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Abstract. 
This paper reports on the methodology behind the development of fiber reinforced 
thermoplastic flexures meant for a movable morphing application. A concept using a flexible 
skin and these so-called Shear Resistant Flexure (SRF) connect a fixed wing part to a movable. 
The SRFs considered should comply to a list of requirements in terms of kinematic, loading, 
and space. Some of the mechanical constraints combine contradictory elements, like the call for 
flexibility of an SRF, combined with resistance to shear deformation. Preliminary studies led 
to a concept based on a thin shell, asking for specific material damage model. This paper 
proposes a specific type of test, necessary to provide strain allowables in both Quasi-static as 
in cyclic conditions. These allowables were then used in a Finite Element parametric study to 
propose a suited geometry for the SRF. Such SRFs were subsequently produced in a small series 
using state of the art production techniques. The design was then experimentally evaluated.  
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1 INTRODUCTION 
The aviation industry is continuously improving the operational performance of aircrafts by 
increasing their aerodynamic efficiency. A promising way to increase the operational 
performance of an airplane is by using ‘morphing’ technology. Morphing implies a smooth 
transition from one shape into another. There are two types of morphing that are studied for the 
aircraft industry: kinematic morphing and compliant morphing [1, 2]. In kinematic morphing 
multiple rigid segments are connected by 1-DOF hinges. In compliant morphing a combination 
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RI� ULJLG� VHJPHQWV� DQG� IOH[LEOH� HOHPHQWV� LV� XVHG.� ,Q� ERWK� FDVHV� WKH� V\VWHP� LV� FRQWUROOHG� E\�
DFWXDWRUV.�
3DUW�RI�WKH�&OHDQ6N\�2�SURMHFW�0$17$�IRFXVVHV�RQ�WKH�GHYHORSPHQW�RI�DQ�DFWLYH�PRUSKLQJ�
ZLQJOHW�GHPRQVWUDWRU��IROORZLQJ�D�*.1�)RNNHU�FRQFHSW�>���4@.�$�PRUSKLQJ�WDE�LV�LQVWDOOHG�DW�
WKH�WUDLOLQJ�HGJH�RI� WKH�ZLQJOHW�DV� LOOXVWUDWHG�LQ�)LJXUH�1.�7KH�PRUSKLQJ�WDE�LV�DEOH�WR�URWDWH�
DURXQG� WKH� VSDQ� ZLGWK� GLUHFWLRQ� RI� WKH� ZLQJOHW.� 7KLV� FRQFHSW� XVHV� D� FRPSOLDQW� PRUSKLQJ�
SULQFLSOH.�$� IOH[LEOH� VNLQ� DQG� D� VR�FDOOHG�6KHDU�5HVLVWDQW� )OH[XUH� �65)�� �� WKDW� UHSODFHV� WKH�
IXQFWLRQ�RI�D�V\VWHP�RI�KLQJHV���FKDUDFWHUL]H�WKH�PRUSKLQJ�ZLQJOHW�GHVLJQ�LQQRYDWLRQ�RI� WKH�
$(52022�SURMHFW.�7KH�DFWXDWRU�DQG�IOH[LEOH�VNLQ�FUHDWH�WKH�IXQFWLRQ�RI�EHQGLQJ�WKH�PRUSKLQJ�
WDE.� 7KH� 65)� SUHYHQWV� WKDW� DHURG\QDPLF� ORDGV� �)DHUR� )LJXUH� 1%�� FDXVH� ODUJH� RXW�RI�SODQH�
GHIRUPDWLRQV�RI�WKH�PRUSKLQJ�WDE��DQG�WKHUHIRUH�QHHGV�WR�EH�VKHDU�UHVLVWDQW�ZKLOH�DOORZLQJ�IRU�
EHQGLQJ�RI�WKH�PRYDEOH.�:LWKLQ�0$17$��DQ�$(52022�SURMHFW�LV�GHILQHG��IRFXVLQJ�RQ�WKH�
GHYHORSPHQW�DQG�WKH�GHVLJQ�RI�WKLV�65).�7KLV�SDSHU�LQYHVWLJDWHV�WKH�GLIIHUHQW�VWHSV�QHFHVVDU\�
WR�GHYHORS�WKH�6)5�IRU�WKH�ZLQJOHW�GHPRQVWUDWRU��WKRXJK�LW�FRXOG�EH�XVHG�IRU�DQ\�RWKHU�IOH[LEOHV�
IROORZLQJ�WKH�GHVFULEHG�SULQFLSOH. 7KH�FRPELQDWLRQ�RI�D�IOH[LEOH�VNLQ�DQG�DQ�65)�DUH�SURPLVLQJ�
IRU�QRLVH�UHGXFWLRQ�DQG�D�VPRRWKHU�DLU�IORZ�ZKLFK�UHGXFHV�GUDJ.�%RWK�WKH�IOH[LEOH�VNLQ�DV�WKH�
65)�DUH�PDGH�IURP�FRPSRVLWH�PDWHULDO�FRQVLVWLQJ�RI�D�ZRYHQ�IDEULF�DQG�D�WKHUPRSODVWLF�PDWUL[.
7KH�65) WR�EH�GHVLJQHG VKRXOG� IXOILOO� D� OLVW�RI� FRQVWUDLQWV� WKDW�FRXOG� VHHP�FRQWUDGLFWRU\.� ,W�
VKRXOG� EH� EHQGLQJ� FRPSOLDQW� DURXQG� WKH� ]�D[LV� �)LJXUH� 1�� ZKLOH� VXVWDLQLQJ� WKH� ODUJH�
GHIRUPDWLRQ�QHFHVVDU\�IRU�WKH�URWDWLRQ�RI�WKH�PRYDEOH��WKRXJK�EHLQJ�VKHDU�VWLII�LQ�WKH�[�\�SODQH�
WR� FRXQWHUDFW� WKH� DHURG\QDPLFDO� ORDGV DQG� JXDUDQW\LQJ� D� FRQWLQXRXV� VNLQ� GHIRUPDWLRQ.�
$GGLWLRQDOO\�LW�VKRXOG�EH�DEOH�WR�ZLWKVWDQG�D�QXPEHU�RI�F\FOHV�UHSUHVHQWDWLYH�RI�WKH�OLIHWLPH�RI�
WKH�DLUFUDIW�ZLWKRXW�VKRZLQJ�DQ\�IDWLJXH�GDPDJH.�

Figure 1: $�VFKHPDWLF�RYHUYLHZ�RI�WKH�PRUSKLQJ�ZLQJOHW.��$��:LQJOHW�VLGHYLHZ���%��:LQJOHW�7RSYLHZ���&��WKH�
6KHDU�5HVLVWDQW�)OH[XUH��65)��LQVLGH�WKH�PRUSKLQJ�DUHD���'���'�LPDJH�RI�WKH�65) LQ�LWV�ILQDO�YHUVLRQ
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,Q�WKLV�SDSHU�WKH�65)�LV�DQDO\]HG�WR�GHWHUPLQH�ZKHUH��ZKHQ�DQG�KRZ�IDLOXUH�RFFXUV��IROORZHG�
E\�D�SDUDPHWULF�VWXG\�WR�GHWHUPLQH�ZKLFK�VKDSH�D�ZHOO�IXQFWLRQLQJ�65)�VKRXOG�KDYH.��
7KH� GHVLJQ� PHWKRGRORJ\� XVHG� WR� GHVLJQ� D� 65)� LV� VXPPDUL]HG� LQ� WKH� GLDJUDP� VKRZQ� LQ�
)LJXUH� 2.� 7KLV� ILJXUH� LV� DOVR� UHSUHVHQWDWLYH� IRU� WKH� VWUXFWXUH RI� WKH� SDSHU.� 7KH� PDLQ�
FKDUDFWHULVWLFV�DQG�UHTXLUHPHQWV��WKH�65)�VKRXOG�FRPSO\�WR��DUH�VXPPDUL]HG�LQ�WKH�QH[W�VHFWLRQ.�
6HFWLRQ���VKRZV�WKH�UHVXOWV�RI�D�SUHOLPLQDU\�VWXG\�EDVHG�RQ�D�ILUVW�GHVLJQ�PHDQW�WR�KLJKOLJKW�WKH�
FULWLFDO�DUHDV�RI� WKH� VKHOOV�ZKHUH�GDPDJH�RFFXUV.�7KH� UHVXOWV�RI� WKLV� VWXG\�GLFWDWHV� WKH�PDLQ�
GLUHFWLRQ�IRU�D�GHWDLOHG�PDWHULDO�GDPDJH�PRGHO��ZKLFK�LV�GHYHORSHG�LQ�VHFWLRQ�4.�7KH�PDWHULDO�
PRGHO�LV�WKHQ�XVHG�DV�EDVLV�IRU�D�)LQLWH�(OHPHQW�$QDO\VLV�EDVHG�SDUDPHWULF�VWXG\��OHDGLQJ�WR�WKH�
GHILQLWLRQ�RI�D�65).�7KLV�VROXWLRQ�ZDV�WKHQ�SURGXFHG�DQG�YDOLGDWHG��DV�UHSRUWHG�LQ�VHFWLRQ�6.��

Figure 2: 6FKHPDWLF�RYHUYLHZ�RI�WKH�PHWKRGRORJ\�UHSRUWHG�LQ WKLV�SDSHU

2 SHEAR RESISTANT FLEXURE
3UHYLRXVO\�SHUIRUPHG�VWXGLHV�ZLWKLQ�DQG�SULRU�WR�WKH�$(52022�SURMHFW��VKRZHG�WKDW�D�WDSHUHG�
WULDQJXODU�VKDSH�RI�WKH�65)�LV�PRVW�EHQHILFLDO.�$�WULDQJXODU�VKDSH�UHVXOWV�LQ�D�KLJK�VKHDU�VWLIIQHVV�
DQG�D� UHODWLYHO\� ORZ�EHQGLQJ�VWLIIQHVV� >5��6@.�7KH�JHQHUDO�VKDSH�RI� WKH�65)�ZLWK�SDUDPHWULF�
GLPHQVLRQV�LV�VKRZQ�LQ�)LJXUH��.�7KH�PRUSKLQJ�ZLQJOHW�KDV�D�PRUSKLQJ�DUHD�ZKHUH�D�VHULHV�RI�
DW� OHDVW� WZR� DQG�PD[.� IRXU� 65)� VKHOOV� DUH� FRXSOHG� WR� HDFK� RWKHU� LQ�PLUURUHG� GLUHFWLRQ� DQG�
DVVHPEOHG�WR�WKH�VSDUV�RI�WKH�PRUSKLQJ�ZLQJOHW��)LJXUH 1�.�

Figure 3: 3LFWXUH�RI�WKH�JHQHUDO�VKDSH�RI�WKH�)(�PRGHO�RI�WKH�6KHDU�5HVLVWDQW�)OH[XUH��65)�
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The to be developed SRF should comply to a list of requirements defined by the MANTA 
group. The resulting sets of SRFs will then be part of a full scale winglet demonstrator. The 
requirements cover kinematic, loading and space constraints. The SRF should allow for a 
bending range of the movable from -10° to +10° (kinematic requirement). It should have a shear 
stiffness of min. 750N/mm and a bending stiffness of max. 4200 Nmm/° and should be able to 
undergo the ultimate shear load of 2000N once in its lifetime without complete failure (load 
requirements). The outer dimensions of the SRF are max. 80 mm x 45 mm (2L x D, Figure 3) 
ensuring it fits between the spars and the skin without touching the skin (space requirement). 
The SRF should be able to withstand 120.000 full movement cycles without showing a service 
life degradation. This is quantified by a maximum stiffness decrease of 10% (fatigue 
requirement). It was chosen in an early stage to keep a material and production process qualified 
in the aircraft industry, i.e. a woven glass reinforced thermoplastic (PPS), able to sustain large 
deformations, and producible into complex shapes with a suited productivity.  Laminates made 
of Toray TC1100 Woven 8HS E-Glass-PPS were first consolidated as flat laminates, before 
being thermoformed into the desired shape. The most relevant properties of this material is 
reproduced in Table 1. 

Table 1: Overview of the material properties [7] 

PROPERTY VALUE UNIT 
Tensile Strength 0° 494 MPa 
Tensile Modulus 0° 21,2 GPa 
Tensile Strength 90° 369 MPa 
Tensile Modulus 90° 20,0 GPa 
Compression Strength 0° 470 MPa 
Compression Strength 90° 316 MPa 

3 PRELIMINARY STUDY 
Preliminary studies within the AEROMO2 project showed that the SRFs failed in the outer 
layers in the corner of the shell, as depicted in Figure 4A. The loading of an SFR, bending and 
shear, induces folding and unfolding of the corners. When unfolding such a corner, compressive 
strains are induced in the outer layers of the corner. Under these conditions, further observations 
indicated a gradual damage development, whereby local satin woven yarns would first buckle 
(Figure 4B), followed by fracture of the yarn (Figure 4C). A schematic representation of this 
meso-damage is proposed in Figure 4E. At higher load, a series of these mechanisms leads to a 
gradual increase of the number of yarn fracture (Figure 4C), eventually decreasing the structural 
capacity of the shell. Since damage is most critical for the SRF, the design of the SRF is mainly 
focused on shape optimizations such that the strains in the SRF are below the (fatigue) critical 
strains. Based on previously performed studies within the AEROMO2 project, a [(0,90)]2s layup 
gives the most sufficient results for fatigue.  
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Figure 4: &RPSUHVVLRQ�GDPDJH�DW�WKH�FRUQHU��ILOOHW��RI�WKH�65).�1%�WHVWV�SHUIRUPHG�RQ�RULJLQDO�*.1�)RNNHU�
$HURVWUXFWXUHV�65)�GHVLJQ.��

)RU�WKH�GHVLJQ�RI�WKH�65)��120.000�IXOO�PRYHPHQW�F\FOHV�DUH�UHTXLUHG�ZLWKLQ�WKH�EHQGLQJ�UDQJH�
IURP��10��WR��10�.�)LJXUH�5 VKRZV�)LQLWH�(OHPHQW�FRQWRXU�SORWV�LQ�ILEHU�GLUHFWLRQ�DW�WKH�ERWWRP�
SO\�RI�WKH�65)�LQ�EHQW�SRVLWLRQ.�+HUH�EOXH�DUH�FRPSUHVVLRQ�VWUDLQV��UHG�DUH�WHQVLOH�VWUDLQV�DQG�
JUHHQ� DUH� QR� VWUDLQV.� ,W� FDQ� EH� VHHQ� WKDW� WKH� FRUQHUV� RI� WKH� 65)� KDYH� WKH� KLJKHVW� VWUDLQ�
FRQFHQWUDWLRQV��ZKLFK�LV�LQ�OLQH ZLWK�WKH�VWUDLQ�GDPDJH�ORFDWLRQV�IRXQG�LQ�H[SHULPHQWV.�7KLV�
SUHOLPLQDU\� VWXG\� WKHUHIRUH� OHG� WR� WKH� FRQFOXVLRQ� WKDW� DFFXUDWH� VWUDLQ� OLPLWV� VKRXOG� EH�
GHWHUPLQHG.�7KH�VWUDLQ�OHYHO�OHDGLQJ�WR�WKH�RFFXUUHQFH�RI�\DUQ�EXFNOLQJ�LV�VHHQ�DV�SDUWLFXODUO\�
LPSRUWDQW��LQ�FRQWUDVW�WR�VWUDLQV�OHYHO�OHDGLQJ�WR�IXOO�FRPSUHVVLYH�IUDFWXUH�DV�JLYHQ�LQ�WKH�PDWHULDO
GDWD�VKHHW.�

�$� �%�
Figure 5: &RQWRXU�SORW�RI�WKH�VWUDLQV�DW�WKH�ERWWRP�SO\�)(�PRGHO�RI�WKH�65)�LQ��10��WHQVLOH�EHQW�SRVLWLRQ��$��DQG�

LQ��10��FRPSUHVVLRQ�EHQW�SRVLWLRQ��%�.

4 DAMAGE MATERIAL MODEL DEV ELOPMENT
%DVHG�RQ�WKH�ILQGLQJV�VXPPDUL]HG�LQ�SUHYLRXV�FKDSWHU�RI�WKH�SDSHU��D�VWXG\�ZDV�LQLWLDWHG�IRU�
WKH�PDLQ�REMHFWLYH�WR�GHYHORS�D�TXDQWLWDWLYH�GDPDJH�PDWHULDO�PRGHO.�7KH VWUDLQ�OHYHOV�QHFHVVDU\�
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WR�LQLWLDWH�ORFDO�\DUQ�EXFNOLQJ�ZHUH�VRXJKW�DIWHU.�$�WHVW�JHRPHWU\�ZDV�GHVLJQHG�IRU�WKLV�SXUSRVH��
DEOH�WR�UHSURGXFH�WKH�PDLQ�ORDGLQJ�DSSOLHG�WR�WKH�PDWHULDO��WKRXJK�RQ�D�VPDOOHU�VFDOH�ZLWK�D�
ZHOO�GHILQHG�VWUDLQ�ILHOG.�7KH�WHVW�FRQFHUQV�D�2'�FRUQHU��SURGXFHG�XQGHU�WKH�VDPH�FRQGLWLRQV�DV�
WKH�65)V��DQG�DEOH�WR�EH�ORDGHG�XQGHU�XQIROGLQJ�DQG�IROGLQJ�ORDGLQJ�E\�DSSO\LQJ�D�OLQH�ORDG�LQ�
UHVSHFWLYHO\�WHQVLOH�DQG�FRPSUHVVLRQ�ORDG.�7KH�WHVW�VHWXS�DQG�VSHFLPHQ�DUH�VKRZQ�LQ�)LJXUH�6��
VKRZLQJ�IURP�OHIW�WR�ULJKW�WKH�4XDVL�6WDWLF��WKH�IDWLJXH�VHWXS�DQG�WKH�QRPLQDO�JHRPHWU\�RI�WKH�
4�OD\HUV�VSHFLPHQ.�

Figure 6: &RUQHU�IROGLQJ�DQG�XQIROGLQJ�VHWXSV��4XDVL�6WDWLF��$���)DWLJXH��%���'HWDLO�GLPHQVLRQV��&�

4.1 Specimen preparation
7HVW�VSHFLPHQV�ZHUH�VWDPS�IRUPHG 8+6�*ODVV/336�>�0�90�@2V EODQNV�ZLWK�VL]H�100
120PP.�
7KH� EODQNV� DUH� SUHKHDWHG� LQ� DQ� ,5� RYHQ� DW� �90�&� IRU� 90V�� OHDGLQJ� WR� D� EODQN� PLG� SODQH�
WHPSHUDWXUH�RI��20�&.�7KH�VWDPS�IRUPLQJ SUHVVXUH�LV�VHW�DW�80�EDU�DQG�SUHVVHG�IRU�60V.�7KH�WRRO�
WHPSHUDWXUH�RI�WKH�PHWDO�PROGV�LV�200�&.�7KH�VDPSOHV�DUH�±�RQFH�FRROHG�±�FXW�LQWR�/�VKDSHG�
VDPSOHV�±�ZLWK�GLPHQVLRQV�DV�VKRZQ�LQ�)LJXUH�6&.��

4.2 Test setup corner tests 
7HVWV�VSHFLPHQV�DUH�FODPSHG�RQ�ERWK�VLGHV�XVLQJ�GHGLFDWHG�FODPSV.�(DFK�RI�WKHVH�FODPSV�FDQ�
URWDWH�IUHHO\�LQ�D�IRUN��ZKLFK�DUH�FRQQHFWHG�WR�WKH�PDFKLQH.�%RWK�WHVW�FRQGLWLRQV�XVHG�WKH�VDPH�
FODPSLQJ�FRQGLWLRQV��IL[HG�ZLWK�D�WRUTXH�RI�21P.�7KH�WHVW�FRQILJXUDWLRQ�PDNHV�LW�SRVVLEOH�WR�
ERWK� IROG� RU� XQIROG� WKH� VSHFLPHQ.� 7KH� TXDVL�VWDWLF� FRUQHU� WHVWV� DUH� SHUIRUPHG� RQ� D� =ZLFN�
XQLYHUVDO� WHVWLQJ�PDFKLQH�ZLWK�DQ�$(�VHQVRU� LQWHJUDWHG� LQ�HDFK�FODPS��)LJXUH�6$��ZKLOH� LQ�
GLUHFW�FRQWDFW�ZLWK�WKH�PDWHULDO�>8@.�2QO\�XQIROGLQJ�RI�WKH�VSHFLPHQ�ZDV�VWXGLHG�XQGHU�WKHVH�
FRQGLWLRQV.� 7KH� FRUQHU� IDWLJXH� WHVWV� DUH� WHVWHG�ZLWK� DQ� ,QVWURQ� (OHFWURSXOV� (1000�PDFKLQH.�
8QGHU�IDWLJXH�FRQGLWLRQV��140000�F\FOHV�ZHUH�SHUIRUPHG�DOWHUQDWLQJ�XQIROGLQJ�DQG�IROGLQJ.�$�
GHWDLOHG�)(�PRGHO��$EDTXV� RI� WKH�FRUQHU�VDPSOH�DQG�WKH�VHWXS�SURYLGHV�D�UHODWLRQ�EHWZHHQ�
PDFKLQH�GLVSODFHPHQW�DQG�FRPSUHVVLYH�VWUDLQ�RQ�WKH�VXUIDFH�RI�WKH�RXWHU�UDGLXV.�$�W\SLFDO�UHVXOW�
IRU�ERWK�IROGLQJ�DQG XQIROGLQJ�FRQGLWLRQV�LV�VKRZQ�LQ�)LJXUH�7�±�LQ�ZKLFK�WKH�ORFDWLRQ�ZKHUH�
WKH� VWUDLQ� LV� PHDVXUHG� LV� PDUNHG� ZLWK� D� UHG� GRW.� 7KH� IDWLJXH� WHVWV� DUH� SHUIRUPHG� DW� WKH�
FRPSUHVVLRQ�VWUDLQV��6000 ��9000 �DQG�12000 .��
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Figure 7: 6WUDLQ���GLVSODFHPHQW�UHODWLRQ RI�D�FRUQHU�VSHFLPHQ

4.3 Corner sample Quasi-Static test
7KH�TXDVL�VWDWLF�WHVWV�DLPHG�DW�REWDLQLQJ�D�GHWDLOHG�SLFWXUH�RI�WKH�GDPDJH�GHYHORSPHQW�XQGHU�
XQIROGLQJ�FRQGLWLRQV�DUH�UHSRUWHG�LQ�PXFK�GHWDLOV�E\�6LWRKDQJ�>8@.�7KH�W\SH�RI�WHVW�GHVFULEHG�
ZDV�DEOH�WR�UHSURGXFH�WKH�W\SH�RI�GDPDJH�SXW�IRUZDUG�LQ�VHFWLRQ���ZKLOH�WHVWLQJ�WKH�65)�XQGHU�
UHSUHVHQWDWLYH�FRQGLWLRQV.�%HVLGHV��WKH�XVH��RI�$FRXVWLF�(PLVVLRQ�LQ�FRPELQDWLRQ�ZLWK�GHWDLOHG�
PLFURVFRS\� VKRZHG� WKDW� LQ� WKH� FDVH�RI� � WKH� >�0�90�@2V OD\XS�� WKH�\DUQ�EXFNOLQJ�GDPDJH�ZDV�
LQLWLDWHG�E\�LQWUD�\DUQ�FUDFNV�RFFXUULQJ�DW�D�FRPSUHVVLRQ�VWUDLQ�RI�8000 .�)LJXUH�8 VKRZV�D�
FURVV�VHFWLRQ�VKRZLQJ�WKH�LQWUD�\DUQ�FUDFN�RFFXUULQJ��SULRU�WR�WKH�\DUQ�EXFNOLQJ�PHFKDQLVP.��

Figure 8: 6(0�LPDJHV�RI�>�0�90�@2V�FRUQHU�VDPSOHV�DIWHU LQLWLDWLRQ�RI�\DUQ�OHYHO�GDPDJH >8@

4.4 Corner sample fatigue results
/RQJ�WHUP�F\FOLF�WHVWV�ZHUH�SHUIRUPHG�RQ�WKH�FRUQHU�VSHFLPHQ�DW�PD[�FRPSUHVVLRQ�VWUDLQ�OHYHO�
RI�6000 ��9000 DQG�12000 .�6DPSOHV�RI�ILYH�VSHFLPHQV�ZHUH�WHVWHG�IRU�HDFK�FRQGLWLRQ.�,W�
LV�ZRUWK� UHPLQGLQJ� WKDW� WKH� VWUDLQ� OHYHO�DW�ZKLFK�\DUQ�GDPDJH� LV� LQLWLDWHG�XQGHU�TXDVL�VWDWLF�
FRQGLWLRQV�ZDV�PHDVXUHG�DW�8000 .�7KH�F\FOLF�WHVWV�ZHUH�PRQLWRUHG�E\�DQDO\]LQJ�UHJXODUO\�WKH�
IRUFH�GLVSODFHPHQW� VORSH� RI� WKH� FRUQHU.� ,W� LV� WKHUHE\� DVVXPHG� WKDW� WKH� FKDQJH� LQ� VORSH� LV�
UHSUHVHQWDWLYH�IRU�WKH�GHYHORSPHQW�RI�GDPDJH�RQ�WKH�PLFUR��ILEHU�PDWUL[��DQG�PHVR��\DUQ��OHYHO.�
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A summary of the fatigue test results is given in Table 2, as the average amount of cycles 
reached at 95 and 90% of the initial slope. The results are graphically shown in Figure 9.  

Table 2: Test results of compression strain cyclic tests (average over 5 specimens and St. Dev) 

STRAIN NUMBER OF 
CYCLES AT 95% 
INITIAL SLOPE 

NUMBER OF 
CYCLES AT 90% 
INITIAL SLOPE 

PERCENTAGE 
INITIAL SLOPE AT 
140.000 CYCLES 

-12000µε 2450 (860) 11380 (5041) - 

-9000µε 25400 (14122) >140000 (-) 92.5 (1.2) 

-6000µε ~135500 (~9000) >140000 (-) 95.2 (0.2) 

For the active winglet case considered, the SRF should be able to be sustain at least 120.000 
cycles while staying within 90% of its initial slope. The results presented that 12000µε leads to 
an early deterioration of the structural capacity of the material. The tests at 9000µε fulfill the 
requirement. Still, it was chosen to keep the max strain level used for the further design to the 
6000µε level, in order to stay on the conservative side. A validation of this results on cyclic 
testing of the SRF is yet to be performed. 

Figure 9: Normalized initial stiffness slope versus the total number of cycles for the corner specimen tests at 
12000 µε; 9000 µε and 6000µε compression strain levels 

5 PARAMETRIC STUDY NEW SRF 

The corner study showed that a compression strain of approximately 6000µε at the outside of 
the corner is required to meet the 120.000 cycles requirement with less than 90% stiffness 
reduction.  By using python scripting for Abaqus, a parametric study is performed to optimize 
the shape of the SRF. A simple, shell based model is used for this purpose. Four of the 
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SDUDPHWHUV�VKRZQ�LQ�)LJXUH����DUH�YDULHG. 7DEOH�� VKRZV�DQ�RYHUYLHZ�RI�WKH�SDUDPHWHUV�WKDW�DUH�
VWXGLHG.�6LQFH�RQH�SDUDPHWHU�LV�YDULHG�DW�WKH�WLPH��WKH�IL[HG�YDOXHV�DUH�WKH�YDOXHV�XVHG�ZKHQ�
WKDW�SDUDPHWHU�LV�QRW�YDULHG�DW�WKDW�PRPHQW. 7KH�GHSHQGHQW�RU�XQYDULHG�SDUDPHWHUV�DV�XVHG�LQ�
WKH�SDUDPHWULF�VWXG\�DUH�VKRZQ�LQ�7DEOH�4.��7KH�UHVXOWV�RI�WKH�SDUDPHWULF�VWXG\�DUH�VKRZQ�LQ�
)LJXUH�10 XS�WR�DQG�LQFOXGLQJ�)LJXUH�1� IRU�WKH�FDVH�IRXU�65)V�DUH�FRXSOHG�RQ�D�VLQJOH�VSRW.�,W�
FDQ�EH�VHHQ�WKDW�WKH�FRPSUHVVLRQ�VWUDLQ�DQG�VWLIIQHVV�FXUYHV�DUH�DSSUR[LPDWHO\�SDUDOOHO�WR�HDFK�
RWKHU�ZKHQ�YDU\LQJ�WKH�SDUDPHWHUV.�,W�PHDQV�WKDW��ZKHQ�WKH�VXUIDFH�DUHD�RI�WKH�65)�LQFUHDVHV��
WKH�FRPSUHVVLRQ�VWUDLQ�GHFUHDVHV�DV�ZHOO�DV�WKH�VKHDU�VWLIIQHVV.�,W�LV�FKRVHQ�IRU�RSWLPL]DWLRQ�WR�
XVH�SDUDPHWHU�YDOXHV�WKDW�JLYH�WKH�KLJKHVW�VKHDU�VWLIIQHVV�ZLWKRXW�FURVVLQJ�WKH�6000 VWUDLQ�
OLPLW��ZKLFK�PHDQV�PDNLQJ�WKH�VXUIDFH�DUHD�DV�ODUJH�DV�SRVVLEOH�ZLWKRXW�KDYLQJ�D�VKHDU�VWLIIQHVV�
OHVV�WKDQ�7501/PP.�7KH�GLPHQVLRQV�FKRVHQ�DUH�JLYHQ�LQ�WKH�ODVW�FROXPQ�RI�7DEOH��.�

Table 3: 2YHUYLHZ�RI�WKH�LQGHSHQGHQW�YDULHG�SDUDPHWHUV�DQG�LWV�UDQJH

PARAMETERS FIXED VALUES UNIT LOWEST HIGHEST CHOSEN
%RWWRP�OHQJWK��BL� �0.0 PP 22 �4 28.�
$OSKD��. � �0.0 � 24 �6 �1
*DPPD��Ȗ� 19.0 � 15 25 16
5DGLXV��R� 5.0 PP 4 7 5

Table 4: 2YHUYLHZ�RI�WKH�GHSHQGHQW�RU�XQYDULHG�SDUDPHWHUV

PARAMETERS FORMULA / VALUE UNIT
H BL/WDQ�Į� PP
h �BL�D
WDQ�Ȗ��/WDQ�Į� PP
CW L�BL��R/WDQ��90�Į�/2�� PP
L 40 PP
D 45 PP
1XPEHU�RI�SOLHV 4 �

Figure 10 : 6WLIIQHVV�DQG�VWUDLQ�SORW�IRU�DV�D�IXQFWLRQ�
RI�WKH�SDUDPHWHU�ERWWRP�OHQJWK��%/�

Figure 11: 6WLIIQHVV�DQG�VWUDLQ�SORW�DV�D�IXQFWLRQ�RI�
WKH�SDUDPHWHU�DQJOH�DOSKD.
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Figure 12: 6WLIIQHVV�DQG�VWUDLQ�DV�D�IXQFWLRQ�RI�WKH�
SDUDPHWHU�DQJOH�JDPPD

Figure 13: 6WLIIQHVV�DQG�VWUDLQ�DV�D�IXQFWLRQ�RI�WKH�
SDUDPHWHU�UDGLXV.

6 EVALUATION OF THE NEW SRF
$�VHULHV�RI�65)V�DUH�VWDPS�IRUPHG�XVLQJ�WKH�VDPH�PHWKRG�DV�IRU�WKH�FRUQHU�VDPSOHV.�$�WHVWLQJ�
VHWXS�UHSUHVHQWLQJ�D�VHFWLRQ�RI�WKH�ZLQJOHW�LV�GHVLJQHG�DQG�EXLOW�LQ�RUGHU�WR�YDOLGDWH�WKH�GHVLJQ�
SURSRVHG.�7KLV�VHFWLRQ�VXPPDUL]HV�WKH�PDLQ�UHVXOWV�REWDLQHG.�

6.1 SRF test setup
7KH�WHVWLQJ�VHWXS��DV�VNHWFKHG�LQ�)LJXUH�14��LV�DEOH�WR�DSSO\�ERWK�EHQGLQJ�DV�DHURG\QDPLFDO�ORDG�
LQGXFHG�VKHDU�ORDG�WR�D�FRPELQDWLRQ�RI�D�65)�DQG�VHFWLRQ�RI�D�VNLQ��250PP�ZLGWK��>9@.�,W�XVHV�
IRU�WKLV�SXUSRVH�D�VHUYR�K\GUDXOLF�076�PDFKLQH�PHDQW�WR�DSSO\�WKH��10R /��10R�EHQGLQJ�RI�WKH�
VNLQ�� LQ�FRPELQDWLRQ�ZLWK�D�SQHXPDWLF�DFWXDWRU� IRU� WKH�VKHDU� ORDG.�$�GHGLFDWHG�GHIRUPDWLRQ�
PHDVXUHPHQW�GHYLFH�EDVHG�RQ�D�ODVHU�OLQH�DQG�D�&&'�FDPHUD�LV�XVHG�WR�FRQWURO�WKH�HIIHFWLYLW\�
RI�WKH�65)�WR�SUHYHQW�WKH�VKHDU�GHIRUPDWLRQ.��

Figure 14: 7HVW�VHWXS�RI�WKH�65)�>10@

6.2 SRF bending test results
7KH�65)�LV�WHVWHG�RQ�D�YDULHW\�RI�ORDGLQJ�VFHQDULRV.�7KH�FRPELQDWLRQ�RI�VNLQ�DQG�65)�SURYLGHG�
VKHDU�VWLIIQHVV�YDOXHV�XQGHU�FRPELQHG�EHQGLQJ�DQG�VKHDU�RI�17101/PP�DQG�22701/PP�DW�D�

skin

399



angles of -10° compression bending and +10° tensile bending respectively. Both these values 
exceed the min. required 750N/mm, while these value stay within 20% of the simple FEM 
prediction used for the design. Additionally the SRF is loaded to its ultimate shear load of 
2000N at -10° compression bent-and +10° tensile bent position [10]. The ultimate load test 
successfully reached to 2000N for the -10° compression bent state. For the +10° tensile bent 
state, the SRF failed in the corners at the bottom ply at a shear load of 1828N.  

7 CONCLUSION 
This paper shows the development of thermoplastic composite based SRFs for an application 
in a compliant morphing winglet. The resulting SRF concerns a shell geometry which allows 
large deformation while being stiff to support aerodynamical loads, thereby fulfilling 
kinematical, loads and space requirements.  
The large deformation of the thermoplastic composites used asked for a material specific 
damage model. A simplified test geometry was developed for this purpose, which was able to 
reproduce the typical damage observed on this types of shells. It allowed the definition of strain 
limits, which were supported by a cyclic test program.  
Finally, a FE based parameter analysis based on the measured strain limits led to the definition 
of a geometry for an SRF able to satisfy the requirements set for the project. The stamp formed 
SRFs were tested on a dedicated setup designed to apply the necessary deformation and loads. 
Testing showed a sufficient shear stiffness, while being able to sustain the 2000N ultimate load 
test at -10o compression bending.  The design failed however in the 2000N ultimate load test at 
+10° tensile bending. This means that some additional optimization is necessary.   
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