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Abstract 
 
Chirality presents as a trend of research in biological and chemical communities for it has a significant 

effect on physiological properties and pharmacological effects. Further, manipulating specific 

morphological chirality recently emerges as a promising approach to design metamaterials �Z�L�W�K��

�W�D�L�O�R�U�H�G�� �P�H�F�K�D�Q�L�F�D�O���� �R�S�W�L�F�D�O���� �R�U�� �H�O�H�F�W�U�R�P�D�J�Q�H�W�L�F�� �S�U�R�S�H�U�W�L�H�V�� However, the realization of many 

properties found in nature, such as switchable and hierarchical chirality, which �D�O�O�R�Z�V��

�H�O�H�F�W�U�R�P�D�J�Q�H�W�L�F�� �F�R�Q�W�U�R�O�� �R�I�� �W�K�H�� �S�R�O�D�U�L�]�D�W�L�R�Q�� �R�I�� �O�L�J�K�W�� �D�Q�G���H�Q�K�D�Q�F�H�P�H�Q�W�� �R�I�� �P�H�F�K�D�Q�L�F�D�O�� �S�U�R�S�H�U�W�L�H�V����in 

man-made structures has remained a challenge.  Here, we present helical structures with switchable 

and hierarchical chirality inspired by origami techniques. We propose eggbox-based chiral units for 

constructing homogeneous and heterogeneous chiral structures, and demonstrate a theoretical 

approach for tuning the chirality of these structures by modulating their geometrical parameters and 

for achieving chirality switching through mechanism bifurcation. Finally, by introducing a helical 

tessellation between the chiral units, we �G�H�V�L�J�Q��hierarchical structures with chirality transferring from 

construction elements to the morphological level and discover a helix with two zero-height 

configurations during the unwinding process. We anticipate that our design and analysis approach 

could facilitate the development of man-made metamaterials with chiral features, which may serve 

in engineering applications, �L�Q�F�O�X�G�L�Q�J���V�Z�L�W�F�K�D�E�O�H���H�O�H�F�W�U�R�P�D�J�Q�H�W�L�F���P�H�W�D�P�D�W�H�U�L�D�O�V���� �P�R�U�S�K�L�Q�J��

�V�W�U�X�F�W�X�U�H�V�����D�Q�G���E�L�R�Q�L�F���U�R�E�R�W�V��  
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�S�U�R�S�H�U�W�L�H�V�� �D�Q�G�� �I�X�Q�F�W�L�R�Q�V���������� �V�X�F�K�� �D�V�� �V�X�S�H�U�L�R�U�� �H�O�D�V�W�L�F�L�W�\���������� �Q�H�J�D�W�L�Y�H���U�H�I�U�D�F�W�L�R�Q�����D�Q�G�� �D�V�\�P�P�H�W�U�L�F��

�H�O�H�F�W�U�R�P�D�J�Q�H�W�L�F�� �Z�D�Y�H�� �W�U�D�Q�V�P�L�V�V�L�R�Q������ �5�H�F�H�Q�W�O�\���� �P�D�Q�L�S�X�O�D�W�L�R�Q�� �R�I�� �F�K�L�U�D�O�L�W�\�� �K�D�V�� �S�U�R�Y�L�G�H�G�� �D�Q�� �H�I�I�H�F�W�L�Y�H��

�Z�D�\�� �W�R�� �W�D�L�O�R�U�� �W�K�H�V�H�� �S�K�\�V�L�F�D�O�� �S�U�R�S�H�U�W�L�H�V�� �R�I�� �P�D�W�H�U�L�D�O�V���������� �)�X�U�W�K�H�U�P�R�U�H�����V�R�P�H���U�H�V�H�D�U�F�K�H�U�V�� �G�H�V�L�J�Q�H�G��

�P�H�W�D�P�D�W�H�U�L�D�O�V�� �Z�L�W�K�� �W�X�Q�D�E�O�H�� �F�K�L�U�D�O�L�W�\�� �E�D�V�H�G�� �R�Q���G�H�I�R�U�P�D�W�L�R�Q�� �R�I�� �H�[�L�V�W�L�Q�J���R�U�L�J�D�P�L���S�D�W�W�H�U�Q�V���� �V�X�F�K�� �D�V��

�0�X�L�U�D���R�U�L���� �D�Q�G�� �.�U�H�V�O�L�Q�J�������� �%�H�F�D�X�V�H�� �R�I�� �W�K�H�L�U�� �X�Q�X�V�X�D�O�� �S�U�R�S�H�U�W�L�H�V���� �F�K�L�U�D�O�� �P�D�W�H�U�L�D�O�V�� �K�D�Y�H���E�U�R�D�G��

�D�S�S�O�L�F�D�W�L�R�Q�V�����V�X�F�K���D�V���L�Q���E�H�D�P���V�S�O�L�W�W�H�U�V���������F�L�U�F�X�O�D�U���S�R�O�D�U�L�]�D�W�L�R�Q���G�H�W�H�F�W�R�U�V�������D�Q�G���Q�D�Q�R�H�O�H�F�W�U�R�P�H�F�K�D�Q�L�F�D�O��

�V�\�V�W�H�P�V�������� 
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�E�H�W�Z�H�H�Q���W�K�H�V�H���F�R�Q�I�L�J�X�U�D�W�L�R�Q�V���K�D�V���E�H�H�Q���R�E�V�H�U�Y�H�G���L�Q���P�D�Q�\�� �E�L�R�O�R�J�L�F�D�O�������������R�U���F�K�H�P�L�F�D�O�������������S�U�R�F�H�V�V�H�V������

�%�H�V�L�G�H�V���D�F�K�L�H�Y�L�Q�J�� �S�D�U�W�L�F�X�O�D�U�� �E�L�R�O�R�J�L�F�D�O�� �I�X�Q�F�W�L�R�Q�V�������� �F�K�L�U�D�O�L�W�\�� �V�Z�L�W�F�K�L�Q�J�� �Z�R�X�O�G�� �E�H�� �E�H�Q�H�I�L�F�L�D�O�� �I�R�U��

�H�Q�J�L�Q�H�H�U�L�Q�J�� �P�D�W�H�U�L�D�O�V���� �V�L�Q�F�H�� �L�W�� �D�O�O�R�Z�V�� �H�O�H�F�W�U�R�P�D�J�Q�H�W�L�F�� �F�R�Q�W�U�R�O�� �R�I�� �W�K�H���O�L�J�K�W���S�R�O�D�U�L�]�D�W�L�R�Q�� �D�Q�G��

�H�Q�K�D�Q�F�H�P�H�Q�W�� �R�I�� �P�H�F�K�D�Q�L�F�D�O�� �S�U�R�S�H�U�W�L�H�V�����)�R�U�� �H�[�D�P�S�O�H���� �P�D�W�H�U�L�D�O�V�� �Z�L�W�K�� �G�L�I�I�H�U�H�Q�W�� �K�D�Q�G�H�G�Q�H�V�V�� �K�D�Y�H��

�G�L�I�I�H�U�H�Q�W���W�U�D�Q�V�P�L�V�V�L�R�Q���H�I�I�H�F�W�V���R�Q���F�L�U�F�X�O�D�U�O�\���S�R�O�D�U�L�]�H�G���H�O�H�F�W�U�R�P�D�J�Q�H�W�L�F���Z�D�Y�H�V�������������������������6�X�F�K���D���S�U�R�S�H�U�W�\��

�F�R�X�O�G���E�H���X�V�H�I�X�O���I�R�U���O�L�J�K�W���V�S�O�L�W�W�L�Q�J���G�H�Y�L�F�H�V���D�Q�G���G�H�W�H�F�W�R�U�V�������������� 

�7�K�H���H�[�L�V�W�L�Q�J���F�K�L�U�D�O�L�W�\���V�Z�L�W�F�K�L�Q�J���L�V���D���P�R�O�H�F�X�O�D�U���V�W�U�X�F�W�X�U�D�O���F�K�D�Q�J�H���L�Q�G�X�F�H�G���E�\���H�[�W�H�U�Q�D�O���V�W�L�P�X�O�L��

�L�Q�� �Y�D�U�L�R�X�V�� �Q�D�W�X�U�D�O�������������R�U�� �D�U�W�L�I�L�F�L�D�O�������������P�D�W�H�U�L�D�O�V���� �+�R�Z�H�Y�H�U�����W�K�L�V���Z�R�X�O�G�� �H�Q�W�D�L�O�� �J�U�H�D�W�� �F�R�P�S�O�H�[�L�W�\�� �L�Q��

�P�D�Q�X�I�D�F�W�X�U�L�Q�J�� �D�Q�G�� �G�L�I�I�L�F�X�O�W�\�� �L�Q�� �F�R�Q�W�U�R�O�O�L�Q�J�� �V�W�U�X�F�W�X�U�D�O�� �U�H�F�R�Q�I�L�J�X�U�D�W�L�R�Q�����$�� �S�K�R�W�R�L�Q�G�X�F�H�G�� �K�D�Q�G�H�G�Q�H�V�V��

�V�Z�L�W�F�K�L�Q�J�� �Z�L�W�K�R�X�W�� �L�Q�W�U�R�G�X�F�L�Q�J�� �D�Q�\�� �V�W�U�X�F�W�X�U�D�O�� �F�K�D�Q�J�H�� �Z�D�V�� �D�F�K�L�H�Y�H�G�� �L�Q�� �D�Q���D�U�W�L�I�L�F�L�D�O�� �F�K�L�U�D�O��
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Two design parameters, a  and �D����are adopted to characterize the chiral unit (Fig. 1(d)), 

which are the lateral edge length and sector angle of the eggbox, respectively. To quantitatively 

analyze the chirality, three more parameters are introduced, where �I  is the dihedral angle between 

the two lower trapezoid facets (i.e., the unit configuration angle), �J is the angle between the two 

horizontal alternative creases (i.e., the unit twist angle) and h  is the distance between the bottom and 

top faces (i.e., the unit height). See detailed information in Supplemental Material II .  

By connecting identical chiral units at parallel edges on the bottom or top faces, we can obtain 

homogeneous RH or LH chiral structures. The rotational angle and distance between top and bottom 

faces of the structure are defined as the structural twist angle, �* , and the structural height, H , 

respectively. Since we place chiral units in series, we have N�J� * �   and H Nh� , where N  is the 

number of units in the structure. Figure 1(e) (Multimedia view) presents photographs of an RH chiral 

paper model constructed by three RH units with o60�D� . Similarly, we can obtain an LH chiral 

structure (Fig. 1(f), Multimedia view). The chirality of the structure is characterized by a virtual helix 

formed by connecting the same vertex in each unit, as indicated by the red line in Fig. 1(i). The helical 

pitch and helical angle of the structure arep and �N,  respectively. (See Supplemental Material II  for 

more information about the helix) 

Additionally, heterogeneous chiral structures can be generated by mixing RH and LH units. 

The expressed chirality of the structure is determined by the number of RH and LH units, whereas 

the arrangement of these units changes only the internal twist angle in the structure. An achiral 

structure will be obtained when the numbers of RH and LH units are equal. For example, Fig. 1(g) 

(Multimedia view) shows an achiral structure with a maximum internal twist angle of 360°. If we 

change the arrangement of chiral units as shown in Fig. 1(h) (Multimedia view), the structure remains 

achiral but with a decreased maximum internal twist angle of 120°.  
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Chirality of single chiral structures can be tuned by adjusting their design parameters, i.e., the 

sector angle, , the unit length, a, and the number of units, . While a has no effect on chirality 

and the effect of  is linear, we focus on achieving chirality tunability by modulating  here. We 

studied three cases of = 40°, 60° and 80°. The relationship among the non-dimensional unit height, 

/h a, the unit twist angle, �J, and the unit configuration angle, �I , is presented in Fig. 2(a). When 

we fold the chiral unit (  increases from  to ), �J increases to 2�D and h  decreases to zero. 

�:�H�� �I�R�X�Q�G���W�K�D�W���I�R�U���D�� �J�L�Y�H�Q���I ���� �D�� �O�D�U�J�H�U���D���F�R�U�U�H�V�S�R�Q�G�V���W�R���O�D�U�J�H�U��/h a���D�Q�G���J���Y�D�O�X�H�V���� �+�H�Q�F�H���� �D�� �F�K�L�U�D�O��

�V�W�U�X�F�W�X�U�H���Z�L�W�K���D���O�D�U�J�H�U���D���L�V���P�R�U�H���W�Z�L�V�W�H�G���Z�K�H�Q���H�T�X�D�O�O�\���I�R�O�G�H�G����  

The folding of chiral units generates helical winding of the whole structure. In general, �N is 

taken as the characteristic quantity for a helical structure. During the folding process, no matter the 

value of , p  reduces to zero, whereas �N increases to / 2�S  due to 
2

tan
p
a

�S
�N

� ���� The relationship 

between �N and �I  is presented in Fig. 2(b). It shows that �N is positively related to �D when �I  is 

kept constant, meaning that a larger �D generates a more highly wound helix. With the increase in �N, 

/p a  and h  decrease, whereas �J increases (Fig. 2(c), (d)). Furthermore, the helix winds along with 

the twisting of chiral units. The coupling between them is revealed by the relationship curve between 

�J and �N in Fig. 2(d), which shows that for helices with identical �N, a larger �D always produces a 

larger �J, i.e., requires fewer units to complete a full helix turn.  

The phenomena described for RH chiral models with different �D  is demonstrated 

experimentally in Fig. 2(e) (Multimedia view), where three representative configurations photographs 

are shown for each paper model with �J = o40 , o60  and o80 . The structural height increased with a 

reduction in �J for all cases. However, the structure is less folded with a larger �D, leading to a larger 

height for a given �J. Therefore, we can tune �D to design chiral structures with desired properties of 

helices (e.g. height, degree of folding, etc). 
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���������D�Q�G���G�L�I�I�H�U�H�Q�W���F�K�L�U�D�O�L�W�\���F�R�U�U�H�V�S�R�Q�G�V���W�R���G�L�I�I�H�U�H�Q�W���P�R�W�L�R�Q���E�U�D�Q�F�K�H�V���R�I���W�K�H���O�L�Q�N�D�J�H���Q�H�W�Z�R�U�N�����6�R���Z�H���F�D�Q��

�D�F�K�L�H�Y�H���F�K�L�U�D�O�L�W�\���V�Z�L�W�F�K�L�Q�J���W�K�U�R�X�J�K���P�H�F�K�D�Q�L�V�P���E�L�I�X�U�F�D�W�L�R�Q�����:�H���U�H�G�H�V�L�J�Q���W�K�H���V�W�U�X�F�W�X�U�H���W�R���D�Y�R�L�G���I�D�F�H�W��

�L�Q�W�H�U�I�H�U�H�Q�F�H���Z�K�L�O�H���P�D�L�Q�W�D�L�Q�L�Q�J���L�W�V���E�L�I�X�U�F�D�W�L�R�Q���S�U�R�S�H�U�W�\�����+�H�Q�F�H�����L�Q���)�L�J���������D�������S�D�S�H�U���I�D�F�H�W�V���D�U�H���U�H�S�O�D�F�H�G��

�Z�L�W�K���F�X�U�Y�H�G���O�L�Q�N�V���Z�L�W�K�R�X�W���F�K�D�Q�J�L�Q�J���W�K�H�L�U���U�R�W�D�W�L�R�Q�D�O���D�[�H�V���W�R���N�H�H�S���W�K�H���N�L�Q�H�P�D�W�L�F���H�T�X�L�Y�D�O�H�Q�F�\�����7�D�N�L�Q�J��

�D�G�Y�D�Q�W�D�J�H���R�I���W�K�H���E�L�I�X�U�F�D�W�L�R�Q���R�I���V�S�K�H�U�L�F�D�O�����5���D�Q�G���S�O�D�Q�D�U�����5���O�L�Q�N�D�J�H�V�����D�Q���5�+���F�K�L�U�D�O���V�W�U�X�F�W�X�U�H���L�V���F�D�S�D�E�O�H��

�R�I���W�U�D�Q�V�I�R�U�P�L�Q�J���L�Q�W�R���D�Q���/�+���R�Q�H���W�K�U�R�X�J�K���W�K�H���I�X�O�O�\���H�O�R�Q�J�D�W�H�G���F�R�Q�I�L�J�X�U�D�W�L�R�Q���R�U���Y�L�F�H���Y�H�U�V�D�����7�K�L�V���F�K�L�U�D�O�L�W�\��

�V�Z�L�W�F�K�L�Q�J�� �S�U�R�F�H�V�V�� �L�V�� �S�U�H�V�H�Q�W�H�G�� �L�Q�� �)�L�J���������E�������0�X�O�W�L�P�H�G�L�D���Y�L�H�Z������ �Z�K�H�U�H�� �F�R�Q�I�L�J�X�U�D�W�L�R�Q�V�� �,�� �D�Q�G�� �,�,��

�F�R�U�U�H�V�S�R�Q�G���W�R���5�+���F�K�L�U�D�O�L�W�\�����,�9���D�Q�G���9���W�R���/�+���F�K�L�U�D�O�L�W�\�����D�Q�G���,�,�,���W�R���W�K�H���F�U�L�W�L�F�D�O��singularity �S�R�V�L�W�L�R�Q���Z�K�H�U�H��

�W�K�H���V�Z�L�W�F�K�L�Q�J���R�F�F�X�U�V�� 

�7�R���G�H�W�H�U�P�L�Q�H���W�K�H���Y�D�U�L�D�W�L�R�Q���L�Q���W�Z�L�V�W�L�Q�J���D�Q�G���K�H�O�L�F�D�O���S�U�R�S�H�U�W�L�H�V���G�X�U�L�Q�J���F�K�L�U�D�O�L�W�\���V�Z�L�W�F�K�L�Q�J���� �Z�H��

�S�O�R�W�W�H�G���J���D�Q�G��/h a���D�V�� �I�X�Q�F�W�L�R�Q�V�� �R�I���N���L�Q�� �)�L�J���������F���������G������ �U�H�V�S�H�F�W�L�Y�H�O�\���� �7�K�L�V�� �D�Q�D�O�\�V�L�V�� �U�H�Y�H�D�O�V�� �W�K�D�W�� �W�K�H��

�V�Z�L�W�F�K���R�F�F�X�U�V���D�W���W�K�H���I�X�O�O�\���H�O�R�Q�J�D�W�H�G���F�R�Q�I�L�J�X�U�D�W�L�R�Q���Z�K�H�U�H��o0�N� ���D�Q�G�� o0�J� �����7�K�L�V���V�Z�L�W�F�K�L�Q�J���E�H�K�D�Y�L�R�U��

�L�V���G�L�I�I�H�U�H�Q�W���I�U�R�P���P�R�V�W���S�U�H�Y�L�R�X�V�O�\���U�H�S�R�U�W�H�G���H�[�D�P�S�O�H�V�����Z�K�H�U�H���F�K�L�U�D�O�L�W�\���V�Z�L�W�F�K�L�Q�J���L�V���L�Q�G�X�F�H�G���E�\���H�[�W�H�U�Q�D�O��

�V�W�L�P�X�O�L���������������������D�Q�G���D�O�V�R���I�U�R�P���W�K�H���V�S�R�Q�W�D�Q�H�R�X�V���F�K�L�U�D�O�L�W�\���V�Z�L�W�F�K�L�Q�J���I�R�X�Q�G���L�Q���E�D�F�W�H�U�L�D�O���I�O�D�J�H�O�O�D���W�K�D�W���R�Q�O�\��

�R�F�F�X�U�V���L�Q���S�D�U�W�L�D�O���U�H�J�L�R�Q�V���������6�L�Q�F�H���W�K�H���F�K�L�U�D�O�L�W�\���V�Z�L�W�F�K�L�Q�J���L�Q���W�K�H���V�W�U�X�F�W�X�U�H���L�V���D�F�K�L�H�Y�H�G���E�\���P�H�F�K�D�Q�L�V�P��

�E�L�I�X�U�F�D�W�L�R�Q�����L�W���F�D�Q���E�H���I�D�E�U�L�F�D�W�H�G���D�Q�G���F�R�Q�W�U�R�O�O�H�G���P�R�U�H���H�D�V�L�O�\���F�R�P�S�D�U�H�G���W�R���H�[�L�V�W�L�Q�J���R�Q�H�V���Z�L�W�K���P�R�O�H�F�X�O�D�U��

�V�W�U�X�F�W�X�U�D�O���F�K�D�Q�J�H�V�����%�H�F�D�X�V�H���R�I���W�K�H���V�Z�L�W�F�K�����W�K�H���U�D�Q�J�H���R�I���W�K�H���K�H�O�L�F�D�O���D�Q�J�O�H���L�V���H�[�S�D�Q�G�H�G���W�R��o o[ 90 , 90 ]�� ����

�Z�K�L�F�K���L�V���W�Z�L�F�H���W�K�D�W���R�I���W�K�H���S�D�S�H�U���V�W�U�X�F�W�X�U�H���S�U�H�V�H�Q�W�H�G���L�Q���)�L�J�V���������D�Q�G���������7�R���I�L�J�X�U�H���R�X�W���W�K�H���U�H�T�X�L�U�H�G���H�Q�H�U�J�\��

�I�R�U�� �F�K�L�U�D�O�L�W�\�� �V�Z�L�W�F�K�L�Q�J���� �Z�H�� �D�V�V�X�P�H�� �W�K�D�W�� �W�K�H�U�H�� �L�V�� �Q�R�� �G�H�I�R�U�P�D�W�L�R�Q�� �L�Q�� �W�K�H�� �O�L�Q�N�V�� �D�Q�G�� �W�K�H�� �H�Q�H�U�J�\�� �R�I�� �W�K�H��

�V�W�U�X�F�W�X�U�H�� �L�V�� �P�D�L�Q�O�\�� �V�W�R�U�H�G�� �L�Q�� �W�K�H�� �M�R�L�Q�W�V�����:�H�� �D�G�G���D�� �W�R�U�V�L�R�Q�D�O�� �V�S�U�L�Q�J�� �L�Q�� �H�D�F�K�� �M�R�L�Q�W���� �Z�K�R�V�H�� �V�W�L�I�I�Q�H�V�V��

�F�R�H�I�I�L�F�L�H�Q�W���L�V���G�H�I�L�Q�H�G���D�V��1k �����7�K�H���H�Q�H�U�J�\���R�I���W�K�H���Z�K�R�O�H���V�W�U�X�F�W�X�U�H���L�V���W�K�H�Q���W�K�H���W�R�W�D�O���H�O�D�V�W�L�F���S�R�W�H�Q�W�L�D�O���H�Q�H�U�J�\��

�L�Q���D�O�O���M�R�L�Q�W�V�����:�H���D�V�V�X�P�H���W�K�D�W���W�K�H���H�Q�H�U�J�\���R�I���D���V�L�Q�J�O�H���F�K�L�U�D�O���X�Q�L�W�����G�H�I�L�Q�H�G���D�V��1e �����L�V���]�H�U�R���Z�K�H�Q���W�K�H���V�W�U�X�F�W�X�U�H��

�L�V���L�Q���W�K�H���I�X�O�O�\���I�R�O�G�H�G���/�+���F�R�Q�I�L�J�X�U�D�W�L�R�Q�����7�K�H���U�H�O�D�W�L�R�Q�V�K�L�S���E�H�W�Z�H�H�Q��1e ���D�Q�G���N���G�X�U�L�Q�J���F�K�L�U�D�O�L�W�\���V�Z�L�W�F�K�L�Q�J��



�� 
 

�L�V���W�K�H�Q���G�H�U�L�Y�H�G�� �D�Q�G�� �S�O�R�W�W�H�G�� �L�Q�� �)�L�J���� �����H������ �Z�K�H�U�H��1=0.4 N m/ radk �˜ �����7�K�H�� �U�H�T�X�L�U�H�G�� �H�Q�H�U�J�\�� �R�I�� �F�K�L�U�D�O�L�W�\��

�V�Z�L�W�F�K�L�Q�J���L�V���W�K�H���H�Q�H�U�J�\���R�I���W�K�H���V�W�U�X�F�W�X�U�H���D�W���W�K�H���V�Z�L�W�F�K���F�R�Q�I�L�J�X�U�D�W�L�R�Q���Z�K�H�U�H��=0�I �����F�R�Q�I�L�J�X�U�D�W�L�R�Q���,�,�,���L�Q��

�)�L�J���� ���E������ �Z�K�L�F�K�� �L�V�� �I�R�X�Q�G�� �W�R�� �E�H��2
117k �S �����7�K�H�U�H�I�R�U�H���� �Z�H�� �F�D�Q���R�Q�O�\���O�R�Z�H�U�� �W�K�H�� �H�Q�H�U�J�\�� �F�R�V�W�� �I�R�U���F�K�L�U�D�O�L�W�\��

�V�Z�L�W�F�K�L�Q�J���E�\���U�H�G�X�F�L�Q�J���W�K�H���V�W�L�I�I�Q�H�V�V���F�R�H�I�I�L�F�L�H�Q�W��1k �����7�K�H���G�H�W�D�L�O�H�G���F�D�O�F�X�O�D�W�L�R�Q���L�V���J�L�Y�H�Q���L�Q���6�X�S�S�O�H�P�H�Q�W�D�O��

�0�D�W�H�U�L�D�O���,�,���� 

�7�R���D�F�K�L�H�Y�H���D���K�L�H�U�D�U�F�K�L�F�D�O�O�\���F�K�L�U�D�O���V�W�U�X�F�W�X�U�H���Z�L�W�K���P�R�U�H���K�H�O�L�F�H�V�����W�K�H���D�S�H�[���R�I���H�D�F�K���H�J�J�E�R�[���V�K�R�X�O�G��

�Q�R�W���E�H���O�R�F�D�W�H�G���D�O�R�Q�J���W�K�H���V�D�P�H���D�[�L�V���D�V���L�Q���)�L�J�V���������D�Q�G���������Z�K�L�F�K���U�H�T�X�L�U�H�V���F�K�D�Q�J�L�Q�J���W�K�H���F�R�Q�Q�H�F�W�L�R�Q���E�H�W�Z�H�H�Q��

�D�G�M�D�F�H�Q�W���F�K�L�U�D�O���X�Q�L�W�V�����7�K�H���F�K�L�U�D�O���F�R�Q�V�W�U�X�F�W�L�R�Q���X�Q�L�W���L�V���D�O�W�H�U�H�G���W�R���D���P�R�U�H���J�H�Q�H�U�D�O���X�Q�L�W�����)�L�J���������D���������Z�K�H�U�H��

�R�Q�H�� �D�G�G�L�W�L�R�Q�D�O�� �S�D�U�D�P�H�W�H�U�����E�����L�V�� �L�Q�W�U�R�G�X�F�H�G���� �Z�K�L�F�K�� �L�V�� �W�K�H�� �V�H�F�W�R�U�� �D�Q�J�O�H�� �R�I���W�K�H�� �F�R�Q�Q�H�F�W�L�R�Q�� �S�D�U�W���� �7�K�H��

�F�U�H�D�V�H�V�� �R�I�� �W�K�H�� �F�R�Q�Q�H�F�W�L�R�Q���S�D�U�W���D�U�H�� �S�U�H�V�H�Q�W�H�G�� �D�V�� �G�D�V�K�H�G�� �O�L�Q�H�V�� �L�Q�� �)�L�J���������E�������7�K�H�� �K�L�H�U�D�U�F�K�L�F�D�O�O�\�� �F�K�L�U�D�O��

�V�W�U�X�F�W�X�U�H���K�D�V���W�Z�R���K�H�O�L�F�H�V�����Z�K�L�F�K���D�U�H���G�H�I�L�Q�H�G���D�V���W�K�H���P�D�M�R�U���K�H�O�L�[���D�Q�G���W�K�H���P�L�Q�R�U���K�H�O�L�[�����D�Q�G���S�U�H�V�H�Q�W�H�G���D�V��

�W�K�L�F�N�� �D�Q�G�� �W�K�L�Q�� �U�H�G�� �O�L�Q�H�V�� �L�Q���)�L�J���������F������ �U�H�V�S�H�F�W�L�Y�H�O�\���� �7�K�H�� �P�D�M�R�U�� �K�H�O�L�[�� �L�V�� �I�R�U�P�H�G�� �E�\�� �W�K�H�� �D�S�H�[�� �R�I�� �H�D�F�K��

�H�J�J�E�R�[�����Z�K�H�U�H�D�V���W�K�H���P�L�Q�R�U���K�H�O�L�[���L�V���I�R�U�P�H�G���E�\���R�Q�H���L�G�H�Q�W�L�F�D�O���Y�H�U�W�H�[���L�Q���W�K�H���E�D�V�H���R�I���H�D�F�K���H�J�J�E�R�[�����Z�K�L�F�K��

�L�V���W�K�H���V�D�P�H���D�V���W�K�H���V�L�Q�J�O�H���K�H�O�L�[���L�Q���R�X�U���S�D�S�H�U���P�R�G�H�O���V�K�R�Z�Q���L�Q���)�L�J���������L�������6�L�P�L�O�D�U���W�R���S�U�H�Y�L�R�X�V�O�\���U�H�S�R�U�W�H�G��

�V�\�Q�W�K�H�W�L�F�� �K�L�H�U�D�U�F�K�L�F�D�O�O�\�� �F�K�L�U�D�O�� �V�W�U�X�F�W�X�U�H�V�������������������� �R�X�U�� �V�W�U�X�F�W�X�U�H�� �W�U�D�Q�V�I�H�U�V�� �F�K�L�U�D�O�L�W�\�� �D�W�� �W�K�H�� �V�D�P�H��

�P�D�F�U�R�V�F�D�O�H�����)�R�X�U���S�D�U�D�P�H�W�H�U�V����K ����P ����R ���D�Q�G��L �����D�U�H���L�Q�W�U�R�G�X�F�H�G���W�R���F�K�D�U�D�F�W�H�U�L�]�H���W�K�H���P�D�M�R�U���K�H�O�L�[�����Z�K�L�F�K��

�D�U�H�� �W�K�H�� �K�H�O�L�F�D�O�� �D�Q�J�O�H���� �K�H�O�L�F�D�O�� �S�L�W�F�K���� �U�D�G�L�X�V�� �D�Q�G�� �O�H�Q�J�W�K�� �D�O�R�Q�J�� �W�K�H�� �K�H�O�L�F�D�O���D�[�L�V���� �U�H�V�S�H�F�W�L�Y�H�O�\�����6�H�H��

�6�X�S�S�O�H�P�H�Q�W�D�O���0�D�W�H�U�L�D�O���,�,�,���I�R�U���G�H�W�D�L�O�H�G���L�Q�I�R�U�P�D�W�L�R�Q���D�E�R�X�W���W�K�H�V�H���K�H�O�L�F�H�V�� 

�:�H���W�K�H�Q���D�Q�D�O�\�]�H�G���K�H�O�L�F�D�O���S�U�R�S�H�U�W�L�H�V���R�I���W�K�H���K�L�H�U�D�U�F�K�L�F�D�O���F�K�L�U�D�O���V�W�U�X�F�W�X�U�H�����:�L�W�K���W�K�H���L�Q�W�U�R�G�X�F�W�L�R�Q��

�R�I�� �W�K�H�� �P�D�M�R�U�� �K�H�O�L�[���� �D�Q�� �X�Q�X�V�X�D�O�� �S�U�R�S�H�U�W�\���R�I�� �W�K�H�� �K�L�H�U�D�U�F�K�L�F�D�O�O�\�� �F�K�L�U�D�O�� �V�W�U�X�F�W�X�U�H�� �D�U�L�V�H�V�� �F�R�P�S�D�U�H�G�� �W�R��

�H�[�L�V�W�L�Q�J�� �V�\�Q�W�K�H�W�L�F�� �D�Q�G�� �E�L�R�O�R�J�L�F�D�O�� �R�Q�H�V�� �Z�L�W�K�� �P�R�Q�R�W�R�Q�L�F�D�O�O�\�� �L�Q�F�U�H�D�V�L�Q�J�� �K�H�L�J�K�W�� �G�X�U�L�Q�J�� �X�Q�Z�L�Q�G�L�Q�J��

�S�U�R�F�H�V�V�����Q�D�P�H�O�\�����W�K�H���K�H�L�J�K�W���R�I���W�K�H���V�W�U�X�F�W�X�U�H���I�L�U�V�W���L�Q�F�U�H�D�V�H�V���I�U�R�P���]�H�U�R���W�R���W�K�H���P�D�[�L�P�X�P���Y�D�O�X�H���D�Q�G���W�K�H�Q��

�G�H�F�U�H�D�V�H�V���W�R���]�H�U�R���Z�K�H�Q���E�H�L�Q�J���X�Q�Z�R�X�Q�G�����D�V���V�K�R�Z�Q���L�Q���)�L�J���������G�������0�X�O�W�L�P�H�G�L�D���Y�L�H�Z�������3�K�\�V�L�F�D�O���P�R�G�H�O��

�S�K�R�W�R�J�U�D�S�K�V���R�I���I�L�Y�H���U�H�S�U�H�V�H�Q�W�D�W�L�Y�H���F�R�Q�I�L�J�X�U�D�W�L�R�Q�V���P�D�G�H���R�I���������5�+���X�Q�L�W�V���Z�L�W�K���.��� �������ƒ���D�Q�G������� �������ƒ���D�U�H��

�S�U�H�V�H�Q�W�H�G���� �7�K�H�� �P�D�M�R�U�� �D�Q�G���P�L�Q�R�U���K�H�O�L�F�H�V�� �K�D�Y�H�� �L�G�H�Q�W�L�F�D�O�� �F�K�L�U�D�O�L�W�\���Z�K�L�O�H���W�K�R�V�H���I�R�U���W�K�H���H�[�L�V�W�L�Q�J��

�K�L�H�U�D�U�F�K�L�F�D�O�O�\���F�K�L�U�D�O���V�W�U�X�F�W�X�U�H�V���F�D�Q���E�H���G�L�I�I�H�U�H�Q�W�����L�Q�G�L�F�D�W�L�Q�J���W�K�D�W���F�R�Q�V�W�L�W�X�H�Q�W���X�Q�L�W�V���G�R�P�L�Q�D�W�H���W�K�H���F�K�L�U�D�O�L�W�\��

�R�I���R�X�U���V�W�U�X�F�W�X�U�H�����+�R�Z�H�Y�H�U�����K�H�O�L�F�D�O���S�U�R�S�H�U�W�L�H�V���R�I���W�K�H���P�D�M�R�U���D�Q�G���P�L�Q�R�U���K�H�O�L�F�H�V���G�L�I�I�H�U���J�U�H�D�W�O�\�����:�L�W�K���W�K�H��

�I�R�O�G�L�Q�J���R�I���W�K�H���V�W�U�X�F�W�X�U�H�����W�K�H���P�L�Q�R�U���K�H�O�L�[���Z�L�Q�G�V���Z�K�L�O�H���W�K�H���P�D�M�R�U���K�H�O�L�[���X�Q�Z�L�Q�G�V�����W�K�D�W���L�V����K ���G�H�F�U�H�D�V�H�V��

�Z�K�H�U�H�D�V���N�����W�K�H�� �D�Q�J�O�H�� �E�H�W�Z�H�H�Q the minor helix and its axial line���² ��the major helix�����L�Q�F�U�H�D�V�H�V���� �D�V��

�L�Q�G�L�F�D�W�H�G���E�\���W�K�H���V�R�O�L�G���D�Q�G���G�D�V�K�H�G���E�O�D�F�N���O�L�Q�H�V���L�Q���)�L�J���������H�������U�H�V�S�H�F�W�L�Y�H�O�\�����6�L�Q�F�H���W�K�H���E�D�V�L�F���Y�H�U�W�H�[���I�R�U�P�L�Q�J��

�W�K�H�� �P�D�M�R�U�� �K�H�O�L�[�� �D�Q�G�� �W�K�H�� �P�L�Q�R�U�� �K�H�O�L�[�� �D�U�H�� �L�Q�� �W�K�H�� �V�D�P�H�� �F�K�L�U�D�O�� �X�Q�L�W���� �W�K�H�L�U�� �Z�L�Q�G�L�Q�J�V�� �D�U�H�� �F�R�X�S�O�H�G�����Z�K�L�O�H��

�H�[�L�V�W�L�Q�J���K�L�H�U�D�U�F�K�L�F�D�O�O�\���F�K�L�U�D�O���V�W�U�X�F�W�X�U�H�V���K�D�Y�H���L�Q�G�H�S�H�Q�G�H�Q�W���Z�L�Q�G�L�Q�J�����,�Q���F�R�Q�W�U�D�V�W���Z�L�W�K���W�K�H���V�L�Q�J�O�H���K�H�O�L�[��

�F�D�V�H���Z�L�W�K���P�R�Q�R�W�R�Q�L�F�D�O�O�\���G�H�F�U�H�D�V�L�Q�J���S�L�W�F�K���D�Q�G���X�Q�L�W���O�H�Q�J�W�K���G�X�U�L�Q�J���Z�L�Q�G�L�Q�J�����W�K�H���X�Q�L�W���O�H�Q�J�W�K����/ ( )L aN ����

�R�I�� �W�K�H�� �P�D�M�R�U�� �K�H�O�L�[�� �I�L�U�V�W�� �L�Q�F�U�H�D�V�H�� �D�Q�G�� �W�K�H�Q�� �G�H�F�U�H�D�V�H���� �D�V�� �V�K�R�Z�Q�� �L�Q�� �)�L�J���������I�������7�K�H�� �H�Q�H�U�J�\�� �R�I�� �W�K�H��
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�K�L�H�U�D�U�F�K�L�F�D�O�O�\�� �F�K�L�U�D�O���V�W�U�X�F�W�X�U�H�� �F�D�Q�� �D�O�V�R�� �E�H�� �F�D�O�F�X�O�D�W�H�G�� �E�\�� �W�K�H�� �W�R�U�V�L�R�Q�D�O�� �V�S�U�L�Q�J�� �P�R�G�H�O�����6�X�S�S�R�V�L�Q�J���W�K�H��

�V�W�L�I�I�Q�H�V�V���F�R�H�I�I�L�F�L�H�Q�W���S�H�U���X�Q�L�W���O�H�Q�J�W�K���R�I���W�K�H���V�S�U�L�Q�J���L�Q���H�D�F�K���F�U�H�D�V�H���R�I���W�K�H���V�W�U�X�F�W�X�U�H���L�V��2k ���D�Q�G���D�V�V�X�P�L�Q�J��

�W�K�D�W���W�K�H���X�Q�L�W���H�O�D�V�W�L�F���S�R�W�H�Q�W�L�D�O���H�Q�H�U�J�\��2=0e ���Z�K�H�Q��=0�I �����Z�H���F�D�Q���W�K�H�Q���R�E�W�D�L�Q���W�K�H���U�H�O�D�W�L�R�Q�V�K�L�S���E�H�W�Z�H�H�Q��

2 /e a�����D�Q�G���I �����Z�L�W�K�� �I�L�Y�H�� �G�L�I�I�H�U�H�Q�W�� �Y�D�O�X�H�V�� �R�I���E�����Z�K�H�Q�� o60�D� �������D�V���L�O�O�X�V�W�U�D�W�H�G�� �L�Q���)�L�J���������J�������L�Q�� �Z�K�L�F�K��

2=0.3 N/ radk �������,�W���L�Q�G�L�F�D�W�H�V���W�K�D�W���W�K�H���H�Q�H�U�J�\���R�I���W�K�H���V�W�U�X�F�W�X�U�H���F�D�Q���E�H���W�X�Q�H�G���E�\���E�����/�H�V�V���H�Q�H�U�J�\���L�V���U�H�T�X�L�U�H�G��

�I�R�U�� �W�K�H�� �P�R�Y�H�P�H�Q�W�� �R�I�� �W�K�H�� �V�W�U�X�F�W�X�U�H�� �L�I�� �D�� �O�D�U�J�H�U���E���L�V�� �V�H�O�H�F�W�H�G�����6�H�H�� �6�X�S�S�O�H�P�H�Q�W�D�O�� �0�D�W�H�U�L�D�O���,�,�,���I�R�U���W�K�H��

�G�H�W�D�L�O�H�G���F�D�O�F�X�O�D�W�L�R�Q�� 

�,�Q���V�X�P�P�D�U�\�����Z�H���S�U�R�S�R�V�H�G���K�H�O�L�F�D�O���X�Q�L�W�V���D�Q�G���V�W�U�X�F�W�X�U�H�V���E�D�V�H�G���R�Q���H�J�J�E�R�[���V�K�D�S�H�G���R�U�L�J�D�P�L���D�Q�G��

�W�X�Q�H�G���W�K�H�L�U���F�K�L�U�D�O�L�W�\���E�\���D�G�M�X�V�W�L�Q�J���J�H�R�P�H�W�U�L�F�D�O���S�D�U�D�P�H�W�H�U�V�����7�K�H�\���F�D�Q���E�H���X�V�H�G���D�V���W�K�H�R�U�H�W�L�F�D�O���P�R�G�H�O�V���W�R��

�X�Q�G�H�U�V�W�D�Q�G�� �W�K�H�� �P�H�F�K�D�Q�L�V�P�� �R�I�� �F�K�L�U�D�O�L�W�\�� �L�Q�� �Q�D�W�X�U�H�����)�R�U�� �H�[�D�P�S�O�H�����R�X�U�� �S�U�R�S�R�V�H�G�� �D�F�K�L�U�D�O�� �V�W�U�X�F�W�X�U�H�� �L�V��

�V�L�P�L�O�D�U���W�R���W�K�H���K�H�O�L�F�D�O���W�R�Z�H�O���J�R�X�U�G���W�H�Q�G�U�L�O�V���Z�L�W�K���R�S�S�R�V�L�W�H���K�D�Q�G�H�G�Q�H�V�V���Z�K�H�Q���F�O�L�P�E�L�Q�J���Z�L�W�K���D���K�R�R�N���W�R���D��

�V�X�S�S�R�U�W�L�Q�J���R�E�M�H�F�W�����6�W�X�G�\�L�Q�J���W�K�H���P�R�Y�H�P�H�Q�W���R�I���R�X�U���P�R�G�H�O���K�H�O�S�V���W�R���E�H�W�W�H�U���X�Q�G�H�U�V�W�D�Q�G���W�K�H���F�K�L�U�D�O���J�U�R�Z�W�K��

�P�H�F�K�D�Q�L�V�P�� �R�I���W�K�H�V�H�� �W�H�Q�G�U�L�O�V���� �6�Z�L�W�F�K�D�E�O�H�� �F�K�L�U�D�O�L�W�\�� �Z�D�V�� �D�F�K�L�H�Y�H�G�� �W�K�U�R�X�J�K�� �W�K�H�� �E�L�I�X�U�F�D�W�L�R�Q���R�I��

�N�L�Q�H�P�D�W�L�F�D�O�O�\�� �H�T�X�L�Y�D�O�H�Q�W�� �O�L�Q�N�D�J�H�V���� �Z�K�L�F�K�� �Z�L�O�O�� �P�D�N�H�� �L�W�� �S�R�V�V�L�E�O�H���W�R�� �D�O�W�H�U�� �W�K�H�� �R�Q���V�L�J�K�W�� �R�S�W�L�F�D�O�� �R�U��

�H�O�H�F�W�U�R�P�D�J�Q�H�W�L�F���S�U�R�S�H�U�W�\���R�I���W�K�H���P�H�W�D�P�D�W�H�U�L�D�O���F�R�Q�V�W�U�X�F�W�H�G���I�U�R�P���V�X�F�K���K�H�O�L�F�D�O���X�Q�L�W�V�����:�H���D�O�V�R���G�H�V�L�J�Q�H�G��

�K�L�H�U�D�U�F�K�L�F�D�O�O�\�� �F�K�L�U�D�O�� �V�W�U�X�F�W�X�U�H�V���Z�L�W�K�� �P�D�M�R�U�� �D�Q�G���P�L�Q�R�U���K�H�O�L�F�H�V�� �D�W�� �W�K�H�� �V�D�P�H�� �P�D�F�U�R�V�F�D�O�H�� �Z�K�L�O�H���W�K�H��

�Z�L�Q�G�L�Q�J���R�I���P�L�Q�R�U���K�H�O�L�[���G�U�L�Y�H�V���W�K�H���X�Q�Z�L�Q�G�L�Q�J���R�I���W�K�H���P�D�M�R�U���K�H�O�L�[�����6�X�F�K���D�Q���X�Q�X�V�X�D�O���E�H�K�D�Y�L�R�U�����U�H�V�X�O�W�L�Q�J��

�L�Q���W�Z�R���F�R�P�S�D�F�W���I�R�O�G�L�Q�J���F�R�Q�I�L�J�X�U�D�W�L�R�Q�V�����S�U�R�Y�L�G�H�V���D�Q���R�S�S�R�U�W�X�Q�L�W�\���W�R���G�H�V�L�J�Q���P�X�O�W�L���I�X�Q�F�W�L�R�Q�D�O���P�R�U�S�K�L�Q�J��

�V�W�U�X�F�W�X�U�H�V�� �L�Q�� �D�H�U�R�V�S�D�F�H�� �H�Q�J�L�Q�H�H�U�L�Q�J�����)�X�U�W�K�H�U�P�R�U�H���� �G�X�H�� �W�R�� �L�W�V�� �V�L�Q�J�O�H�� �G�H�J�U�H�H�� �R�I�� �I�U�H�H�G�R�P���� �W�K�H�� �F�K�L�U�D�O��

�V�W�U�X�F�W�X�U�H�V���S�U�R�S�R�V�H�G���K�H�U�H���Z�L�O�O���E�H���D�S�S�O�L�H�G���W�R���W�K�H���E�L�R�Q�L�F���U�R�E�R�W�V���Z�L�W�K���D���V�L�P�S�O�H���F�R�Q�W�U�R�O���V�\�V�W�H�P���L�Q���R�X�U���Q�H�[�W��

�V�W�H�S���U�H�V�H�D�U�F�K�� 

�2�U�L�J�D�P�L���K�D�V���S�U�H�V�H�Q�W�H�G�� �D�V�� �D�Q�� �H�I�I�H�F�W�L�Y�H�� �Z�D�\�� �W�R�� �G�H�V�L�J�Q�� �U�H�F�R�Q�I�L�J�X�U�D�E�O�H�� �V�W�U�X�F�W�X�U�H�V�� �D�Q�G��

�P�H�W�D�P�D�W�H�U�L�D�O�V�������������D�Q�G���H�[�K�L�E�L�W�H�G���J�U�H�D�W���S�R�W�H�Q�W�L�D�O���L�Q���W�K�R�V�H���Z�L�W�K���F�K�L�U�D�O���R�U���K�L�H�U�D�U�F�K�L�F�D�O���S�U�R�S�H�U�W�\�����%�H�V�L�G�H�V��

�W�K�H���H�J�J���E�R�[�����W�K�H�U�H���D�U�H���P�D�Q�\���R�W�K�H�U���W�\�S�L�F�D�O���S�D�W�W�H�U�Q�V�����V�R�P�H���R�I���Z�K�L�F�K���G�H�P�R�Q�V�W�U�D�W�H���F�K�L�U�D�O���E�H�K�D�Y�L�R�U���G�X�U�L�Q�J��

�I�R�O�G�L�Q�J�����Z�K�L�O�H���W�H�V�V�H�O�O�D�W�L�R�Q���S�O�D�\�V���D�Q���L�P�S�R�U�W�D�Q�W���U�R�O�H���L�Q���F�R�Q�V�W�U�X�F�W�L�Q�J���K�L�H�U�D�U�F�K�L�F�D�O���V�W�U�X�F�W�X�U�H�V�����1�R�U�P�D�O�O�\����

�W�K�H���U�L�J�L�G���S�D�W�W�H�U�Q���L�V���S�U�H�I�H�U�U�H�G���W�R���J�H�W���U�H�O�L�D�E�O�H���G�H�I�R�U�P�D�W�L�R�Q���D�Q�G���W�K�H���Q�R�Q���U�L�J�L�G���R�Q�H���S�U�R�Y�L�G�H�V���W�K�H���E�L���V�W�D�E�O�H��

�S�U�R�S�H�U�W�\�����:�H���F�D�Q���I�R�U�H�V�H�H���W�K�D�W���W�K�H���S�U�H�V�H�Q�W���D�S�S�U�R�D�F�K���F�D�Q���E�H���D�S�S�O�L�F�D�E�O�H���W�R���R�U�L�J�D�P�L���X�Q�L�W�V���I�R�U���G�L�I�I�H�U�H�Q�W��

�Z�L�G�H�O�\���G�H�V�L�J�Q�H�G���W�D�U�J�H�W�V�����Q�R�W���O�L�P�L�W�H�G���W�R���W�K�H���F�K�L�U�D�O�L�W�\���� 
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