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Folding of Tubular Waterbomb 

  

Jiayao Ma1,2��, Huijuan Feng1,2��, Yan Chen1,2*, Degao Hou1,2, Zhong You2,3* 

 

�$�X�W�K�R�U���$�I�I�L�O�L�D�W�L�R�Q�V 

���.�H�\�� �/�D�E�R�U�D�W�R�U�\�� �R�I�� �0�H�F�K�D�Q�L�V�P�� �7�K�H�R�U�\�� �D�Q�G�� �(�T�X�L�S�P�H�Q�W�� �'�H�V�L�J�Q�� �R�I�� �0�L�Q�L�V�W�U�\�� �R�I�� �(�G�X�F�D�W�L�R�Q����

�7�L�D�Q�M�L�Q���8�Q�L�Y�H�U�V�L�W�\�����7�L�D�Q�M�L�Q�������������������&�K�L�Q�D 

���6�F�K�R�R�O�� �R�I�� �0�H�F�K�D�Q�L�F�D�O�� �(�Q�J�L�Q�H�H�U�L�Q�J���� �7�L�D�Q�M�L�Q�� �8�Q�L�Y�H�U�V�L�W�\���������� �:�H�L�M�L�Q�� �5�R�D�G���� �1�D�Q�N�D�L�� �'�L�V�W�U�L�F�W����

�7�L�D�Q�M�L�Q���������������������&�K�L�Q�D 

���'�H�S�D�U�W�P�H�Q�W�� �R�I�� �(�Q�J�L�Q�H�H�U�L�Q�J�� �6�F�L�H�Q�F�H���� �8�Q�L�Y�H�U�V�L�W�\�� �R�I�� �2�[�I�R�U�G�����3�D�U�N�V�� �5�R�D�G���� �2�[�I�R�U�G���� �2�;���� ���3�-����

�8���.�� 
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 �&�R�U�U�H�V�S�R�Q�G�H�Q�F�H���V�K�R�X�O�G���E�H���D�G�G�U�H�V�V�H�G���W�R�����<�D�Q���&�K�H�Q�����\�D�Q�B�F�K�H�Q�#�W�M�X���H�G�X���F�Q���D�Q�G���=�K�R�Q�J���<�R�X����

�]�K�R�Q�J���\�R�X�#�H�Q�J���R�[���D�F���X�N�� 

���������7�K�H�V�H���D�X�W�K�R�U�V���F�R�Q�W�U�L�E�X�W�H�G���H�T�X�D�O�O�\���W�R���W�K�L�V���Z�R�U�N�� 

 

�$�E�V�W�U�D�F�W 

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

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

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

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

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

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

the folding of tubular waterbomb using a combined kinematic and structural analysis. We for 

the first time uncover that a waterbomb tube can undergo a mixed mode involving both rigid 
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origami motion and non-rigid structural deformation, and the transition between them can lead 

to a substantial change in the stiffness.��Furthermore, we derive theoretically the range of 

geometric parameters for the transition to occur, which paves the road to program the 

mechanical properties of the waterbomb pattern. We expect that such analysis and design 

approach will be applicable to more general origami patterns to create innovative 

programmable metamaterials, serving for a wide range of applications including aerospace 

systems, soft robotics, morphing structures, and medical devices. 
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�I�X�Q�F�W�L�R�Q�D�O�L�W�L�H�V���D�Q�G���S�U�R�J�U�D�P�P�D�E�L�O�L�W�\���>���������@�����G�X�H���W�R���L�W�V���F�D�S�D�E�L�O�L�W�\���R�I���W�U�D�Q�V�I�R�U�P�L�Q�J���D�����'���F�U�H�D�V�H��

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

�F�R�Q�V�W�L�W�X�H�Q�W���P�D�W�H�U�L�D�O�V�����D�Q�G���H�D�V�H���R�I���P�D�Q�X�I�D�F�W�X�U�L�Q�J���>�������������@���� 
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�I�R�O�G�L�Q�J���P�H�F�K�D�Q�L�F�V�����:�K�H�Q���U�L�J�L�G���S�D�W�W�H�U�Q�V���V�X�F�K���D�V���0�L�X�U�D���R�U�L���>���������@���D�U�H���X�W�L�O�L�]�H�G�����W�K�H���I�D�F�H�W�V���G�R���Q�R�W��

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

�P�H�F�K�D�Q�L�V�P�� �G�X�U�L�Q�J�� �I�R�O�G�L�Q�J�����2�Q�� �W�K�H�� �R�W�K�H�U�� �K�D�Q�G���� �Q�R�Q���U�L�J�L�G���R�Q�H�V���>�������� �����@���H�Q�D�E�O�H�� �V�L�P�X�O�W�D�Q�H�R�X�V��

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

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

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

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

�F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���R�I���W�K�H���Z�D�W�H�U�E�R�P�E���W�X�E�H���L�V���W�K�D�W���L�W���K�D�V���D���Q�H�J�D�W�L�Y�H���3�R�L�V�V�R�Q�¶�V���U�D�W�L�R�����Z�K�H�Q���F�R�P�S�U�H�V�V�H�G����
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�V�X�F�K���D�V���D�Q���H�[�S�D�Q�G�D�E�O�H���P�H�G�L�F�D�O���V�W�H�Q�W���J�U�D�I�W���>�����@�����D���W�U�D�Q�V�I�R�U�P�D�E�O�H���Z�R�U�P���U�R�E�R�W���>�����@�����D�V���Z�H�O�O���D�V���D��

�G�H�I�R�U�P�D�E�O�H���U�R�E�R�W���Z�K�H�H�O���>�����@�����5�H�F�H�Q�W�O�\�����W�K�H���D�X�W�K�R�U�V���D�O�V�R���R�E�W�D�L�Q�H�G���S�U�R�J�U�D�P�P�D�E�O�H���V�W�L�I�I�Q�H�V�V���D�Q�G��
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�)�L�J�X�U�H�� ������ �7�K�H�� �Z�D�W�H�U�E�R�P�E�� �R�U�L�J�D�P�L�� �S�D�W�W�H�U�Q�� �D�Q�G���P�R�G�H�O���� ���D����The waterbomb pattern formed by tessellating the 

waterbomb bases. S�R�O�L�G���D�Q�G���G�D�V�K�H�G���O�L�Q�H�V���U�H�S�U�H�V�H�Q�W���P�R�X�Q�W�D�L�Q���D�Q�G���Y�D�O�O�H�\���F�U�H�D�V�H�V�����U�H�V�S�H�F�W�L�Y�H�O�\�����$���W�\�S�L�F�D�O���E�D�V�H���L�V��

�V�K�R�Z�Q���L�Q���E�O�X�H�����Z�K�L�F�K���L�V���S�O�D�F�H�G���V�L�G�H���E�\���V�L�G�H���I�R�U�P�L�Q�J���W�K�H���P�L�G�G�O�H���U�R�Z�� On the adjacent rows, the bases are shifted 

by half a base (red). Four geometric parameters �²  width of the base 2a, sector angle �D, the numbers of bases in 

the longitudinal direction, m, and circumferential direction, n �²  completely define the pattern. A, B and C are 

three groups of representative vertices. ���E�����'�H�S�O�R�\�P�H�Q�W���R�I���D�� �Fard model of a waterbomb tube. The model was 

made from conventional cards of 0.3mm in thickness obtained from stationery stores. The geometric parameters 

were: 2a=46mm, �D� �����ž�� m=7, and n=6. 
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�)�L�J�X�U�H���������5�L�J�L�G���I�R�O�G�D�E�L�O�L�W�\���R�I���W�K�H���Z�D�W�H�U�E�R�P�E���W�X�E�H���Z�L�W�K���D�Q���R�G�G���P�������D�����7�R�S���K�D�O�I���R�I���D���O�R�Q�J�L�W�X�G�L�Q�D�O���V�W�U�L�S���L�Q���D���Z�D�W�H�U�E�R�P�E��

�W�X�E�H�����(���(�•���L�V���W�K�H���H�T�X�D�W�R�U���R�I���W�K�H���W�X�E�H�����9�H�U�W�L�F�H�V���L�Q���W�K�H���X�S�S�H�U���K�D�O�I���D�E�R�Y�H���W�K�H���H�T�X�D�W�R�U���D�U�H���P�D�U�N�H�G���D�V���$�L�����%�L���D�Q�G���&�L�����L�Q��

�Z�K�L�F�K�����”�L�”���P���������������� �?�5���S�U�H�V�H�Q�W�V���W�K�H���Y�H�U�W�H�[���E�H�O�R�Z���W�K�H���H�T�X�D�W�R�U�������E�����7�K�H���I�U�R�Q�W���Y�L�H�Z���R�I���D���Z�D�W�H�U�E�R�P�E���W�X�E�H���Z�L�W�K���W�K�H��

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

�W�K�H�� �H�T�X�D�W�R�U�L�D�O���U�R�Z�� �L�V�� �V�K�R�Z�Q���L�Q���E�O�X�H���� �2�����L�V�� �W�K�H�� �F�H�Q�W�H�U���R�I�� �W�K�H�� �W�X�E�H�������F�����9�D�U�L�D�W�L�R�Q���R�I�� �Q�R�Q���G�L�P�H�Q�V�L�R�Q�D�O���U�D�G�L�L���U���D���R�I��

�Y�H�U�W�L�F�H�V���$�L�����%�L���D�Q�G���&�L�����L� �������������R�I���D���W�X�E�H���Z�L�W�K���P� �������Q� �������D�Q�G���D� �����ž���Z�L�W�K���U�H�V�S�H�F�W���W�R���W�K�H���I�R�O�G�L�Q�J���D�Q�J�O�H���T�����D�Q�G���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���,���W�R���9���R�I���W�K�H���W�X�E�H���L�Q���I�U�R�Q�W���D�Q�G���W�R�S���Y�L�H�Z�V�����7�K�H���F�R�U�U�H�V�S�R�Q�G�L�Q�J���T���D�U�H���O�L�V�W�H�G���E�H�O�R�Z���W�K�H��

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

�W�K�H���W�X�E�H���Z�L�W�K���P� �������Q� �������D�Q�G���D� �����ž���G�H�S�O�R�\�L�Q�J���I�U�R�P���F�R�Q�I�L�J�X�U�D�W�L�R�Q�V���,���W�R���9�����7�K�H���F�R�U�U�H�V�S�R�Q�G�L�Q�J���I�R�O�G�L�Q�J���D�Q�J�O�H�V���T���D�U�H��

�O�L�V�W�H�G���E�H�O�R�Z���W�K�H���G�H�S�O�R�\�P�H�Q�W���V�H�T�X�H�Q�F�H�����7�K�H���W�X�E�H���L�V���F�R�P�S�O�H�W�H�O�\���F�R�Q�F�H�D�O�H�G���E�H�W�Z�H�H�Q���,�,�,�/���D�Q�G���,�,�,�5�����$�O�V�R���V�H�H���6�0���0�R�Y�L�H��

�6���������E�� Variation of���G�L�K�H�G�U�D�O���D�Q�J�O�H�V���IBi,4 vs. �T. The red curve shows that �IB3,4<0 between �,�,�,�/ and IIIR. ���F�� �7�K�H��

�Q�R�Q���G�L�P�H�Q�V�L�R�Q�D�O���U�D�G�L�L���U���D���R�I���Y�H�U�W�L�F�H�V���$�L�����%�L���D�Q�G���&�L�����L� �������������������������Y�V�����T�����L�Q���Z�K�L�F�K���Whe red curve shows���U�$��������between 

�,�,�,�/ and IIIR. ���G�� Relationship among non-dimensional r�D�G�L�X�V���R�I���Y�H�U�W�L�F�H�V���$������rA3/a), �T���D�Q�G���D. Some values of �D are 

listed alongside their corresponding curves. The shaded plane is where rA3=0. Blue solid lines are for rA3>0 and 

grey dashed lines for rA3<0 (where physical interference happens). ���H�� Front and top views of the waterbomb tube 

undergoing structural deformation. At configurations �,�,�,�5 to �,�,�,�/ the tube forms a concealed volume. Any in-

between configuration, e.g., configuration III, requires structural deformation, as presented in the close up figure. 

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

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

�D� �����ž�����D�Q�G���Q� ���������D�Q�G���D���F�D�U�G���P�R�G�H�O���Z�L�W�K���L�G�H�Q�W�L�F�D�O���J�H�R�P�H�W�U�\���D�Q�G��2a=46mm�����7�K�H���F�R�U�U�H�V�S�R�Q�G�L�Q�J���I�R�O�G�L�Q�J���D�Q�J�O�H�V���T��

�D�U�H���O�L�V�W�H�G���E�H�O�R�Z���W�K�H���G�H�S�O�R�\�P�H�Q�W���V�H�T�X�H�Q�F�H�����7�K�H���U�L�J�L�G���I�R�O�G�L�Q�J���U�D�Q�J�H���R�I���W�K�H���W�X�E�H���L�V�����������ƒ�”�T�”�������������ƒ�����$�W���W�K�H���H�Q�G���R�I��
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�V�H�H���6�0���0�R�Y�L�H���6���� 


