOH�KROGLQJ�WKDW�VXUIDFH VKDSH�WKH�
SQHXPDWLF�V\VWHP�ZDV�XVHG�WR�TXLFNO\�VZHHS�EHWZHHQ�PD[LPXP�DQG�PLQLPXP�ORDGLQJ.��

,Q�WKH�ORZHU�JUDSK�WKH�HGJH�SDQHO�DQJOHV�DUH�VKRZQ�WR�IOXFWXDWH�VRPHZKDW��EXW�JHQHUDOO\�KROG�
SRVLWLRQ.�7KH�60$�WHPSHUDWXUHV�DUH�VKRZQ�WR�YDU\�PRUH�WKDQ��0�GHJUHHV�DV�WKH�VXUIDFH�ORDGV�
JR� IURP� DVVLVWLQJ� WKH� 60$� IRUFHV� WR� UHDFWLQJ� DJDLQVW� WKH� 60$.� 7KLV� LV� HVSHFLDOO\� HYLGHQW�
EHWZHHQ�DSSUR[LPDWHO\�500�DQG�800�VHFRQGV�ZKHQ�WKH�ORDG�JRHV�IURP�RYHU��2�.3D�WR�OHVV�WKDQ�
�2�.3D.�7KH�VXUIDFH�ORDGV�UDQJH�IURP�UHDFWLQJ�DJDLQVW�WKH�60$�WR�DVVLVWLQJ�WKH�60$ DFWXDWLRQ

)LJXUH�9��1[5�SDQHO�VKDSH�FRQWURO�ZLWK�VLPXODWHG�DHURG\QDPLF�ORDGLQJ.

A C

B D

361



DQG�WKH�WHPSHUDWXUH�GURSV�ZKLOH�WKH�SDQHO�DQJOH�UHPDLQV�FRQVWDQW.�

3.3 Five panel adaptive surface revised design.
7KH�ULJLG�KLQJH�GHVLJQ�RI�WKH�ILUVW�

ILYH�SDQHO�DVVHPEO\ OLPLWHG� WKH� W\SHV�RI�
VKDSHV� WKDW� FRXOG� EH� FRQWUROOHG DQG�
OLPLWHG� DV\PPHWULFDO� VKDSHV DV� ZHOO� DV�
SUHYHQWLQJ� D� VPRRWK� VXUIDFH� ZKHQ�
DSSURDFKLQJ� D� IODW� VKDSH. $� VHFRQG� 5�
SDQHO� V\VWHP ZDV� GHVLJQHG� WKDW� DGGHG�
DFWXDWRUV�WR�FRQWURO�KLQJH�VSDFLQJ�RQ�WKH�
PLGGOH� SDQHO�� ZKLFK� DOORZHG� WKH� WRWDO�
OHQJWK� WR�EH�FRQWUROOHG�VR� WKDW WKH�SDQHO�
ZDV�DEOH�WR�EH�JR�IODW DV�LW�SDVVHG�WKRXJKW�
WKH�FHQWHU�SRLQW.��7KH�ZLGWK�RI�WKH�SDQHOV�
ZDV YDULHG� WR� EHWWHU� FUHDWH� VKDSHV� WKDW
PDWFKHG� WKH� JHRPHWULHV GHILQHG� E\� WKH�
RSWLPL]DWLRQ�WHDP�WR�PLWLJDWH VRQLF�ERRP
LQ�DGYHUVH�FRQGLWLRQV.�7KH�HOHFWULF OLQHDU�
VHUYR�RQ�WKH�FHQWHU�SDQHO�ZDV�UHSODFHG�E\�
DQ 60$�EDVHG�V\VWHP�VLPLODU�WR WKH�UDFN�
DQG� SLQLRQ� GHVLJQ� XVHG� LQ� WKH� ILUVW
KDUGZDUH�GHPRQVWUDWRU.��

7KH�UHYLVHG�GHVLJQ�LV�VKRZQ�LQ�Figure 
11. 3URILOHV� VKRZLQJ� WKH� VXUIDFH� DV WKH
V\VWHP WUDQVLWLRQV�IURP�D�GHQW�WR�D�EXPS�
LV VKRZQ�LQ�Figure 12.�7KH�DELOLW\�RI�WKH�
DGDSWLYH� VXUIDFH� WR� IODWWHQ� DV� LW� SDVVHV�
WKURXJK�WKH�PLGSRLQW�LV�FOHDUO\�HYLGHQW�LQ�
���.� %\� FRQWUROOLQJ� WKH� VSDFLQJ� RQ� WKH�
PLG�SDQHO� KLQJH� DWWDFKPHQW� SRLQWV�� WKH�
RYHUDOO� OHQJWK� RI WKH� VXUIDFH LV� UHGXFHG��

)LJXUH�10� 1[5�SDQHO�FRQVWDQW�VKDSH�ZLWK�YDU\�
DHURG\QDPLF�ORDGV.

)LJXUH�11� 5HYLVHG�5�SDQHO�GHVLJQ.

S MA R ack - and - p inion

L inear S erv os for 
Hinge S p acing
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PHDVXUHG� IURP� RXWHU� KLQJH� WR�
RXWHU� KLQJH�� HQDEOLQJ� D IODW�
SURILOH.��

&RQWURO� RI� WKH� PLG�SDQHO�
KHLJKW� DQG� VKDSH� LV� VKRZQ� LQ�
Figure 13.�,Q�WKH�XSSHU�FKDUW�WKH�
PLG�SDQHO� KHLJKW� DQG� KLQJH�
VSDFLQJ� LV� VKRZQ� DV� WKH� VXUIDFH�
WUDQVLWLRQV�IURP�D�QHJDWLYH�DUF�WR�
D�SRVLWLYH�DUF DQG�EDFN DJDLQ.�$V�
WKH� VXUIDFH� DSSURDFKHV� WKH�
PLGSRLQW� WKH� KLQJH� VSDFLQJ� LV�
UHGXFHG��UHDFKLQJ�PLQLPXP�DV�WKH�
SDQHO� EHFRPHV� IODW�� DQG� WKHQ�
LQFUHDVLQJ� DV� WKH� SDQHO� H[SDQGV�
RXWZDUG�LQWR�D�DUFK.��

,Q� WKH� ORZHU� FKDUW� WKH� 60$�
HGJH�SDQHO�DQJOHV�DUH�VKRZQ.�)RU�
WKHVH� WHVWV WKH� VHWSRLQW� IRU� WKH�
HGJH� SDQHOV� LV� D� IXQFWLRQ� RI� WKH�
PLG�SDQHO� KHLJKW.� 7KH� XSSHU�
GDVKHG� OLQH� VKRZV� WKH� DQJOH�
VHWSRLQW�FOHDUO\�WUDFNLQJ�WKH�PLG�
SDQHO�KHLJKW�DQG�WKH�60$�FRQWURO�
V\VWHP� PDWFKLQJ� WKH� VHWSRLQW�

)LJXUH�12��5HYLVHG�5�SDQHO�GHVLJQ WUDQVLWLRQLQJ�WKURXJK�IXOO�UDQJH.

)LJXUH�1�� 5HYLVHG�1[5�SDQHO�VKDSH�FRQWURO

363



FORVHO\.�

4 FLIGHT SIMULATOR INTEGRATION
7KH�REMHFWLYH�RI�WKH�ILQDO�KDUGZDUH�GHPRQVWUDWLRQ�ZDV�WR�GHYHORS�D�FRQQHFWLRQ�EHWZHHQ�

WKH�DV�EXLOW�KDUGZDUH�JHRPHWULHV�DQG�WKH�RSWLPL]HG�20/�GHIRUPDWLRQV�WKDW�ZHUH�EHLQJ�PRGHOHG�
LQ�WKH�&)'�EDVHG�VRQLF�ERRP�PLQLPL]DWLRQ�VWXGLHV.�7KLV�LQWHJUDWHG�V\VWHP�LQFOXGHG�WKH�60$�
EDVHG�DGDSWLYH�JHRPHWU\�KDUGZDUH��VXSHUVRQLF�IOLJKW�VLPXODWLRQ��DWPRVSKHULF�SURILOHV�EDVHG�RQ�
SXEOLFO\�DYDLODEOH�12$$�GDWD��VLPXODWHG�/,'$5�PHDVXUHPHQWV�RI�WKH�DWPRVSKHUH�EHORZ�WKH�
DLUFUDIW��QHDUILHOG�SUHVVXUH�VLJQDWXUH�SUHGLFWLRQ�EDVHG�RQ�VKDSHV�JHQHUDWHG�E\�WKH�KDUGZDUH��DQG�
DWPRVSKHULF� SURSDJDWLRQ� RI� SUHVVXUH� VLJQDWXUHV.� 7KH� V\VWHP� GHPRQVWUDWLRQ� LPSOHPHQWHG� D�
PRUSKLQJ�PDS� WKDW� FRUUHODWHG�20/� VKDSHV� WR�PLQLPXP� ERRP� VKDSH� SUHGLFWLRQV� EDVHG� RQ�
0DFK��DQJOH�RI�DWWDFN��DQG�DWPRVSKHUH�IRU�D�PRUSKHG�;�59�DLUFUDIW.

)RU�WKH�GHPRQVWUDWLRQ��WKH�VLQJOH�KDUGZDUH�PRUSKLQJ�VXUIDFH�ZDV�H[WHQGHG�DQG�PRGHOHG�
DV�VHYHQ�1[5�SDQHOV�VSDQQLQJ�WKH�IXVHODJH�RI�1$6$¶V�;�59�GHPRQVWUDWRU.�7KH�GLVWULEXWLRQ�RI�
WKH�DUUD\�RI�SDQHOV�DOORZHG�IRU�PRGHOLQJ�GHIRUPDWLRQV�VLPLODU�WR�WKH�*DXVVLDQ�EXPSV�DQG�GHQWV
WKDW�KDG�EHHQ�VWXGLHG�E\�WKH�&)'�DQG�RSWLPL]DWLRQ�WHDPV.�7KH�GHYHORSPHQW�IUDPHZRUN�RI�WKH�
ILQDO�GHPRQVWUDWRU�LV�VKRZQ�LQ�WKH�IORZFKDUW�RI�Fig. 14.�

$� PDMRU� FKDOOHQJH� IRU WKH� WHFKQLFDO� GHPRQVWUDWRU� ZDV� SURGXFLQJ� UHDOLVWLF� IOLJKW�
FRQGLWLRQV�IRU�DQ�RYHUODQG�VXSHUVRQLF�IOLJKW.�7KH�RSHQVRXUFH�IOLJKW�VLPXODWRU�)OLJKW*HDU�ZDV�
VHOHFWHG�IRU� WKLV�ZRUN.�7KH�VLPXODWRU�SURYLGHG�D�VXSHUVRQLF�DLUFUDIW SURILOH�DQG�DXWRSLORW�IRU�
UHDO�WLPH�IOLJKW�VLPXODWLRQ�ZLWKLQ�WKH�ILQDO�GHPRQVWUDWRU�IUDPHZRUN�DV�ZHOO�DV�SRVLWLRQDO�GDWD�
IRU�D�VLPXODWHG�RYHUODQG�VXSHUVRQLF� IOLJKW.�7KH�ORQJLWXGH�DQG�ODWLWXGH�SURGXFHG�WKURXJK�WKLV�
VLPXODWLRQ�ZDV�XVHG�WR�VFUDSH�ZHDWKHU�GDWD�IURP�WKH�12$$�GDWDEDVH�XVLQJ�WRROV�GHYHORSHG�E\�
WKH� 8/,� SURMHFW.� 7KLV� ZHDWKHU� GDWD� LQFOXGHG� WKH� WHPSHUDWXUH�� KXPLGLW\�� DQG� ZLQG� SURILOHV�
QHFHVVDU\� IRU� SUHVVXUH� VLJQDWXUH� SURSDJDWLRQ� XVLQJ� WKH� 1$6$� V%220� FRGH.� 7KH� ILQDO�

)LJXUH�14� 'HYHORSPHQWDO�IUDPHZRUN�IRU�LQWHJUDWHG�DGDSWLYH�VWUXFWXUH�GHPRQVWUDWLRQ.
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GHPRQVWUDWRU�IUDPHZRUN�DOVR�LPSOHPHQWHG�VLPXODWHG�/,'$5�WHPSHUDWXUH�PHDVXUHPHQW�QRLVH�
XVLQJ�FRGH�GHYHORSHG�E\�7H[DV�$	0.�

7KH�KDUGZDUH�PRUSKLQJ�PDS�WRRN�IOLJKW�GDWD�LQ�WKH�IRUP�RI�0DFK�QXPEHU�DQG�DQJOH�RI�
DWWDFN�DQG�SURGXFHG�DQ�RSWLPL]HG�VHW�RI�PRUSKLQJ�KDUGZDUH�SDUDPHWHUV��UHSUHVHQWLQJ�WKH�FHQWHU�

SDQHO� GLVSODFHPHQW� RI� WKH� PRUSKLQJ�
UHJLRQV�RQ�WKH�;�59.�7KHVH�PRUSKLQJ
SDUDPHWHUV�SURYLGHG�FRPELQDWLRQV�RI�
GHIRUPDWLRQV� WKDW� ZHUH� IRXQG� WR�
UHGXFH� WKH� 3/G%� RI� WKH� ;�59� XQGHU�
WKH�VSHFLILF�IOLJKW�FRQGLWLRQ.�

7KH� FHQWHU� SDQHO�
GLVSODFHPHQWV� SUHVFULEHG� XVLQJ� WKH�
PRUSKLQJ� PDS� ZHUH� SDVVHG� WR� WKH�
SK\VLFDO� KDUGZDUH� GHPRQVWUDWRU.� $V�
WKH�SK\VLFDO KDUGZDUH�ZDV�DFWXDWHG�WR�
DFKLHYH� WKH� SUHVFULEHG� VKDSH�� UHDO�
WLPH� KDUGZDUH� PHDVXUHPHQWV� ZHUH�
UHSRUWHG�WR�WKH�LQWHJUDWLRQ�IUDPHZRUN�
FRGH.� 7KH� QHDUILHOG� VLJQDWXUH�
SURGXFHG�E\�WKH�;�59�ZLWK�WKH�FXUUHQW�
KDUGZDUH� VKDSH� ZDV� WKHQ� SUHGLFWHG�
XVLQJ� D� QHDUILHOG� VXUURJDWH� PRGHO.�
7KH�SUHGLFWHG�QHDUILHOG�VLJQDWXUH�ZDV�
SURSDJDWHG�XVLQJ�WKH�1$6$�V%220�
FRGH� WR� SURGXFH� D� JURXQG� VLJQDWXUH�
DQG� XOWLPDWHO\� WKH� 3/G%� RI� WKH�
PRUSKHG� ;�59� DLUFUDIW� XQGHU� WKH�
FXUUHQW� IOLJKW�� KDUGZDUH�� DQG�
DWPRVSKHULF�FRQGLWLRQV.�

7KH� IUDPHZRUN� RI� WRROV
GHYHORSHG�IRU�WKH�HQG�RI�SURMHFW�GHPRQVWUDWLRQ�ZDV�XVHG�WR�VWXG\�DQG�UHFRUG�GDWD�IRU�D�SRUWLRQ�
RI�DQ�RYHUODQG�8QLWHG�6WDWHV�IOLJKW.�7KH\�VLPXODWHG�D�FURVV�FRXQWU\�IOLJKW�EHJLQQLQJ�LQ�6HDWWOH�
DQG�SDVVLQJ�WKURXJK�ZD\SRLQWV�LQ�%RLVH��'HQYHU��DQG�'DOODV�RQ�WKH�ZD\�WR�0LDPL.�2FFDVLRQDO�
FKDQJHV�WR�0DFK�QXPEHU�DQG�DOWLWXGH�ZHUH�SUHVFULEHG�WKURXJKRXW�WKH�IOLJKW�WR�LQVWLJDWH�YDU\LQJ�
IOLJKW�FRQGLWLRQV�IRU�WKH�PRUSKLQJ�KDUGZDUH�WR�UHVSRQG�WR.�:KLOH�WKH�FURVV�FRXQWU\�VLPXODWLRQ�
GLG�QRW�LQFOXGH�WKH�SK\VLFDO�KDUGZDUH�LQ WKH�GHPRQVWUDWLRQ�ORRS��PHDVXUHG�GDWD�ZDV�XVHG�WR�
UHSUHVHQW� D� UHVSRQVH� LQ� KDUGZDUH� VKDSH� WR� FKDQJLQJ� IOLJKW� FRQGLWLRQV.�Fig. 15a VKRZV� WKH�

)LJXUH�15��&URVV�FRXQWU\�IOLJKW�VLPXODWLRQ�RI�PRUSKLQJ�20/�
IRU�QRLVH�UHGXFWLRQ.

(a)

(b)
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changes to Mach number, angle-of-attack, and altitude for a portion of the flight. Fig. 15b shows 
perceived noise on the ground and the reduction in perceived noise due to the OML morphing 
for the flight conditions of Fig. 15a. The most notable result is the constant reduction in 
perceived noise throughout the flight due to the shape changes prescribed by the morphing map. 

5 CONCLUSIONS 

Three SMA based adaptive structure hardware demonstrators were designed, built, and tested 
by a team of undergraduate students at Texas A&M, with the support of faculty, staff and 
industry advisors. The adaptive surfaces represented the center keel line of a supersonic 
vehicle and modified the OML shape to minimize the perceived sonic boom loudness under 
changing vehicle configurations and atmospheric profiles. The final demonstrator was 
integrated into a flight simulator which demonstrated real time shape modifications in 
response to changing flight conditions in order to minimized predicted noise for all flight 
conditions. 
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