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�$�F�N�Q�R�Z�O�H�G�J�H�P�H�Q�W 
 

�)�L�U�V�W���D�Q�G���I�R�U�H�P�R�V�W�����,���Z�R�X�O�G���O�L�N�H���W�R���H�[�S�U�H�V�V���P�\���G�H�H�S�H�V�W���J�U�D�W�L�W�X�G�H���W�R���P�\���S�U�L�P�D�U�\��

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

�H�Q�F�R�X�U�D�J�H�P�H�Q�W���W�K�U�R�X�J�K�R�X�W���P�\���3�K�'���M�R�X�U�Q�H�\�����+�L�V���H�[�S�H�U�W�L�V�H���D�Q�G���G�H�G�L�F�D�W�L�R�Q���K�D�Y�H���E�H�H�Q��

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

�W�K�D�Q�N�I�X�O���W�R���3�U�R�I�����$�P�D�O���$�O�L���(�O�N�R�U�G�\���I�R�U���K�H�U���W�K�R�X�J�K�W�I�X�O���L�Q�V�L�J�K�W�V�����F�R�Q�V�W�U�X�F�W�L�Y�H���I�H�H�G�E�D�F�N����

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

�D�S�S�U�H�F�L�D�W�H�G�� 

 

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

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

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

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

 

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

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

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

 

�)�L�Q�D�O�O�\�����,���G�H�G�L�F�D�W�H���W�K�L�V���Z�R�U�N���W�R���P�\���F�K�H�U�L�V�K�H�G���F�K�L�O�G�U�H�Q�����<�D�V�H�H�Q���D�Q�G���*�D�O�D�����0�\���J�U�H�D�W�H�V�W��

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

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

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

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

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

�W�U�H�D�W�P�H�Q�W�� �S�H�U�V�R�Q�D�O�L�V�D�W�L�R�Q���� �)�L�[�H�G���G�R�V�H�� �F�R�P�E�L�Q�D�W�L�R�Q�V�� ���)�'�&�V���� �Z�H�U�H�� �G�H�Y�H�O�R�S�H�G�� �W�R�� �V�L�P�S�O�L�I�\��

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

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

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

�S�K�D�U�P�D�F�R�J�H�Q�R�P�L�F���G�D�W�D�����$�V���P�H�G�L�F�L�Q�H���D�G�Y�D�Q�F�H�V���W�R�Z�D�U�G���S�U�H�F�L�V�L�R�Q���D�Q�G���S�D�W�L�H�Q�W���F�H�Q�W�U�L�F���F�D�U�H��

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

 

�,�Q���U�H�V�S�R�Q�V�H�����W�K�L�V���Z�R�U�N���S�U�H�V�H�Q�W�V���W�K�H���)�O�H�[�L�3�L�O�O���S�O�D�W�I�R�U�P�����D���P�R�G�X�O�D�U�������'���S�U�L�Q�W�H�G���R�U�D�O���G�R�V�D�J�H��

�I�R�U�P���W�K�D�W���H�Q�D�E�O�H�V���I�O�H�[�L�E�O�H�����L�Q�G�L�Y�L�G�X�D�O�L�V�H�G���S�R�O�\�S�K�D�U�P�D�F�\�����8�V�L�Q�J���I�X�V�H�G���G�H�S�R�V�L�W�L�R�Q���P�R�G�H�O�O�L�Q�J��

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

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

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

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

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

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

�F�R�Q�V�W�U�D�L�Q�W�V�� 

 

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

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

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

�G�H�Q�V�L�W�\�����D�Q�G���L�P�P�H�G�L�D�W�H���W�R���V�X�V�W�D�L�Q�H�G���U�H�O�H�D�V�H�����,�5���W�R���6�5�����U�D�W�L�R�V�����7�K�H���V�H�F�R�Q�G���V�W�X�G�\���L�Q�Y�R�O�Y�H�G��

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

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

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

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

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

�Z�D�V�� �H�P�S�O�R�\�H�G���� �L�Q�F�O�X�G�L�Q�J�� �G�L�V�V�R�O�X�W�L�R�Q�� �W�H�V�W�L�Q�J���� �W�K�H�U�P�D�O�� �D�Q�D�O�\�V�L�V�� ���'�6�&���� �7�*�$������ �F�K�H�P�L�F�D�O��

�D�Q�D�O�\�V�L�V�����)�7�,�5�������V�W�U�X�F�W�X�U�D�O���F�K�D�U�D�F�W�H�U�L�V�D�W�L�R�Q�����6�(�0�����;�5�'�������D�Q�G���P�H�F�K�D�Q�L�F�D�O���W�H�V�W�L�Q�J�����0�R�G�L�I�L�H�G��

�3�U�L�Q�F�L�S�D�O���&�R�P�S�R�Q�H�Q�W���$�Q�D�O�\�V�L�V�����0���3�&�$�����Z�D�V���D�S�S�O�L�H�G���W�R���L�Q�W�H�U�S�U�H�W���G�L�V�V�R�O�X�W�L�R�Q���S�U�R�I�L�O�H�V�����Z�K�L�O�H��
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�'�\�Q�D�P�L�F�� �9�D�S�R�X�U�� �6�R�U�S�W�L�R�Q�� ���'�9�6���� �D�V�V�H�V�V�H�G�� �K�X�P�L�G�L�W�\���U�H�O�D�W�H�G�� �V�W�D�E�L�O�L�W�\�� �D�Q�G�� �U�H�O�H�D�V�H��

�S�H�U�I�R�U�P�D�Q�F�H�� 

 

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

�D�G�D�S�W�D�E�L�O�L�W�\�� �R�I�� �W�K�H�� �)�O�H�[�L�3�L�O�O�� �S�O�D�W�I�R�U�P���� �,�Q�� �W�K�H�� �I�L�U�V�W�� �F�D�V�H�� �V�W�X�G�\���� �G�U�X�J�� �U�H�O�H�D�V�H�� �S�U�R�I�L�O�H�V�� �I�R�U��

�W�K�H�R�S�K�\�O�O�L�Q�H���Z�H�U�H���V�L�J�Q�L�I�L�F�D�Q�W�O�\���L�Q�I�O�X�H�Q�F�H�G���E�\���E�R�W�K���G�U�X�J���O�R�D�G���D�Q�G���,�5���W�R���6�5���U�D�W�L�R�V�����S��������������������

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

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

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

�F�D�I�I�H�L�Q�H�² �W�K�U�H�H�� �$�3�,�V�� �Z�L�W�K�� �G�L�Y�H�U�J�H�Q�W�� �U�H�O�H�D�V�H�� �D�Q�G�� �V�W�D�E�L�O�L�W�\�� �U�H�T�X�L�U�H�P�H�Q�W�V�² �L�Q�W�R�� �D�� �V�L�Q�J�O�H��

�G�R�V�D�J�H�� �I�R�U�P���� �3�D�U�D�F�H�W�D�P�R�O���� �H�P�E�H�G�G�H�G�� �L�Q�� �D�� �������� �E�O�H�Q�G�� �R�I�� �3�9�3�� �.������ �D�Q�G�� �(�X�G�U�D�J�L�W�� �(�3�2����

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

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

�S�+���G�H�S�H�Q�G�H�Q�W���U�H�O�H�D�V�H���D�Q�G���W�D�V�W�H���P�D�V�N�L�Q�J�����,�E�X�S�U�R�I�H�Q�����L�Q�F�R�U�S�R�U�D�W�H�G���L�Q�W�R���D���J�D�V�W�U�R���U�H�V�L�V�W�D�Q�W��

�(�X�G�U�D�J�L�W���/���������������P�D�W�U�L�[�����U�H�O�H�D�V�H�G���O�H�V�V���W�K�D�Q���������L�Q���D�F�L�G�L�F���P�H�G�L�X�P���R�Y�H�U���������K�R�X�U�V�����Z�L�W�K���P�R�U�H��

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

�&�D�I�I�H�L�Q�H���� �H�P�E�H�G�G�H�G�� �L�Q�� �D�� �I�D�V�W���G�L�V�V�R�O�Y�L�Q�J�� �S�R�O�\�Y�L�Q�\�O�� �D�O�F�R�K�R�O�� ���3�9�$���� �P�D�W�U�L�[���� �H�[�K�L�E�L�W�H�G�� �U�D�S�L�G��

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

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

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

�W�K�H���G�U�X�J���Z�L�W�K�L�Q���W�K�L�V���S�H�U�L�R�G�����(�Q�D�O�D�S�U�L�O���Z�D�V���S�U�L�Q�W�H�G���D�W���������ƒ�&���X�V�L�Q�J���D���P�R�G�L�I�L�H�G���W�K�H�U�P�R�S�O�D�V�W�L�F��

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

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

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

 

�&�R�O�O�H�F�W�L�Y�H�O�\�����W�K�L�V���U�H�V�H�D�U�F�K���H�V�W�D�E�O�L�V�K�H�V���W�K�H���)�O�H�[�L�3�L�O�O���S�O�D�W�I�R�U�P���D�V���D���Y�H�U�V�D�W�L�O�H�����V�F�D�O�D�E�O�H�����D�Q�G��

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

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

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

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

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

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

 

�3�X�E�O�L�F�D�W�L�R�Q�V 

 

�x �.�D�U�N�D�U���� �<�D�V�L�U���� �7�D�Q�]�H�H�O�D�� �$�Q�L�V���� �$�P�D�O�� �$�O�L�� �(�O�N�R�U�G�\���� �D�Q�G���$�K�P�H�G�� �0���� �)�D�K�H�H�P����

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

�H�O�H�P�H�Q�W���� �(�X�U�R�S�H�D�Q�� �-�R�X�U�Q�D�O�� �R�I�� �3�K�D�U�P�D�F�H�X�W�L�F�V�� �D�Q�G�� �%�L�R�S�K�D�U�P�D�F�H�X�W�L�F�V ����������������

��������������  

�x �.�D�U�N�D�U�����<�D�V�L�U���� �,�K�V�D�Q���$�P�H�U�����$�P�D�O���$�O�L�� �(�O�N�R�U�G�\���� �D�Q�G���$�K�P�H�G�� �)�D�K�H�H�P���� ���)�O�H�[�L�S�L�O�O�����$��

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

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

������������������������������ 

�x �.�D�U�N�D�U���� �<������ �)�D�K�H�H�P�����$���� �D�Q�G�� �(�O�N�R�U�G�\�����$������ ������������ �7�K�U�H�H���G�L�P�H�Q�V�L�R�Q�D�O�� �S�U�L�Q�W�L�Q�J�� �R�I��

�I�O�H�[�L�E�O�H���S�R�O�\�S�L�O�O�� �%�U�L�W�L�V�K���-�R�X�U�Q�D�O���R�I���3�K�D�U�P�D�F�\�� �������������S�S���6�����6���� 

�x �.�D�U�N�D�U���� �<������ �(�O�N�R�U�G�\�����$���� �D�Q�G�� �)�D�K�H�H�P�����$������ ������������ ���'�� �S�U�L�Q�W�H�G�� �I�O�H�[�L�E�O�H�� �G�H�V�L�J�Q�� �I�R�U��

�S�H�U�V�R�Q�D�O�L�]�H�G���G�U�X�J���U�H�O�H�D�V�H�� �%�U�L�W�L�V�K���-�R�X�U�Q�D�O���R�I���3�K�D�U�P�D�F�\�� �������������S�S���6�����6���� 

 

 

�&�R�Q�I�H�U�H�Q�F�H���3�U�H�V�H�Q�W�D�W�L�R�Q�V 

 

�x �6�S�H�D�N�H�U���D�W���W�K�H�����V�W���$�Q�Q�X�D�O���3�R�V�W�J�U�D�G�X�D�W�H���&�R�Q�I�H�U�H�Q�F�H�����6�X�Q�G�H�U�O�D�Q�G�����8�. 

�x �3�R�V�W�H�U�� �3�U�H�V�H�Q�W�D�W�L�R�Q�� �D�W�� �W�K�H�� �&�R�Q�W�U�R�O�O�H�G�� �5�H�O�H�D�V�H�� �6�R�F�L�H�W�\���$�Q�Q�X�D�O�� �0�H�H�W�L�Q�J��������������

�/�D�V���9�H�J�D�V�����8�6�$ 

�x �3�R�V�W�H�U�� �3�U�H�V�H�Q�W�D�W�L�R�Q�� �D�W�� �W�K�H�� �$�F�D�G�H�P�\�� �R�I�� �3�K�D�U�P�D�F�H�X�W�L�F�D�O�� �6�F�L�H�Q�F�H�� ���$�3�6������

�5�H�D�G�L�Q�J�����8�. 

�x �3�R�V�W�H�U���3�U�H�V�H�Q�W�D�W�L�R�Q���D�W���$�$�3�6�������������3�+�$�5�0�6�&�,�����������$�Q�Q�X�D�O���0�H�H�W�L�Q�J�����2�U�O�D�Q�G�R����

�)�/�����8�6�$ 

�x �3�R�V�W�H�U�� �3�U�H�V�H�Q�W�D�W�L�R�Q�� �D�W�� �W�K�H�� �&�R�Q�W�U�R�O�O�H�G�� �5�H�O�H�D�V�H�� �6�R�F�L�H�W�\���$�Q�Q�X�D�O�� �0�H�H�W�L�Q�J��������������

�%�R�O�R�J�Q�D�����,�W�D�O�\ 

�x �6�S�H�D�N�H�U���D�W���W�K�H�����Q�G���$�Q�Q�X�D�O���3�R�V�W�J�U�D�G�X�D�W�H���&�R�Q�I�H�U�H�Q�F�H�����6�X�Q�G�H�U�O�D�Q�G�����8�.�����Z�L�Q�Q�H�U��

�R�I���W�K�H���E�H�V�W���S�U�H�V�H�Q�W�H�U���� 
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�1�R�Y�H�O�W�\���R�I���W�K�H���:�R�U�N 
 

�x �7�K�H���Z�R�U�N���D�G�G�U�H�V�V�H�V���S�R�O�\�S�K�D�U�P�D�F�\���L�V�V�X�H�V���L�Q���F�K�U�R�Q�L�F���G�L�V�H�D�V�H���P�D�Q�D�J�H�P�H�Q�W���E�\��
�G�H�Y�H�O�R�S�L�Q�J���D���)�O�H�[�L�3�L�O�O���Z�L�W�K���W�Z�R���G�H�V�L�J�Q�V�����7�K�L�V���S�H�U�V�R�Q�D�O�L�V�H�G�����'���S�U�L�Q�W�H�G���I�O�H�[�L�E�O�H��
�G�R�V�H���G�U�X�J���F�R�P�E�L�Q�D�W�L�R�Q���L�V���L�Q�W�H�Q�G�H�G���W�R���E�H���P�D�Q�X�I�D�F�W�X�U�H�G���L�Q���D���T�X�D�O�L�W�\���F�R�Q�W�U�R�O�O�H�G��
�I�D�F�L�O�L�W�\���D�Q�G���D�V�V�H�P�E�O�H�G���D�W���W�K�H���S�R�L�Q�W���R�I���F�D�U�H���W�R���P�H�H�W���L�Q�G�L�Y�L�G�X�D�O���S�D�W�L�H�Q�W���Q�H�H�G�V�� 

�x �7�K�H�� �)�O�H�[�L�3�L�O�O�� �G�R�V�D�J�H�� �I�R�U�P�� �F�D�Q�� �F�R�Q�W�U�R�O�� �G�U�X�J�� �U�H�O�H�D�V�H�� �E�\�� �F�K�D�Q�J�L�Q�J�� �W�K�H�� �U�D�W�L�R�� �R�I��
�L�P�P�H�G�L�D�W�H���W�R���V�X�V�W�D�L�Q�H�G���U�H�O�H�D�V�H���X�Q�L�W�V�����D�V���S�U�R�Y�H�Q���X�V�L�Q�J���W�K�H���4�E�'���P�H�W�K�R�G�R�O�R�J�\�� 
 

�x �$�� �I�R�U�P�X�O�D�W�L�R�Q�� �R�I�� �,�5�� �W�K�H�R�S�K�\�O�O�L�Q�H�� �Z�L�W�K�� �W�K�U�H�H�� �G�L�I�I�H�U�H�Q�W�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�� �R�I��
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�&�K�D�S�W�H�U���� �����,�Q�W�U�R�G�X�F�W�L�R�Q 
 

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

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

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

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

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

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

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

�1�R�Q�H�W�K�H�O�H�V�V�����)�'�&�V���O�D�F�N���W�K�H���I�O�H�[�L�E�L�O�L�W�\���U�H�T�X�L�U�H�G���I�R�U���S�H�U�V�R�Q�D�O�L�V�H�G���P�H�G�L�F�D�W�L�R�Q�����Z�K�L�F�K���K�D�V��

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

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

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

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

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

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

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

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

 

���������&�R�P�E�L�Q�D�W�L�R�Q���7�K�H�U�D�S�\���$�G�Y�D�Q�W�D�J�H���L�Q���&�K�U�R�Q�L�F���' �L�V�H�D�V�H 

 

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

�F�D�U�G�L�R�Y�D�V�F�X�O�D�U���G�L�V�H�D�V�H�V�����+�,�9�����D�Q�G���P�D�O�L�J�Q�D�Q�W���G�L�V�H�D�V�H�V�����D�U�H���P�R�Y�L�Q�J���W�R�Z�D�U�G���F�R�P�E�L�Q�H�G��

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

�W�K�H�L�U���F�O�L�Q�L�F�D�O���R�X�W�F�R�P�H�V�����*�D�U�M�R�Q���H�W���D�O�����������������*�D�Q�G�K�L���H�W���D�O�����������������5�D�M�Y�D�Q�V�K�L�����.�X�P�D�U�����D�Q�G��

�*�R�\�D�O���������������&�R�K�H�Q�����9�D�V�H�����D�Q�G���+�R�R�W�H�Q���������������)�L�V�X�V�L���D�Q�G���$�N�D�O�D�����������������7�K�L�V���V�H�F�W�L�R�Q���Z�L�O�O��

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

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

�)�R�U���S�D�W�L�H�Q�W�V���Z�L�W�K���+�,�9�����R�Y�H�U�����������R�I���W�K�H�P���D�U�H���R�Q���F�R�P�E�L�Q�H�G���D�Q�W�L�Y�L�U�D�O���W�K�H�U�D�S�\���V�L�Q�F�H���W�K�H�V�H��

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

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

�L�Q�I�H�F�W�L�R�Q���U�D�W�H�����Z�K�L�F�K���Z�D�V���U�H�I�O�H�F�W�H�G���L�Q���W�K�H���P�R�U�W�D�O�L�W�\���D�Q�G���P�R�U�E�L�G�L�W�\���R�I���+�,�9���$�,�'�6���S�D�W�L�H�Q�W�V��

���:�H�L�F�K�V�H�O�G�R�U�I�H�U�����5�H�L�W�]�����D�Q�G���/�D�W�L�Q�R�Y�L�F������������������ 



 13 

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

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

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

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

�D�O�����������������0�R�N�K�W�D�U�L���H�W���D�O�������������������0�R�U�H�R�Y�H�U�����V�R�P�H���R�I���W�K�H�V�H���F�R�P�E�L�Q�D�W�L�R�Q�V���P�D�\���F�R�Q�W�D�L�Q���D��

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

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

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

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

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

�L�Q�Y�H�V�W�L�J�D�W�H���Q�H�Z���D�Q�W�L�F�D�Q�F�H�U���F�R�P�E�L�Q�D�W�L�R�Q�V�����%�R�V�K�X�L�]�H�Q���D�Q�G���3�H�H�S�H�U�������������� 

�0�R�U�H�R�Y�H�U�����&�K�U�R�Q�L�F���S�D�L�Q���D�I�I�H�F�W�V���R�Q�H���L�Q���W�K�U�H�H���S�H�R�S�O�H�����+�R�Z�H�Y�H�U�����F�X�U�U�H�Q�W���S�D�L�Q�N�L�O�O�H�U�V���K�D�Y�H��

�O�L�P�L�W�H�G�� �H�I�I�L�F�D�F�\�� �D�Q�G�� �G�R�V�H���U�H�O�D�W�H�G�� �V�L�G�H���H�I�I�H�F�W�V���� �1�H�Y�H�U�W�K�H�O�H�V�V�����G�L�I�I�H�U�H�Q�W�� �S�D�L�Q�N�L�O�O�H�U�V�� �F�D�Q��

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

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

�D�Q�G���'�L�F�N�H�Q�V�R�Q�����������������$�V���D���U�H�V�X�O�W�����S�U�D�F�W�L�W�L�R�Q�H�U�V���W�H�Q�G���W�R���U�H�O�\���R�Q���D�G�G���R�Q���D�Q�D�O�J�H�V�L�F���D�J�H�Q�W�V��

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

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

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

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

�&�9�'�����K�H�Q�F�H�����S�U�L�P�D�U�\���D�Q�G���V�H�F�R�Q�G�D�U�\���S�U�H�Y�H�Q�W�L�R�Q���U�H�T�X�L�U�H�V���D���F�R�P�E�L�Q�D�W�L�R�Q���R�I���D�Q�W�L�S�O�D�W�H�O�H�W����

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

�������������&�9�'���������������:�L�O�N�L�Q�V���H�W���D�O�������������������,�Q���D���U�H�F�H�Q�W�O�\���S�X�E�O�L�V�K�H�G���V�W�X�G�\���F�R�Q�G�X�F�W�H�G���L�Q���W�K�H��

�8���6�����I�R�U������ ���\�H�D�U�V�����,�W���Z�D�V���U�H�S�R�U�W�H�G���W�K�D�W�����������R�I���W�K�H���S�D�W�L�H�Q�W�V���Z�L�W�K���K�H�D�U�W���G�L�V�H�D�V�H���X�V�H���I�L�Y�H��

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

���������������7�K�L�V���Z�D�V���W�K�H���K�L�J�K�H�V�W���S�U�H�Y�D�O�H�Q�F�H���L�Q���D�O�O���W�K�H���W�H�V�W�H�G���J�U�R�X�S�V�����3�R�O�\�S�K�D�U�P�D�F�\���L�V���P�R�V�W��

�S�U�H�Y�D�O�H�Q�W���L�Q���J�H�U�L�D�W�U�L�F���S�D�W�L�H�Q�W�V���V�L�Q�F�H���W�K�H���D�Y�H�U�D�J�H���S�D�W�L�H�Q�W���R�Y�H�U���������W�D�N�H�V���P�R�U�H���W�K�D�Q���H�L�J�K�W��

�W�D�E�O�H�W�V�� �G�D�L�O�\�� �D�W�� �G�L�I�I�H�U�H�Q�W�� �W�L�P�H�V�����5�R�F�K�R�Q�� �H�W�� �D�O���� �������������� �,�Q�� �V�X�P�P�D�U�\���� �W�K�H�U�H�� �L�V���D���Z�H�O�O��

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

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

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

 

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

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

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

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

�$�G�K�H�U�H�Q�F�H���F�D�Q���E�H���G�L�Y�L�G�H�G���L�Q�W�R���W�K�U�H�H���V�W�H�S�V���W�K�H���S�D�W�L�H�Q�W���Q�H�H�G�V���W�R���W�D�N�H���W�R���E�H���F�R�Q�V�L�G�H�U�H�G��

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

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

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

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

�R�U�J�D�Q�L�V�D�W�L�R�Q�V���Z�R�U�O�G�Z�L�G�H�����1�L�H�X�Z�O�D�D�W�� �H�W�� �D�O���� ������������ �-�R�V�p�� �0�� �&�D�V�W�H�O�O�D�Q�R�� �H�W�� �D�O���� ��������������

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

�V�\�V�W�H�P���Z�R�U�O�G�Z�L�G�H�����(�J�D�Q���D�Q�G���3�K�L�O�L�S�V�R�Q���������������� �1�R�Q���D�G�K�H�U�H�Q�F�H���L�V���G�L�U�H�F�W�O�\�� �O�L�Q�N�H�G���W�R���D��

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

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

�V�\�V�W�H�P�����+�X�J�W�H�Q�E�X�U�J���H�W���D�O�������������������1�R�Q���D�G�K�H�U�H�Q�F�H���L�V���D���P�X�O�W�L�I�D�F�W�R�U�L�D�O���S�U�R�E�O�H�P�����7�K�H���:�+�2��

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

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

�U�H�O�D�W�H�G���I�D�F�W�R�U�V�����0�H�Q�G�L�W�W�R���H�W���D�O���������������������7�K�H�U�D�S�\���U�H�O�D�W�H�G���I�D�F�W�R�U�V���L�Q�F�O�X�G�H���W�K�H���F�R�P�S�O�H�[�L�W�\��

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

�%�U�\�V�R�Q�����D�Q�G���5�X�P�V�I�H�O�G���������������-�R�V�H���0���&�D�V�W�H�O�O�D�Q�R�����&�R�S�H�O�D�Q�G���+�D�O�S�H�U�L�Q�����D�Q�G���)�X�V�W�H�U��������������
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�D�G�K�H�V�L�R�Q���W�R���W�K�H���W�U�H�D�W�P�H�Q�W���D�Q�G���E�H�W�W�H�U���F�R�Q�W�U�R�O���R�I���W�K�H���&�9���U�L�V�N���I�D�F�W�R�U�����7�K�R�P���H�W���D�O������������������
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Figure 1.1 A flow chart showing the current gap in treatment and the proposed solution. (constructed by 

the author) 
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Figure 2.1 Number of publications in ScienceDirect from 2014 to 2024. (constructed by the author) 
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Figure 2.2 Graphical representation of the pharmaceutical application of FDM and the formulation 

barriers that it faces. (A= feeding gears, B= feedstock filament, C= heated nozzle, D= building platform). 

(constructed by the author) 
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Table 2.1 Application of FDM in the production of polypills. NM=polymers are printed separately and 

are not a mixture, M= mixture. 

Polymer  API Extrusion 

temp.  

Printing 

Temp 

Application  REF. 

PVA lisinopril, Indapamide, 

Rosuvastatin and 

Amlodipine 

90 150 IR Polypill (B.C. Pereira et 

al. 2019) 

Eudragit® RL 

PO, PVA (NM) 

Glipizide, Metformin 140, 190 170. 205 Layered tablet (Gioumouxouzis 

et al. 2018) 

HPC, 

HPMCAS 

(NM) 

Isoniazid & Rifampicin 160, 150 130,170 Dual tablet (Tabriz et al. 

2021) 

Eudragit E PO  Hydrochlorothiazide, 

Enalapril 

100 135 Flexible dose 

polypill 

(Sadia, Isreb, et 

al. 2018) 

PVA Amlodipine, 

Atorvastatin 

180 180-187 Core-shell 

design 

(Alzahrani et al. 

2022) 

HPC, 

HPMCAS 

Melatonin, Caffeine 140-160 150-170 LEGO-like 

design 

(Tabriz et al. 

2023) 

HPMC, HPC, 

PEO 

Indomethacin, 

Nifedipine 

140, 180 200, 250 Layered tablet  

(Althobaiti et al. 

2022) 

HPMCAS, 

HPC, PEG (M) 

nifedipine, simvastatin, 

gliclazide 

160, 135 

,145 

160, 140, 

155 

Layered tablet (Anaya et al. 

2023) 
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HPMC, 

Kollicoat® IR, 

HPMCAS, and 

PEG. (NM) 

- 165 180 Two 

compartments 

capsule 

(Maroni et al. 

2017) 
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Figure 2.3 The three types of gastroretentive are prepared by 3D printing. (constructed by the author) 

 

Table 2.2 Application of FDM in the production of gastroretentive dosage form. 

Polymer  API 
E. Temp.  

(°C) 

P. Temp 

(°C) 
Dosage form  

FT 

(Hours)  
Reference:  

Hydroxypropyl 

cellulose 

(HPC) EXF 

Domperidone 150°C 210°C 

Sustained 

release (SR) 

floating tablets 

10 
(Chai et al. 

2017) 

PLA filament  

Riboflavin 

(compressed 

tablet) 

- 195°C Floating device >72 (Fu et al. 2018) 

HPMCAS Pregabalin 125°C 180°C 

Sustained 

release (SR) 

floating tablets 

24 
(Lamichhane 

et al. 2019) 

Modified 

HPMC and 

Eudragit 

RSPO (M) 

Carvedilol 110°C 180°C Floating Tablet 16-24 
(Ilyés et al. 

2019) 
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HPC & PVP(M) Itraconazole 135°C 185°C 

floating and 

zero-order 

sustained-

release 

9 
(Kimura et al. 

2019) 

PLA filament  

Acyclovir 

(compressed 

tablet) 

- 210°C Floating device >12 
(Shin et al. 

2019) 

PVA, ABS 

(NM) 

Metronidazole 

(compressed 

tablet) 

- 210,270°C Floating device >4 

(Huanbutta 

and Sangnim 

2019) 

PVA Allopurinol 170,175,200°C 200,230°C 
Gastroretentive 

4D printing 
NA 

(Melocchi et al. 

2019) 

PVA Propranolol 142°C 185°C Floating Tablet 2 
(Chen et al. 

2020) 

HPC, EC (M) 

Theophylline 

(compressed 

tablet) 

165°C 190°C Floating device 6 

(Reddy 

Dumpa, 

Bandari, and A 

Repka 2020) 

Kollidon VA64, 

HPC 
Cinnarizine 130°C 165°C 

Zero-order 

floating tablet 
12 

(Vo et al. 

2020) 

HPC Theophylline 150°C 210°C Floating tablet >10 
(Giri et al. 

2020) 

EVA, PVP-

VA(M) 

Levodopa, 

benserazide and 

pramipexole 

100°C 220°C 
Polypill 

minitablets 
- 

(Windolf et al. 

2022) 

HPMC, 

Soluplus ® 
Verapamil 115°C 195°C 

Sustained-

release gastric-

floating tablet 

4-6 
(Qian et al. 

2022) 

HPMC, PEG Metformin 150°C 200°C Floating tablet >8 

(Mora-

Castaño, 

Millán-

Jiménez, and 

Caraballo 

2023) 

HPMC 4 M, 

PEG 

Diltiazem 

hydrochlorothiazide 

propranolol 

175°C 190°C 
Torus-shaped 

floating polypill 
2 

(Zgouro et al. 

2024) 
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HPMC Felodipine 150°C 200°C 

Controlled 

release floating 

tablet 

>8 

(Mora-

Castaño, 

Millán-

Jiménez, et al. 

2024) 

NM=polymers are printed separately and are not a mixture, M= mixture. 
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Figure 2.4 The major drug release mechanism from the polymeric matrix. (constructed by the author) 
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Figure 2.5 A diagram representation of the relation between infill density and drug release at different 

infill ranges. (constructed by the author) 
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Figure 2.6 The applications of FDM design flexibility to control drug release. 
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Figure 2.7 Parameter that can be measured from the stress-strain curve to predict the printability of the filament. 
(constructed by the author) 
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Figure 2.8 Illustrates some of the test methods used to predict printability (A), and the feeding method 

used to improve printability (B). (constructed by the author) 
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Table 2.3 Polymer API formulation for FDM is reported in the literature. NM = polymers printed separately and not 

a mixture; M = polymers mixed. 
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Table 3.1The survey questions and their response format. 

Survey questions  Response Format  
What is the approximate percentage of your patients who are on more 
than one medication? 

Five choices with 20% 
increment 

How often do you prescribe fixed dose combinations (a pill that contain 
more than one medication) to these patients? 

A scale from 1= never to 
5= very often 

In those patients with multiple mediation regimens, would you 
sometimes prefer not to  prescribe fixed dose combinations? And why?  

Open-ended question 

How important is personalised medication (medication that is designed 
to meet individual needs) to your patients? 

A scale from 1=not 
important to 5= very 
important 

Would a personalised polypill be useful to your patients? Three choices: Yes, No 
and maybe 
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Figure 3.1 Filament preparation steps from mixing to extrusion and printing. (constructed by the author)      
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Figure 3.2 Tensile strength test for filaments. (constructed by the author)      
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Figure 3.4 Rheological properties method for measurements. (constructed by the author)      

��  ��  

Figure 3.3 The two design iteration of the FlexiPill, (A) disc design and (B) frustum design. 
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�D�P�R�X�Q�W�� �R�I�� �W�K�H�� �G�U�X�J�V�� �L�Q�� �W�K�H�� �G�U�X�J�� �F�R�Q�W�H�Q�W�� �D�Q�G�� �G�L�V�V�R�O�X�W�L�R�Q�� �H�[�S�H�U�L�P�H�Q�W�V�����7�D�E�O�H����������

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

�� 

Table 3.2 The chromatography methods used in the three contribution chapters evaluate API concentration in the 
drug content and dissolution test. 
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���������� �S�K�R�V�S�K�R�U�L�F��

�D�F�L�G 
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�0�L�Q�X�W�H���������������������2��

�������������$�� 

�0�L�Q�X�W�H�����������������2������

���������$�� 

�0�L�Q�X�W�H���������������������2��

�������������$�� 
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�������������$�� 

�0�L�Q�X�W�H���������������������2��

�������������$�� 

�0�L�Q�X�W�H�����������������2������

���������$�� 
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�������������$�� 

�0�L�Q�X�W�H�����������������2������

���������$  
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���������$  

�0�L�Q�X�W�H�������������������2������

���������$  
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�������������$ 
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�,�E�X�S�U�R�I�H�Q�� �D�Q�G��

�F�D�I�I�H�L�Q�H 

�3�U�R�S�U�D�Q�R�O�R�O����

�H�Q�D�O�D�S�U�L�O�� �D�Q�G��

�K�\�G�U�R�F�K�O�R�U�R�W�K�L�D�]�L�G�H�� 

�)�O�R�Z���U�D�W�H�V ���������P�/���P�L�Q ���������P�/���P�L�Q ���������P�/���P�L�Q 

�'�H�W�H�F�W�L�R�Q��

�Z�D�Y�H�O�H�Q�J�W�K�V 

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

�T�X�D�Q�W�L�I�L�F�D�W�L�R�Q�� ���/�2�4������ �D�Q�G�� �U�H�S�U�R�G�X�F�L�E�L�O�L�W�\�� �I�R�U�� �H�D�F�K�� �R�I�� �W�K�H�� �D�F�W�L�Y�H�� �S�K�D�U�P�D�F�H�X�W�L�F�D�O��

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

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

�D�Q�G�� �W�K�H�� �V�O�R�S�H�� �R�I�� �W�K�H�� �F�D�O�L�E�U�D�W�L�R�Q�� �F�X�U�Y�H���� �7�K�H�� �/�2�4�� �Y�D�O�X�H�V�� �R�E�W�D�L�Q�H�G�� �I�R�U�� �W�K�H�R�S�K�\�O�O�L�Q�H����
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�K�\�G�U�R�F�K�O�R�U�R�W�K�L�D�]�L�G�H���Z�H�U�H���I�R�X�Q�G���W�R���E�H�����7�K�H�R�S�K�\�O�O�L�Q�H��� ���������P�L�F�U�R�J�U�D�P���/�����3�D�U�D�F�H�W�D�P�R�O� ��

���� �P�J���/���� �,�E�X�S�U�R�I�H�Q� �� �����P�J���/�����&�D�I�I�H�L�Q�H� �� �����P�J���/���� �3�U�R�S�U�D�Q�R�O�R�O� �� �������� �P�J���/���� �(�Q�D�O�D�S�U�L�O� ����

���P�J���/�� �D�Q�G�� �+�&�7� ���������� �P�L�F�U�R�J�U�D�P���/�������7�K�H�V�H�� �Y�D�O�X�H�V�� �L�Q�G�L�F�D�W�H�� �W�K�D�W�� �W�K�H�� �P�H�W�K�R�G�V�� �Z�H�U�H��
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Figure 4.1 HCPs estimation of the percentage of patients with polypharmacy. (constructed by the author) 

 

 
Figure 4.2 The tendency of HCPs to prescribe polypills survey (x-axis scale 1= not often to 5 very often). 
(constructed by the author) 
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Figure 4.3 The importance of personalised medication according to the HCPs participating in the survey (x-axis 
scale 1= not important to 5 very important). (constructed by the author) 

 
Figure 4.4 The usefulness of flexible-dose combination to the HCPs' patients. (constructed by the author) 
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Figure 5.1 FlexiPill design (left), printed SR-Theo unite (middle) and assembled FlexiPill (right). 

 

Table 5.1 Formulations and their respective compositions. 
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Figure 1 Flexible-pill design and Flexible-pill tablet after printing.
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Table 5.2 The experimental design runs and the level on the three variable for each run. 
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Figure 5.2 Experimental design (Box-Behnken) showing the three levels of the independent 
variables and the experimental runs. (constructed by the author)      
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�G�L�I�I�H�U�H�Q�F�H�����S���Y�D�O�X�H�!�������� �L�Q�� �R�Q�H�� �Z�D�\���$�1�2�9�$�����L�Q�� �W�K�H�� �P�D�[�L�P�X�P�� �V�W�U�H�V�V�� �D�W�� �W�K�H�� �E�U�H�D�N�L�Q�J��

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

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

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

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q���L�Q�F�U�H�D�V�H�����7�K�H�R��������� �����������3�D�����7�K�H�R��������� �������������3�D���D�Q�G���7�K�H�R��������� ������������

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

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

�W�K�H�R�S�K�\�O�O�L�Q�H���R�Q���W�K�H���3�9�3�����)�L�J�X�U�H�����������U�H�S�U�H�V�H�Q�W�V���W�K�H���V�W�U�D�L�Q���D�J�D�L�Q�V�W���V�W�U�H�V�V���J�U�D�S�K���I�R�U���W�K�H��

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

 

 

Figure 5.3 Stress against strain curve for tensile strength of the extruded filaments. 
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�7�K�H�� �X�Q�L�W�V�� �Z�H�U�H�� �S�U�L�Q�W�H�G�� �D�W�� �W�H�P�S�H�U�D�W�X�U�H�V�� �D�S�S�U�R�[�L�P�D�W�H�O�\�� ���� �ƒ�&�� �K�L�J�K�H�U�� �W�K�D�Q�� �W�K�H�L�U��

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

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

�S�U�R�F�H�V�V�����$�Q���H�[�F�H�S�W�L�R�Q���Z�D�V���W�K�H���V�X�V�W�D�L�Q�H�G���U�H�O�H�D�V�H�����6�5���� �X�Q�L�W���� �Z�K�L�F�K���U�H�T�X�L�U�H�G���D�Q���H�Y�H�Q��

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

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

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�����W�K�H���V�W�D�Q�G�D�U�G���G�H�Y�L�D�W�L�R�Q���L�Q�F�U�H�D�V�H�G���L�Q���7�K�H�R�����������D�Q�G���7�K�H�R�����������W�R���“������������

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

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

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

�R�I���W�K�H���$�3�,���E�H�F�D�X�V�H���R�I���D�G�K�H�V�L�R�Q���W�R���W�K�H���Z�D�O�O�V���D�Q�G���R�U���G�H�J�U�D�G�D�W�L�R�Q�������$�W���W�K�H���S�U�L�Q�W�L�Q�J���V�W�D�J�H����

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

�V�H�U�Y�H���D�V���W�K�H���V�H�F�R�Q�G���Y�D�U�L�D�E�O�H���L�Q���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���G�H�V�L�J�Q�����+�R�Z�H�Y�H�U�����W�K�H���6�5���I�R�U�P�X�O�D�W�L�R�Q��

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

�S�O�D�W�I�R�U�P���Z�D�V���S�R�R�U���D�W���W�K�H���V�W�D�U�W�����7�K�X�V�����$���K�H�D�W�H�G���S�O�D�W�I�R�U�P���D�W�������R�&���D�Q�G���P�D�V�N�L�Q�J���W�D�S�H���R�Q��

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

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

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

 

Table 5.3 �6�X�P�P�D�U�\���R�I���X�Q�L�W�V�¶���Z�H�L�J�K�W���D�Q�G���G�U�X�J���F�R�Q�W�H�Q�W���I�R�U���W�K�H���I�R�U�P�X�O�D�W�L�R�Q�V���D�Q�G���W�K�H�L�U���H�[�W�U�X�V�L�R�Q���D�Q�G���S�U�L�Q�W�L�Q�J��

temperature (n=3). 

 �$�Y�H�U�D�J�H��

�8�Q�L�W�V��

�:�H�L�J�K�W��

���P�J�� 

�6�W�D�Q�G�D�U�G��

�'�H�Y�L�D�W�L�R�Q��

���P�J�� 

�'�U�X�J��

�F�R�Q�W�H�Q�W 

������ 

 

�6�W�D�Q�G�D�U�G��

�'�H�Y�L�D�W�L�R�Q��

������ 

�(�[�W�U�X�V�L�R

�Q��

�W�H�P�S�H�U�D�W

�X�U�H�����ƒ�&�� 

�3�U�L�Q�W�L�Q�J��

�W�H�P�S�H�U�D�W

�X�U�H�����ƒ�&���� 

�,�5���7�K�H�R�������� ���������� �������� ��������������  ����������  ���� �ƒ�& ������ �R���& 

�,�5���7�K�H�R�������� ������������ �������� ������������  ����������  ���� �ƒ�& ������ �R���& 

�,�5���7�K�H�R�������� ������������ �������� ������������  ����������  ���� �ƒ�& ������ �R���& 

�6�5���7�K�H�R ���������� ������ ��������������  ����������  ������ �ƒ�& ������ �R���& 

�3�O�D�F�H�E�R ���������� ������ �� �� ������ �R�& ������ �R���& 

�,�5� ���L�P�P�H�G�L�D�W�H���U�H�O�H�D�V�H�����6�5� ���V�X�V�W�D�L�Q�H�G���U�H�O�H�D�V�H�����7�K�H�R� ���W�K�H�R�S�K�\�O�O�L�Q�H 
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�������������5�K�H�R�O�R�J�L�F�D�O���6�W�X�G�\ 
 
�7�R���H�Y�D�O�X�D�W�H���W�K�H���L�P�S�D�F�W���R�I���G�U�X�J���F�R�Q�W�H�Q�W���R�Q���W�K�H���Y�L�V�F�R�V�L�W�\���R�I���W�K�H���,�5���I�R�U�P�X�O�D�W�L�R�Q���D�Q�G���J�D�L�Q��

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

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

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

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

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

�G�L�I�I�H�U�H�Q�F�H�����/�6�'�����Z�D�V���W�H�V�W�H�G�����W�K�H���G�H�F�U�H�D�V�H���Z�D�V���V�L�J�Q�L�I�L�F�D�Q�W���E�H�W�Z�H�H�Q���D�O�O���S�D�L�U�V���D�S�D�U�W���I�U�R�P��

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

�L�Q�V�L�J�Q�L�I�L�F�D�Q�W�����7�K�L�V�� �U�H�I�O�H�F�W�V���W�K�H�� �S�O�D�V�W�L�F�L�]�D�W�L�R�Q�� �H�I�I�H�F�W�� �R�I�� �W�K�H�R�S�K�\�O�O�L�Q�H�� �R�Q�� �W�K�H�� �3�9�3�� �����.����

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

�V�L�J�Q�L�I�L�F�D�Q�W�����0�R�U�H�R�Y�H�U�����W�K�H���W�H�P�S�H�U�D�W�X�U�H���R�I���W�K�H���P�D�[�L�P�X�P���O�R�V�V���W�D�Q�J�H�Q�W�����W�D�Q���/�������Z�K�H�U�H���W�K�H��

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

�I�R�U�P�X�O�D�W�L�R�Q�� �I�U�R�P�� �H�O�D�V�W�L�F�� �W�R�� �Y�L�V�F�R�X�V�� �E�H�K�D�Y�L�R�X�U�� ���$�F�K�R�U�Q�� �D�Q�G�� �)�H�U�U�L�O�O�R�� �������������� �7�K�L�V��

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

�,�Q�� �W�K�H�� �W�K�H�R�S�K�\�O�O�L�Q�H�� �I�R�U�P�X�O�D�W�L�R�Q�V���� �W�K�L�V�� �W�U�D�Q�V�L�W�L�R�Q�� �W�H�P�S�H�U�D�W�X�U�H�� �D�Y�H�U�D�J�H�G�� �����������ƒ�&����

�F�R�P�S�D�U�H�G���W�R�������������ƒ�&���R�E�V�H�U�Y�H�G���L�Q���W�K�H���S�O�D�F�H�E�R���I�R�U�P�X�O�D�W�L�R�Q�����7�K�L�V���F�R�Q�I�L�U�P�V���W�K�H���I�R�U�P�D�W�L�R�Q��

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

�Y�L�V�F�R�X�V���E�H�K�D�Y�L�R�X�U���W�K�D�Q���W�K�H���S�X�U�H���3�9�3���S�R�O�\�P�H�U�����)�L�Q�D�O�O�\�����W�K�H���W�H�P�S�H�U�D�W�X�U�H���S�R�L�Q�W���D�W���Z�K�L�F�K��
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Figure 5.5.5 SEM images of the IR formulation filaments A= IR-Theo 10%, B= IR-Theo 15% and C= IR-
Theo 20%. IR= immediate release, SR= sustained release, Theo= theophylline 
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Figure 5.5.6 SEM image of the side of the printed Flexipill units 20X and 50X; A= IR-Theo 10%, B= IR-Theo 15% and C= IR-Theo 20%. IR= 
immediate release, SR= sustained release, Theo= theophylline 
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Figure 5.7 FTIR of the Immediate release formulation (top) and FTIR of theophylline (bottom). 
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Figure 5.8 DSC of the IR- formulation and placebo showing the Tg (top) and DCS of the IR formulation, placebo and theophylline 
showing the melting point of theophylline (bottom) . 
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Figure 5.9 Thermal gravimetric analysis of the polymer, API and extruded filaments. IR= immediate release, SR= sustained 
release, Theo= theophylline. 
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Figure 5.10 Powder X-ray diffraction of the IR formulations, API and Talc. IR= immediate release, SR= 
sustained release, Theo= theophylline. 
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Table 5.4 Experimental drug release time matrix for the FlexiPill assembled tablet with the mean run release, the 
mean time release and the grand mean (n=3). 
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Figure 5.11 Dissolution curve for the 15 runs of the factorial design for the assembled FlexiPill tablets in 
0.1 M HCl for 24 Hr. 
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Table 5.5 Modified residual matrix with level component removed. 

Run 15 min.  30 min.  60 min.  120 min.  180 min.  360 min.  540 min.  720 
min.  

1440 min.  

1 -3.86 -0.84 0.022 0.021 0.055 0.052 0.036 -0.48 -2.74% 

2 -0.044 1.07 0.03 0.024 0.021 0.014 0.014 0.001 0.12 

3 -0.045 -4.41 -0.011 -0.004 8.28E-05 0.012 0.039 3.70 -0.31 

4 -0.031 -0.061 -0.028 -0.018 -0.013 -0.003 0.016 2.14 8.77 

5 -0.015 0.019 0.049 0.029 0.023 -0.004 -0.025 -0.77 -0.37 

6 -0.008 0.015 0.028 0.024 0.014 -0.004 -0.008 0.38 -0.29 

7 0.112 0.005 -0.043 -0.042 -0.061 -0.065 -0.027 -3.63 -4.23 

8 0.038 -0.008 -0.013 -0.018 -0.007 -0.017 -0.015 -4.32 -4.35 

9 0.005 0.082 0.045 0.032 0.013 0.002 -0.017 -2.29 -2.44 

10 0.015 0.03 -0.006 -0.008 -0.003 -0.0002 -0.009 0.91 0.58 

11 -0.012 -0.024 -0.039 -0.029 -0.024 0.042 0.046 4.19 2.51 

12 -0.036 -0.056 -0.066 -0.043 -0.034 -0.002 0.039 5.28 6.57 

13 -0.008 0.029 0.012 0.002 -0.0002 0.006 -0.02 -0.09 1.32 

14 -0.018 0.013 0.03 0.018 0.01 0.022 -0.008 -0.12 -0.15 

15 0.088 -0.005 -0.009 0.011 0.006 -0.054 -0.057 -4.90 -5.00 
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Figure 5.12 The sree plot of the extracted shape component using PCA. 

Table 5.6 Eigenvalues of the components extracted from PCA .   
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Table 5.7 Summary of the experiment design and level and shape variable calculated from M-PCA. 
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Figure 5.13 The curve shape(A) and level (B) response to the three design variables; infill, drug concentration and No. of IR units. 
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Table 5.8 Prediction equation and statistical significance of each term. 
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Figure 5.14 Design prediction Vs. actual experiments; level (left) and shape (right). 
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Figure 6.1 Shows the design of the Flexipill (top left), Flexipill after printing and assembly (top right), 
Ibu-F unit (bottom left) and Para-F and Caff-F units (bottom right). 
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Table 6.1 Formulation contents with their extrusion and printing temperature. 
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Figure 6.2 SEM images for the Para-F unit (left: top = x70 and bottom =  x25 magnification) and filament (right: 
top = x30 and bottom = x300 magnification). Para-F =  paracetamol formulation. 
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Figure 6.3 SEM images for the Ibu-F unit(left) and filament (right). Ibu-f= ibuprofen formulation. 
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Figure 6.4 SEM images for the Caff-F unit(left) and filament (right). Caff-f= caffeine formulation 
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Figure 6.5 DSC for each of the formulations overlapped with the DSC of its pure API. (A) Caff-F, (B) Ibu-F and (C) Para-F. 
Para-F= paracetamol formulation; Ibu-f= ibuprofen formulation; Caff-f= caffeine formulation(n=3).  
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Figure 6.6 TGA for the three formulations and their components. (A) Para-F, (B) Ibu-F and (C) Caff-F. Para-
F= paracetamol formulation; Ibu-f= ibuprofen formulation; Caff-f= caffeine formulation 
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Figure 6.7 The FT-IR spectrum for the three formulations overlayed with the formulation 
physical mixture for each one. (A) Para-F, (B) Caff-F and (C) Ibu-F. Para-F= paracetamol 
formulation; Ibu-f= ibuprofen formulation; Caff-f= caffeine formulation. 
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Figure 6.9 Viscosity complex component VS frequency(top), shear modulus elastic and viscous components Vs.  
frequency (bottom left) and the shear index (bottom right). Para-F= paracetamol formulation; Ibu-f= ibuprofen 
formulation; Caff-f= caffeine formulation. 
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�6�'�������� 
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�,�E�X���) ������������ �������� ������������  ����������  

�&�D�I�I���) ������������ ���������� ������������  ����������  

Para-F= paracetamol formulation; Ibu-f= ibuprofen formulation; Caff-f= caffeine formulation. 
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Figure 6.10 Chromatogram for the HPLC method showing the retention time for the three APIs. 
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Figure 6.11 Dissolution drug release profile of Para-F (A), Caff-f (B) and Ibu-F (C). Para-F= paracetamol 
formulation; Ibu-f= ibuprofen formulation; Caff-f= caffeine formulation. Para-F= paracetamol 
formulation; Ibu-f= ibuprofen formulation; Caff-f= caffeine formulation. 
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Table 6.3 Kinetic drug release models fitting for the paracetamol, caffeine and ibuprofen units. 
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�,�Q�� �W�K�L�V���F�K�D�S�W�H�U���� �W�Z�R�� �W�\�S�H�V�� �R�I�� �F�K�D�O�O�H�Q�J�H�V�� �Z�H�U�H�� �D�G�G�U�H�V�V�H�G���� �D�� �G�H�V�L�J�Q�� �F�K�D�O�O�H�Q�J�H�� �D�Q�G�� �D��

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

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

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

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

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

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

�U�H�J�D�U�G�L�Q�J���W�K�H���T�X�D�O�L�W�\���D�Q�G���V�D�I�H�W�\���R�I���W�K�H���I�L�Q�D�O���S�U�R�G�X�F�W�����0�H�O�Q�\�N���D�Q�G���2�\�H�Z�X�P�L���������������%�H�H�U��

�H�W�� �D�O���� �������������� �7�K�H�� �)�O�H�[�L�3�L�O�O�� �G�H�V�L�J�Q�� �H�Q�D�E�O�H�V�� �W�K�H�� �I�O�H�[�L�E�L�O�L�W�\�� �W�R�� �W�D�L�O�R�U�� �W�K�H�� �S�R�O�\�S�L�O�O�
�V��

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

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

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

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

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

�I�R�U�P�X�O�D�W�L�R�Q�� �F�K�D�O�O�H�Q�J�H�� �V�S�H�F�L�I�L�F�� �W�R�� �H�D�F�K���$�3�,�� �Z�L�O�O�� �E�H�� �G�L�V�F�X�V�V�H�G�� �L�Q�� �G�H�W�D�L�O�� �O�D�W�H�U���� �)�U�R�P�� �D��

�G�H�V�L�J�Q���S�H�U�V�S�H�F�W�L�Y�H�����W�K�H���)�O�H�[�L�3�L�O�O���Z�L�W�K���W�K�H���V�W�D�N�H�G���I�U�X�V�W�X�P�V���L�V���G�H�V�L�J�Q�H�G���L�Q���V�X�F�K���D���Z�D�\��

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

�H�D�F�K���D�G�G�L�W�L�R�Q�D�O���X�Q�L�W���Z�L�O�O���D�G�G�������P�P���W�R���W�K�H���W�R�W�D�O���O�H�Q�J�W�K���R�I���W�K�H���)�O�H�[�L�3�L�O�O���D�I�W�H�U���W�K�H���L�Q�L�W�L�D�O������

�P�P���R�I���W�K�H���I�L�U�V�W���I�U�X�V�W�X�P�����7�K�H�U�H�I�R�U�H�����H�Y�H�Q���D���)�O�H�[�L�3�L�O�O���Z�L�W�K�������X�Q�L�W�V���Z�L�O�O���K�D�Y�H���D���O�H�Q�J�W�K���R�I��

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

�F�R�Q�W�D�L�Q�L�Q�J���W�K�H���)�O�H�[�L�3�L�O�O���L�Q���D���F�D�S�V�X�O�H���R�U���D�G�M�X�V�W�L�Q�J���W�K�H���G�H�V�L�J�Q���W�R���K�D�Y�H���V�P�R�R�W�K���V�L�G�H�V���L�Q��

�W�K�H���I�X�W�X�U�H�� 

�$�G�G�L�W�L�R�Q�D�O�O�\�����W�R���H�Q�V�X�U�H���W�K�D�W���W�K�H���S�U�R�S�U�D�Q�R�O�R�O���X�Q�L�W�����3�5���8�����Z�L�O�O���I�O�R�D�W���L�Q���W�K�H���J�D�V�W�U�L�F���M�X�L�F�H���L�W�V��

�G�H�Q�V�L�W�\�� �P�X�V�W�� �E�H�� �O�R�Z�H�U�� �W�K�D�Q�� �W�K�D�W�� �R�I�� �W�K�H�� �J�D�V�W�U�L�F�� �I�O�X�L�G���� �7�K�H�U�H�I�R�U�H���� �W�K�H�� �3�5�� �I�U�X�V�W�X�P�� �Z�D�V��

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

�W�R�� �V�L�Q�N�� �D�I�W�H�U�� �G�H�W�D�F�K�P�H�Q�W�� �I�U�R�P�� �W�K�H�� �3�5�� �I�U�X�V�W�X�P���� �7�K�H�� �Y�R�O�X�P�H�� �P�X�V�W�� �E�H�� �F�D�O�F�X�O�D�W�H�G�� �W�R��

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

�G�L�Y�L�G�H�G���E�\���L�W�V���Y�R�O�X�P�H�� 

�)�U�R�P���W�K�H���I�R�U�P�X�O�D�W�L�R�Q���S�H�U�V�S�H�F�W�L�Y�H�����W�K�H���I�O�R�D�W�L�Q�J���I�U�X�V�W�X�P���P�X�V�W���U�H�O�H�D�V�H���W�K�H���$�3�,���H�P�S�O�R�\�L�Q�J��

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

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

�V�L�Q�N�L�Q�J���R�I���W�K�H���X�Q�L�W�����+�H�Q�F�H�����W�K�H���3�5���X�Q�L�W���Z�D�V���I�R�U�P�X�O�D�W�H�G���Z�L�W�K���(�X�G�U�D�J�L�W���5�/�3�2�����(���5�/�3�2����
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�������������“�������� �P�J�����$�V���D���U�H�V�X�O�W�����W�K�H���X�Q�L�W���G�H�Q�V�L�W�\���Z�D�V������������ �F�P�����J�� �Z�K�L�F�K���L�V���O�R�Z�H�U���W�K�D�Q���W�K�H��

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

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

�Y�R�O�X�P�H���D�Q�G���F�D�O�F�X�O�D�W�H�G���G�H�Q�V�L�W�\�� 

 

Table 7.1 �)�U�X�V�W�X�P���X�Q�L�W�V�¶���Z�H�L�J�K�W�����G�U�X�J���F�R�Q�W�H�Q�W�����Y�R�O�X�P�H���D�Q�G���G�H�Q�V�L�W�\�� 
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�S�U�L�Q�W���W�K�H�V�H���X�Q�L�W�V���V�L�Q�F�H���L�W�V���L�P�P�H�G�L�D�W�H���U�H�O�H�D�V�H���R�I���W�K�H���$�3�,���L�Q���W�K�H���D�F�L�G�L�F���P�H�G�L�X�P���K�D�V���E�H�H�Q��

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

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

�I�L�O�D�P�H�Q�W�V�� �S�U�R�G�X�F�H�G�� �Z�L�W�K�� �(�� �(�3�2�� �D�U�H�� �E�U�L�W�W�O�H���� �D�Q�G�� �P�X�O�W�L�S�O�H�� �V�W�U�D�W�H�J�L�H�V�� �K�D�Y�H�� �E�H�H�Q��
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�J���P�R�O�� �Z�D�V�� �X�V�H�G�� �D�V�� �D�� �I�O�H�[�L�E�L�O�L�W�\�� �P�R�G�L�I�L�H�U�� �W�R�� �L�P�S�U�R�Y�H�� �I�L�O�D�P�H�Q�W�� �S�U�L�Q�W�D�E�L�O�L�W�\�� �E�X�W�� �D�W�� �O�R�Z��

�F�R�Q�F�H�U�W�D�W�L�R�Q�� �D�Q�G�� �Z�L�W�K�� �W�K�H�� �X�V�H�� �R�I�� �3�(�*�� ���������� �D�V�� �D�� �Y�L�V�F�R�V�L�W�\�� �P�R�G�L�I�L�H�U�� �I�R�U�� �W�K�H�� �S�R�O�\�P�H�U��
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�7�K�H�� �V�F�U�H�H�Q�L�Q�J�� �Z�D�V���S�H�U�I�R�U�P�H�G�� �W�R�� �G�H�W�H�U�P�L�Q�H�� �W�K�H�� �E�H�V�W�� �S�H�U�F�H�Q�W�D�J�H���R�I�� �3�(�2�� �W�R���(�� �(�3�2����

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

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

�W�K�H���Z�D�L�V�W���R�I���W�K�H���$�3�,�V�����D�Q�G���W�K�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���W�D�O�F���Z�D�V���N�H�S�W���D�W�����������L�Q���D�O�O���W�K�H���V�F�U�H�H�Q�L�Q�J��
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Table 7.2 Screening formulations and their printability, extrusion and printing temperature. 

 

 

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

�R�S�W�L�P�D�O�� �S�U�L�Q�W�L�Q�J�� �W�H�P�S�H�U�D�W�X�U�H�� �F�K�R�V�H�Q�� �W�R�� �S�U�H�Y�H�Q�W�� �H�Q�D�O�D�S�U�L�O�� �G�H�J�U�D�G�D�W�L�R�Q�����7�K�H�� �U�K�H�R�O�R�J�\��
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�W�H�P�S�H�U�D�W�X�U�H�V���U�H�T�X�L�U�H�G���I�R�U���H�[�W�U�X�V�L�R�Q���D�Q�G���S�U�L�Q�W�L�Q�J�����D�V���S�U�L�Q�W�L�Q�J���G�H�P�D�Q�G�V���O�R�Z�H�U���Y�L�V�F�R�V�L�W�\��
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Figure 7.1 Complex viscosity versus frequency curve for the screening formulations. F1, F2 and F3 screening 
formulation (for composition refer to Table 7.2). 
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Table 7.3 The final formulation for the FlexiPill units. 
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Figure 7.2 The design of the FlexiPill units (bottom left), the units after printing (top left) and the 
floatation in 0.1 N HCl (right side). 
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Figure 7.3 SEM images of the three filaments prepared by HME. (A) PR-F, (B) EM-F and (C) HCT-F. EM-F= 
enalapril maleate formulation, HCT-F= hydrochlorothiazide formulation, PR-F= propranolol formulation. 
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Figure 7.4 SEM for the printed units. (A) PR-U, (B) EM-U and (C) HCT-U. EM-F= enalapril maleate 
formulation, HCT-F= hydrochlorothiazide formulation, PR-F= propranolol formulation. 
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Figure 7.5 Thermal gravimetric analysis and differential thermogravimetry for; (A) EM-F, (B) Eudragit EPO, (C) 
Enalapril maleate, (D) PEO 200K, (E) PEG 6000. EM-F= enalapril maleate formulation. 
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Figure 7.6 Thermal gravimetric analysis and differential thermogravimetry for; (A) PR-F, (B) Propranolol HCl and 
(C) Eudragit RL PO. PR-F= propranolol formulation. 
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Figure 7.7 Thermal gravimetric analysis and differential thermogravimetry for; (A) HCT-F, (B) 
hydrochlorothiazide, and (C) Eudragit E PO. HCT-F= hydrochlorothiazide formulation. 
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Figure 7.8 Differential scanning calorimetry for the printed units (green) and the pure APIs (red). (A) EM-F and enalapril, (B) 
PR-F and propranolol and (C) HCT-F and hydrochlorothiazide. EM-F= enalapril maleate formulation, HCT-F= 
hydrochlorothiazide formulation, PR-F= propranolol formulation. 
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Figure 7.9 FTIR spectrum for the printed units and the pure APIs. (A) PR-F and propranolol, (B) EM-F and enalapril 
and (C) HCT-F and hydrochlorothiazide. EM-F= enalapril maleate formulation, HCT-F= hydrochlorothiazide 
formulation, PR-F= propranolol formulation. 
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Figure 7.10 X-ray diffraction comparing the physical mixture of the combination. (A) HCT-U, (B) PR-U and 
(C) EM-U. EM-F= enalapril maleate formulation, HCT-F= hydrochlorothiazide formulation, PR-F= 
propranolol formulation. 
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�Q�D�U�U�R�Z�� �Q�R�]�]�O�H�� �R�I�� �W�K�H���S�U�L�Q�W�H�U�� �X�Q�G�H�U�� �K�L�J�K�� �V�K�H�D�U�����$�V�� �D�� �U�H�V�X�O�W���� �V�W�X�G�\�L�Q�J�� �W�K�H�� �Y�L�V�F�R�H�O�D�V�W�L�F��

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

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

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

�&�R�[���0�H�U�]�� �U�X�O�H���� �W�K�H�U�H�� �L�V�� �D�Q�� �H�P�S�L�U�L�F�D�O�� �F�R�U�U�H�O�D�W�L�R�Q�� �E�H�W�Z�H�H�Q�� �W�K�H�� �Y�L�V�F�R�V�L�W�\�� �X�Q�G�H�U�� �V�W�H�D�G�\��

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

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

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

�O�L�Q�H�D�U���Y�L�V�F�R�H�O�D�V�W�L�F���U�H�J�L�R�Q�����/�9�5�������7�K�H���W�H�P�S�H�U�D�W�X�U�H���Z�D�V���V�H�W���W�R���W�K�H���S�U�L�Q�W�L�Q�J���W�H�P�S�H�U�D�W�X�U�H��

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

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

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

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

�J�D�S�S� ���4���Œ�5���� 

�:�K�H�U�H���J�D�S�S���L�V���W�K�H���D�S�S�D�U�H�Q�W���V�K�H�D�U�����4���L�V���W�K�H���Y�R�O�X�P�H�W�U�L�F���I�O�R�Z���U�D�W�H���D�Q�G���5���L�V���W�K�H���U�D�G�L�X�V���R�I��

�W�K�H���Q�R�]�]�O�H���� 

�7�K�H���D�S�S�D�U�H�Q�W���V�K�H�D�U���U�D�W�H���Z�D�V���������������6�H�F���������$�V���D���U�H�V�X�O�W�����K�L�J�K���I�U�H�T�X�H�Q�F�\���Z�D�V���X�V�H�G���I�R�U���W�K�H��

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

���6�9�����I�R�U�� �W�K�H�� �3�5���)���� �(�0���)�� �D�Q�G�� �+�&�7���)�� �Z�H�U�H�� �������������� ������������ �D�Q�G��341.5 Pa. S at printing 

temperature and frequency 100 Hz, respectively. In conclusion, the use of a high 

percentage of the inert filler talc in the HCT-F to improve the mechanical properties of 

E EPO led to higher viscosity. This is in contrast with the approach used in the EM-F, 

where both inert filler and polymer blends were used, hence the high printing 

temperature for HCT-F. Moreover, these results are in line with the value set by 

�4�D�K�W�D�Q�L���H�W���D�O�� for printing PLA, between 1000 Pa. S to 100 Pa. S.(Qahtani et al. 2019). 

Additionally, the shear index, which is the parameter used to describe the flow of non-

Newtonian fluids in response to applied shear forces, for both HCT-F and EM-F was 

less than 1. This indicates that both formulations exhibited a shear thinning, which was 

observed as an increase in the viscosity as the frequency decreased. However, PR-F 
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shows a decrease in viscosity as the frequency decreases to 25 Hz because at high 

frequency the behaviour of E RLPO is dominated by the elastic response due to the 

entanglement of the polymer chains, leading to higher complex viscosity. As the 

frequency decreases, these entanglements relaxes, and an increase in the viscosity 

with decreasing frequency can be observed. This behaviour can be observed in the 

relatively high shear index for PR-F. Finally, in the PR-F formulation, the loss modulus 

was higher than the storage modulus at low frequency but became equal to or lower 

than the storage modulus at high frequency. This confirms the entanglement of the 

polymer chain at high frequency, which can store the energy of the deformation, while 

at low frequency, the polymer chains are more relaxed, and energy dissipates as heat, 

acting like a liquid. On the other hand, the EM-F and HCT-F storage modulus is lower 

than the loss modulus at any frequency. Figure 7.11 presents the complex viscosity, 

loss and storage modulus versus frequency and the shear index.  

 

Figure 7.11 Complex viscosity versus angular frequency of the three formulations at their perspective printing 
temperature(left), loss and storage modulus versus frequency (right) and Shear index for the three formulations (bottom). EM-
F= enalapril maleate formulation, HCT-F= hydrochlorothiazide formulation, PR-F= propranolol formulation. 
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�������������&�K�U�R�P�D�W�R�J�U�D�S�K�\ 
 

One of the challenges, that stand in the way of the adaptation of polypills is finding 

reliable analytical methods for qualitative and quantitative analysis. The method 

developed for this work had an adequate separation between the maleate, HCT, 

propranolol and enalapril and their retention time was 1.48, 2.49, 9.42 and 10.42 

minutes, respectively, and the run time was 15 minutes. However, the DAD was set to 

measure two signals 210 nm and 280 nm, since enalapril lambda max is at a low 

wavelength. Nonetheless, the baseline at these wavelengths was not ideal due to 

solvent interference. Therefore, a 280nm signal was used for more accurate detection 

of HCT and propranolol. Additionally, for the final data point in the dissolution test and 

drug content analysis, LC-MS was utilized to assess any degradation resulting from 

the dissolution medium and the processing, respectively. In both instances, the peaks 

exclusively corresponded to the API mass, with no detectable degradants. Figure 7.12 

shows the HPLC method chromatograms with the MS peaks.��

 

��  

���P ���Q ���R 

Figure 7.12 (A) Chromatogram of the HPLC method shows the retention time of the three antihypertensive. (Bs) MS 
spectrum of HCT (B1), PR (B2) and EM (B3). EM= enalapril maleate, HCT= hydrochlorothiazide, PR= 
propranolol. 
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���������������' �U�X�J���&�R�Q�W�H�Q�W���D�Q�G���' �L�V�V�R�O�X�W�L�R�Q���7�H�V�W 
 

Moreover, the drug content analysis demonstrates that the theoretical and 

experimental drug concentrations are consistent, indicating that no weight loss 

occurred during the processing of any formulation. �,�Q���W�K�H���G�L�V�V�R�O�X�W�L�R�Q���D�S�S�D�U�D�W�X�V���� �W�K�H��

�U�R�W�D�W�L�R�Q���R�I���W�K�H���S�D�G�G�O�H�V�� �Z�D�V�� �V�H�W�� �W�R���������� �5�3�0�� �W�R�� �W�H�V�W���W�K�H���I�O�R�D�W�L�Q�J�� �R�I�� �W�K�H�� �W�D�E�O�H�W�V�� �X�Q�G�H�U��

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

�W�K�H���G�L�V�V�R�O�X�W�L�R�Q���P�H�G�L�D�����$�I�W�H�U���������P�L�Q�X�W�H�V�����W�K�H���+�&�7���8���D�Q�G���W�K�H���(�0���8���G�L�V�F�R�Q�Q�H�F�W�H�G���I�U�R�P��

�W�K�H���I�O�R�D�W�L�Q�J���3�5���8�����D�Q�G���W�K�H�\�� �V�W�D�U�W�H�G���W�R���V�L�Q�N�����1�R�Q�H�W�K�H�O�H�V�V���� �W�K�H���G�L�V�V�R�O�X�W�L�R�Q���W�H�V�W���I�R�U���W�K�H��

�+�&�7���8���D�Q�G���W�K�H���(�0���8���F�R�Q�W�L�Q�X�H�G���L�Q���W�K�H���D�F�L�G�L�F���G�L�V�V�R�O�X�W�L�R�Q���P�H�G�L�X�P���E�H�F�D�X�V�H���W�K�H���X�Q�L�W�V��

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

�J�D�V�W�U�L�F�� �H�P�S�W�\�L�Q�J�����7�K�H���3�5���X�Q�L�W�� �U�H�P�D�L�Q�H�G�� �I�O�R�D�W�L�Q�J�� �I�R�U�� �P�R�U�H�� �W�K�D�Q�� ���� �K�R�X�U�V���� �3�U�R�S�U�D�Q�R�O�R�O��

�U�H�O�H�D�V�H���I�U�R�P���W�K�H���(���5�/�3�2���P�D�W�U�L�[���I�R�O�O�R�Z�V���I�L�U�V�W���R�U�G�H�U���U�H�O�H�D�V�H���N�L�Q�H�W�L�F�V�����0�R�U�H���W�K�D�Q�����������R�I��

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

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

�I�L�W�� �Z�L�W�K�� �W�K�H�� �I�L�U�V�W���R�U�G�H�U�� �N�L�Q�H�W�L�F�V���� �5��� ������������ �D�Q�G�� �$�,�&� �� ���������������F�R�P�S�D�U�H�G�� �W�R�� �W�K�H�� �R�W�K�H�U��

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

�W�K�U�H�H���X�Q�L�W�V�� 

 

Table 7.4 Fitting a release model for the release of the three units of the FlexiPill. 
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�$�G�G�L�W�L�R�Q�D�O�O�\���� �W�K�H�� �.�R�U�V�P�H�\�H�U���3�H�S�S�D�V�� �U�H�O�H�D�V�H�� �H�[�S�R�Q�H�Q�W�� ���Q���� �L�V�� �������� ���� �I�D�O�O�L�Q�J�� �Z�L�W�K�L�Q�� �W�K�H��

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

�D�Q�R�P�D�O�R�X�V�� �W�U�D�Q�V�S�R�U�W�� �P�R�G�H�O�����$�Q�V�D�U�\���� �&�K�D�X�U�D�V�L�\�D���� �D�Q�G�� �+�X�T�� �������������� �$�V�� �D�� �U�H�V�X�O�W����

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

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �J�U�D�G�L�H�Q�W���� �7�K�H�� �G�L�V�V�R�O�X�W�L�R�Q�� �P�H�G�L�X�P�� �S�H�Q�H�W�U�D�W�H�V�� �W�K�U�R�X�J�K�� �W�K�H�� �S�R�O�\�P�H�U��
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Figure 7.13 Drug release of propranolol from PR-U during dissolution test in simulated gastric medium. 
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Figure 7.14 Drug release of enalapril from EM-U during dissolution test in simulated gastric medium. 
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Figure 7.15 Drug release of hydrochlorothiazide from HCT-U during dissolution test in 
simulated gastric medium. 
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